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ENERGY EXCIIÄNGE AT TITE SOIL SURFACE AND THE SOIL

TEMPERATIIRB REGIME

Reinder de Jong, Ph.D.
llnLversity of Manltoba, 1978.

An analysls was made of the enerry exchange at the sofl-

aturosphere Lnterface and the resulting so11 temperature regÍme r:nderneath

It, as affected by naturally occurring events.

In a fleld experfment varlous components of the radiatlon and

energy bala.nce were neaaured. Enpirfcal and physically based rnodel-s

were used to predlct the net radiatlon flux, Ëhe soil heat flux and

poÈenËial evapotranspiration. The applÍcabf1lty of the slnrpl.e heat

conduetfon ¡nodel- 1n seq{-Lnflnlte homogeneous medÍa ¡¿as studied using

measured diuraal a¡rd annual soll temperature !,'ave6, A more conprehenslve

model, descrlbfng the slmulta¡reous transfer of water and heat fn the

soil was developed a¡rd its output was compared wlth measured soil water

contenË and soll teûperature profiles.

The obser'¿ed net radLation flux was positfve during Ëhe summer,

but negatlve 1a ttre wlnter because of the 1-arge reflectlvity of the

ground. fhe soil heaË flux was only a sna11 conponeÊt of the energy

balance, geaerally less thaa 102, except durlng the winter whesr the so1l

heat flux ¡¡as abouË 6A% of Èhe net radfatlon fh:x. the solL heat flux

reversed 1a the early spring and agafn 1n the late sumer, prlor to a

reversal of the net radfatlon f1ux. Large variatioas from one day to

the next rqere notlced 1n the diurnal cycJ-e of the net radlatioc flux

and the sof.1 heat f1ux"

ABSTRACT

Supervisor:
Dr. C.F. Shaykewích



The neË radíatíon flux could be predicËed with decreasing

accuracy on a monthly, daily afld hourly basis with eiËher formulas

based on physical considerations or the empirieal relationship between

Ëhe net and shorËr.¡ave radiati.on fluxes. In L974 a good correlation was

found between Èhe daÍly soil heat flux and Lhe mean aír temperature

(r2 = 0.84), but in l-975 the relaÈionship Tras Poor (t2 = 0.48)' The

inclusion of other envíronmental variables in the relationship did

not improve the predicted soil heat fl-ux.

Fairly good agreemenË was found beËween the resulËs of various

potenti.al evapotranspiration calculaËions and reported Class A Pan

measurements. Only the resulËs of the Van Bavel and Penman equaÊ'íons

rrere considerably higher than the reported measured values.

.The sirnple heat conducÈion model r,ras used successfully to

estimate the thermal díffusivity from the annual soil temperature

record. No sueh estimate could be obtained with this model from the

diurnal soil temperat,ure rraves because of the non-homogeneous nature

of Ëhe upper part of the soil profile.

The water-energy model predícted a total cumulative potential-

evapotranspiraËion of 500 nm and 283 rnn actual evapotranspiration aË

the end of the 1975 growing season. The ratio of the cumulative

potenËial Èo Èhe cumulaËive actual evaPot1anspiratíon decreased

sharply in May and June as a result of increasing soii- tenperaÈures'

thereby enhancing actual evapotranspiratíon. The agreement between

predicËed soil wa¡er and soil temperature profiles as conPared to the

measured profiles was satisfactory. Convective heat transfer was

only sígnificanË duríng days with heavy raínfa11. Thermally induced

r.rater vapour flow and heat flow due to vapour movement were negligible

under the e:çeriment.al conditions studied.
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Durfng the course of the fnvestf.gatÍon net radlatfon fJ.ux, sol1

heat flux a¡rd eoÍ1 teuperaturé data were collected on an hourly basls,

except durlng the perlod fron October 6, Lg74 to Aprl1 26, 1975, wheo

the data were recorded every two hours. Thls massive amount of data

aLoag wlth hourly precfpftatlon, sr:nshÍne and windspeed data w111 not

be reproduced fn this ¡nanuscript, but are avallabLe from the author

upoD, request. Also the data col-lected frou the Coluran soÍ1 moisËure

cells can be obtained fron the author.
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The boundary between the atmosphere and the earth fs one of

the most ÍnÈeresting la nature. the so11 surface¡ lucludfng lts

plant cover, plays a vfÈal role ía the heat and water budgets of the

eoil and the atmosphere, absorbingn reflectiug and othenvise trans-

forulng Èhe sol-ar eaergy strlking f.t.

Ttre ultfinate source of energy for the so1l a¡rd the atmosphere

above ft 1s sola¡ radLatlon. Dependlng upon the degree of cloudlness

the amount of soLar radfatfon reachl!,g the surface of the earth varles

bet¡¡een approxÍmately 25 and 852 of the extraterrestrÍal- radÍat1on.

Durfng the sumer about 257" of the solar radfatlon intercepted by the

earthts surface ls refl-ected back lnto the atmosphere, but during the

wfnËer, r¡hen the ground ls snorv covered, thfs could be as high as

80 to 902.

The earthts surface emlt,s longwave radiatlon towalds the atmos-

phere. Th,fs ther¡nal radlatfon fiom the earth is essentlally black-

body radfatloû, at the teuperature of the earthts surface. The

atmosphere 1s relatfvely opaque to this the:oal radfation, wlth water

vapour, clouds and carbon dloxLde being Èhe prfnciple absorbers.

ObservatLons and caLculatlons have shown Èhat this longwave radiation

from the grouod 1s the prtmary heat source for the atmosphere. T'lre

atrDosphere re-emlts thls energ7; some ie sent back towarde the ground

and Èhe rest 16 returned to space. The difference betweeu the down-

ward radÍatlon flux (dlrect aod díffuse soLar radlatlon and longwave

radiation) and the upward fhur (reflected soLar radiaÈÍonr plus

therroal radiatLon from the eoí1 a¡d vegetatlve cover) fs kuown as the

oet, radfaÈioa.

I. INÎRODUCTION

1.



2.

Part of Ëhe neÈ radLatfon energy arriving at the soil eurface

Ís ueed Èo evaporaÈe water, efther dfrectly from the sofl or through

the process of tranepiratlon from plants. The Èerm evapotranspiratlon

fs frequently used to describe the sum of theae tr,ro effects. The

¡mount of energy used 1o Èhis procesa depends upon many factors, such as

the avallabtllty of so1l Btater and enerry, as well as uPon the ablllty

of the atmosphere to remove the vaPour.

Durlng Ëhe sumer and dayJ.lght hours Èhe surface of the soll

fs heated by solar radfatlon to a Ëemperature rnuch hlgher tha¡r that

of the air above or the eoil below 1t; hence heat energy (not used fn

the evapotraaspLratLon process) Ís conducted away from the surface

tnto both the aÍr and the deeper sofl layers. Since air fs a very Poor

conductor of heat, appreciable conduction occura onJ-y with J'arge

ËemperaËure gradients Ín the very Lower l-ayer of alr. Above thls thin

f1l¡n of alr, convective Ëransfer mechanlsms carl"J¡ Èhe heat to hfgher

levels. The amot¡nt of'energy penetratlng Luto the sofl w111 depend

upon the the:ma1 properties of the so11, as vze11 as uPon suctr factors

as the plant cover, elrposuler and slope.

The physfcal, chemlcal a¡rd bÍo1og1ca1 process fn the so11 are

al1 strongly lnfluenced by ternperat,ure. The the:maL Pattern of the

so11 is thus one of the prÍnary controls of the grolrth of plants.

Soí1 teuperature fírst affects the plant at the t1¡qe of gerruinatlou;

later 1t strongly lafluences the growth of the plaat root aad there-

fore the developurent of the entire plant.

The root of the plant 1s e>çosed at any one tíEe to a wide

range of Ëeruperatures; there 1s ao rsiagle soil teuperaturet l¡hÍch

can be used to describe the plantts environnent. It has also beea



shordn (Walker L970) Êhat diurnal ehanges ín soil terperature affect

planË growth, Therefore it is noË realíst,i.c Lo expect that plant growth

models which use a weekly or a monthly average soil t,emperature can

predict Ëhe behavior of the plant under eonstantly ehanging field

conditions.

The primary objectives of the present study \.rere to analyze the

energy exchange at the soil-atmosphere interface and to study the soil

Èemperature regÍ-me as affected by naturally occurring events. The

various components of the radiation balance were analyzed and empirical

and physÍca11y based models, to predict the neË radíation flux, \rere

evaluated. PoËential evapotranspiration was calculated using exisËÍng

fornulas and the soí1 heat flux was relat,ed to soíI and atmospheric

parameters. The diurnal and annual cyeles of soil temperatures have

been studied and the applicability of a simple heat conducËion model

r¿as Ínvestigated. A rnodel to predict hourly soil temperature and soil

water content changes throughout an entíre growing season was developed

and tested in a well instrr:nenÈed fíeld experimenË.

The neeessary data were collect,ed at Ëhe Whiteshell Nuclear

Research Establishnent in Pinawa, ¡shíeh is situaËed in an ecological

Ëransition zone beÈl¡een boreal forest and prairÍe. A brief review

of the weather experienced during t.he experimental period was

presented.

3.



II. LITERATUR.E REVIEI^T

RADIATION BATAI{CE.

1.

A.

Introductlon.

Except for a small ¡mount of heat from its inner core, all the

energy received at the surface of the earth oríginates from the sufi.

Some of the solar radiatÍon ls reflecÈed back Èo space. The earth

reradiates some of the energy received from the sun. The quantíty of

radiant, energy remaining at the earthts surface, the net radiatÍon Ro:

being the difference between the total upward and dormward radiatíon

fluxes, is the energy avaiLable t,o drÍve irnportant processes lÍke

evaporation, heatÍng the air and the soi1, as wel-l as other smal-ler

energy consuming processes such as photosynthesís.

which up to now has been the rule rather than the exception,

In the everit that no dírect measurerrenÈs of Ro are avaÍ1abLe,

be deríved from empírical formulas. These are based on physlcal con-

sideratlons and need other meteorological data and locally adjusted

constants.

4.

deternined from reLationships which are not locatÍon dependent, but

more universally appJ-icable and easíer Èo use. Ttrerefore empÍrica1

expressÍons based on the often noted hi.gh correlaÈions betr¡een net- and

shorÈr¡ave radiation ¡¡ilL be examined.

From a practical point of view it ís importanL that Ro be

Ro=(1 -cr)Rs-

wtrere R_ 1s the incomíng
S

radíatioo or insolation,

The radiation balance can be tsritten as:

Rn
has to

R.In

shortvave

range 0.15

radiation

- 3"5u.

(2"1)

also called gLoba1

is the effective

flux

R.
Ifl



outgoing J.ongwave (range 3.5 -

face reflectlon coefficient of

According to this sequence the

2, Shortwave radlatlon.

An enpfrical e>çressioc freqr:ently used for the calculatlon of

shortwave radiatlon flux (R") is the one proposed by Angstrom (I924)z

R-=R:(a+bn/N) (2.2)ss

where a aod b are constant,s, n is the number of hours of brlght sunshíne

in a daylength of N hours (the maxlmrm n can reach on a clear day) and

nf fs Ëhe sol-ar radíation receÍpt on a horfzontaL surface at gror:nd
s

leve1 ou a clear day. The values of N and Rc are dependent upon the

latltude and time of the year. The vaLue of N can be found fn the

Srofthsonian MeËeorologÍcal- Tabl-es (1951) or by cornputation, e.g.,

Bobertson and Russelo (L968).

Subsequent developments have shown that there are signfffcant

spatial and temporal variations fn the nagnltudes of the coefflcients

a æd b. Black et a1. (1954) obtaÍned values of rb'varyfng lrregularly

between 0.29 a¡rd 0.63 and values of tat varying lrregularly between 0.19

and 0.40 anong st,atÍons distributed over 50 degrees of latitude. Ia

Canada, Mateer (1955) Ídentlffed the values of tar and tbr typlcal of

the snow season, of the snor,r free season and of the transiÈfoual

seasons. DrÍedger and Catchpol-e (1970) anaJ.yzing 18 years of Ï{innipeg

data found that the seasonal regínes of rat and tbt could be approxÍnated

by:

5.

8.0p) radiation flux and q 1s the eur-

shortwave radlatlon (aLso called albedo).

varfous terñe r¡111 be discuseed.

a = 0.50187 - 0.0020752x* 0.00000483x3

b = 0.35526 + 0.0032518x - 0.00000796x2
(2"3)



r¡rhere x is day of the year.

The najor d.isadvantage of using n! in equaËion (2.2) is that

iË can only be obt,ained by extrapolation from measured values of R",

usÍng methods siuilar to the one described by Sellers (1965). A

modification of equaËion (2.2), fÍrsr proposed by Kirnbal L (Lg27)

involves the replaceuenË or n! by Rtop:

R^ = R:oP (p + q n/N) (2.4)SS

ruhere njop i" Ëhe extra-terrestrial radiaÊion flux at the top of theS

atmosphere. Thi-s parameter can be accurately compuËed by means of the

following fundamental equatíon (for derivatj-on see e.g. Kreith, L973)z

*lon = r'o cos z/t2

where r- is the solar consËanË, r is the radi-us vector of the earthtso

orbit around the sun and Z is the solar zenith angle, a funcËion of Ëhe

angles of solar decl-ination ô, latitude Q and solar hour angle h.

Linacre (1967) presenÊed values for p and q in equat,íon (2.4)

from 39 different stations, wiÈh most values being near Èhe means of

0.25 and 0.50 respectively. rn canada, Baíer and Robertson (1965)

found 'pt and tq' to be 0.25L and 0.616 during the growing season.

Generally it is found that the equatíons (2.2) and (2,4) are superior

to Ëhose empirical fornulas which contain values of fraction of sky

covered by clouds insËead of values of n/N (Scholte UbÍng, I96L;

I{e1da1, L970) .

= Io (cos 6 cos Q cos h * sin ô sin þ )/r2

6.

3. Longwave radíation.

The effective longruave radiation flux is defined as the differ-

(2.5)



ence beËween the thermpl radíation from the earth and the thermal

radj.ation from the atmosphere. Ernpirical equaËíons have been shown to

be of sufficient, accuracy to describe the intensi.ty of the effective

longwave radiaÊion. One of the earlÍest and most widely used in

Europe is a Brunt-type formula:

where o is the Stefan-Bo1zm¡nn constant, TO is the Kelvin air tempera-

ture at screen height, e is Ëhe water vapour pressure, (1 - n/N) is the

fractional cloudiness and a, b and d are empirícally dete:mined con-

sËanÈs. Brunt (1932) obtaíned values for ta'and tbt of 0.342 and 0.127
t-

mbar'-". Van l,Iijk and Scholte Ubing (1966) cÍte references in which

the values for 'a' range from 0.34 to 0.62 and from 0 .029 to 0.110 
^b^r-V

for tbt. The term d, whieh decreases when the elouds are higher and

thinner has been taken either 0.10 (Penman, 1948) , 0.20 (kramer, Lg57),

0.24 (Inpens, L963) or 0.30 (Fírzparrick and SÈern, 1965).

More recently, the justificatíon for using vapour pressure in

equatÍon (2.6) has been questioned by Swinbank (1963). Based on

Swinbankts formulas, Linacre (1968) developed an expression for the

effective longwave radiation flux whích took the form:

Rlr, = oTau (a - a /ù t1 - d(l - n/n) l

7.

In a re-evaluation of Swinbankts data, plus additional

Phoenix and Alaska, Idso and Jackson (l-969) concluded that the

ward thermal radiation flux from a cl-oudless aËmosphere could

described nost accurately by:

Rlr, = 32 x 10-s (1 + 4 n/N) (100 - T)

(2.6)

Rl* = orfi tr - 0"261 exp (-7.77.10-4 Q73 - rk)2) ]

(2.7)

data from

down-

be

(2.8)



Subsequent research by Idso (1972) has ehoetn that equatlon (2.8) was

equally appllcable to eloudy eonditlons when ueed oD, a dally basis.

Conblnfng equatlon (2,8) lrÍËh the outgoJng longwave radÍatlon from the

earth, \+ = offl , one obtaÍus:

\.o=\n-\*
= oTl tl - (1 - 0.261 enp (-7.77.L0-4 Q73 - Tk)2))l (2.9)

The above eguatlons for effective longlrave radiatÍon flux are all

subJect to the assunptlon that the screen helght aír tenperatuxe and Ëhe

surface Ëeuperature are equal, which fs a good approxlmatlon only 1n the

case of weLl Ì^ratered crops. If Ëhe surface Èemperature exceeds the alr

teüperaturer \r, increases aË a rate roughly equal to 0.008 1y min-l oC-I

(LÍnacre, 1968).

4. Ref]-ected shortwave radfatlon.

Varlous authors have reporteti on the refLecÈ1oû coefficÍent of

shortrsave radiation, c, also ca11ed albedo. Mont,eith (1959) has shown

from measurements over a varfety of crops that, provfded the grouad sur-

face 1s effectively shaded by plant materÍal, o Ís close to 0.26. He

quotes a considerable body of evidence Ín support of thís value. More

reeently sfnlLar values have been reported for crops fn Arízoua

(Frltschen, 1967) a¡rd Ontarlo (Davles and Suttinore' 1969). Ilowever

l-ower values have been reported by l{keodfrtm (L972a) 1n ALberta a¡rd

McFadden and,RagotzkLe (L967) for Ceutral Ca¡rada. Sioce the latter

study was based upon airborne iüeasurements lower values (range 0.134 to

0"264 vith a mean of 0.22I) ean be attributed 1n part to atmospheríc

attenuation of the reflected component.

8.



Ttre reflectlon coefficlent of shorËwave radlatLon fs generally

Lower for bare sofls than for vegetated 
"orr". 

Piggln and Schwerdtfeger

(L973) fouad that Èhe albedo Íncreased frorn 0.13 to 0.25 wfËh fncreasÍag

leaf area lndex. Sfnllar resulte have been reported by Grahann and King

(1961). SÈanh1ll (1970) noted the albedo lras Ínversely relaÈed to the

height of the vegetatlon canopy, presrmqbly because of the greater

opportunities for the reabsorptÍon of reflected radlatlon wlthfn deep

canoples. It has been long recognlzed that bare sofl albedo 1s

depeadent upoÊ the moisture status of the sofl surface (Angstrom, L925;

Bowers and Haaks, 1965). Id,so et al. (1975), investigating the

possibilÍty of uslng albedo measurements for the remote sensfng of soí1

water conËeût, reported a linear relationshlp between the water conËeDt

of the uppermosÈ layer of the soil and the albedo.

The variatlon of albedo vaLues wlth solar elevatlon has been

widely docr:meated (Starihl11 et a1., L966i ldso et aL., 1969; Davies

and Buttimore, 1969; Nkendirin, L972b). The rise in albedo values at

l-ow solar elevations is thought to be aÈ least partly due Ëo the Lor¡er

Level of nultfple reflectÍons withia the plant canopy.

During the wlnter nonths when the grotrod is covered !/'ith

freshly fa11en snow the albedo night be as high as 0.95 (Sellers, 1965).

Nkendirl¡n (1972a) report,ed a value of 0.42 on a ð.ay ¡¡hen 802 snolr cover

was obsen¡ed. The suow depth was 4.5 cm a¡¡d lt had been lyiug oa the

gror:nd for six days. SirnÍlar vaLues for Ceatral Canada were reported

by McFadden and Ragotzkle (1967).

o



5. Net radlatfon.

If the refLectlon coefffcLent c fs known, net radiatlon can be

esÈinated uslng sernl-enplrfcaL equatJ.ons for shortwave and effectlve

longwave radlatlon fh¡c. LÍnacre (1968) developed a number of approxf-

mat,e e:rpresslons for Ro with decreasing accuracy but lncreaslng

siropllclty of estirnatlon, lnvo3-vfng onLy the three Ëem.e n, N and R:oP.
s

I1or¡ever the incorpotêtlon of Locally dete:mlned values of p arld q 1n the

KinbaLl equatlon (2.4) 8t111 seemed to be requlred.

An entfrely erylrfcal approach documented by nany workers (e.9.,

Shaw, 1956; Stanhlll et a1. , 1966; Davles ' L967; Fltzpatrfck and SËern'

L|TO) Ís based on the correlaË1on beËween net radlatfon and shortwave

radiatfon flux:

This regresslon equaÈ1on can be courputed either on an hourly, a daylíght

or o¡1 a 24-hour day basls, but littl-e laformatlon ís aval1ab1e on the

effect of grouping Ëhe data.

CornparÍson of eguatlon (2.1) and (2.10) shows that the slope raf

nainly depends on the reflection coefflcient c, and the lntercept tbt

will be a fuuctfon of the other tems in equations (2.6), (2.7), (2.8)

or (2.9)r 1.e., of cloud cove¡' ar¡d alr temperatute. shaw (1956), for

example, reports for clear days (a/N > 0.75) b = 0.06 and for overcast

days (o/N 5 0.75) b = 0. 02 Ly Lúa-l. The values for rat for¡nd by the

latter author are 0.87 a¡rd 0.75 respectÍve1y. ThÍs means Ëhat daËa for

clear days show a larger slope tha¡r those for overcast days, i.e., a

larger proportfon of íncomlng shortwave radlatlon 1s converted ínto net

radiatlon. This 1ed Llnacre (1968) Ëo suggest that clouds lower Ëhe

R =aR -bAS

10.
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net tadlatÍon lntensfty r.rhen ft exceeds a crLtfcal va1ue, but lncreaee

Lt when the ÍntensitY le loçrer.

Replacernent of R. by net shortwave radÍatlon by usfng an

e:çressÍon such as:

R =aI(1-a)R_-bl--n A

has not finproved Èhe regression rnodel

BuÈtfmor, 1969).

For clear days wlth a relatíveJ-y constant Íncoming flux of

ther.nal radiatlon, Montelth and szelcz (1961) developed the e:rpression:

where the so-caLled heaÈíng coefflclenË ß is deflned as -dRln/dRû =

(l_ - al)/al. The value of rbt is equal to R, when R" = 0 and can be

found by regresslon of R, or (1 - a).R". EquatÍoî (2.L2) 1s useful for

the routíue estÍmatlon of Ro only 1f 1Ë 1s possible to assign a prlorí

aû appropriate value to ß. Ifowever, thls has net wlth l-1tt1e successt

prínar11y because of the paraneterts great varfabll-1ty wfth surface and

armospheric conditlons (ldso, 1968; Idso et al., L969i Arnfiel-d, L975)'

It 1s apparenË from the líterature that neither the lncluslon of c nor

B iruproves Èhe regression of Ro uPon R".

B. ENERGY BAI"AII{CE

no={ffi*"-b

(2.11)

(Fritsehen, 7967; Davies and

11.

1. IntroducË1on.

Fol1owÍng the consenlaËíoa of energy príncíplen the

balance eguation for a vegetated surface ln the absence of

energy oay be r¡rltten as:

R =H*LE+G+Mn

(2.L2)

energy

advected

(2 
" 13)



12.

where R_ ls the net radfatlon f1un, as dlscussed prevfously. H 1s the
n

flux of sensible heat between the surface and the air, LE ls the fLux

of latent heat to and from the surface through vaporizatlon (evaporation)

of water or condensatlon, G is the fLux of heat into or out of the so11

a¡rd M is the energy ínvoLved in a nr:mber of miscellaneous processes

such as energy flxed in pJ-ants by photosynthesls, respÍratíon and heaË

storage in the crop canopy. Since M is often small Ít can be neglecÈed

ín energy balance sÈudies (Yocum et al. , 7964).

Onee net radiaËion has been measured or calculaËed, ttre problern

of estÍmating the varlous componerits of the energy baLance reduces to

estimating the dÍfferent ter¡ns of the rlght hand side of equation (2.13).

2. Bor¡en ratio ¡neËhod.

Bowen (L926) recognÍzed that the soil heat flux G constituËes

only a small fractj-on of R, r,¡hen soil moisture i-s not limiting. He thus

partltÍoned R betveen the tI and LE ter:ms.'n
The vertical fLux of sensibl-e heat was computed from the equation:

g = -pca K âT (2.r4)
a 'ìraz

¡vhere p- is the densfty of aÍ.r, ca the specific heat of air at constant
d

pressure, \ ttre eddy diffuslvíty of heaÈ and ã1/Ðz is the lapse of

temperature with height z. The latenË heaÈ flux was wrÍtten as:

where L ís the latent heat of vaporization, e the rel-ative mol-ecular

weight of water with respect to aír, P the barometric pressure, K., the

eddy diffusivity of water vapour aaid àe/ðz is the vertical nater vaPour

pressure gradient" Bowen developed the relationship:

oLe
LE=--"=-- K âe

P "vðz (2"L5)



o = H = P"t .,\ ,, arlðz = P"" ðT
LE Le tK., ' ðelàz Le ðe

A sinpllfying assr:mption requlred to compute Bowents ratlo 1s

K =l(hv

Ihe valÍdÍty of this assr:mptlon has been the object of much research 1n

mlcrometeorologyr e.8., Priestley and Swinbank (Lg47), Pasquill (L949),

Rider and Robínson (195i-) and Swinbank (1955). More recently, Swlnbank

and Dyer (L967), Dyer (1967) and Denmead and McIJ-roy (1970) have shown

apparent identity beÈween the turbulent transfer processes for heat and

water vapour, under wÍdei-y varyÍng conditions of instabí1íty and of

dryness of the evaporatÍng surface.

lhe Bowen ratÍo has been shown to be accurate for many appli-

cations (Fritschen, 1965) and ís widely used to calculate the latent

heat flux:

R -Gn
1+B

A serious shorÈcoming of the Bowen ratio method is that equation

(2.18) becomes indeternlnate r¡hen the energy uÈiLized in evapotraris-

piration, LE, is equal to the sensible heat suppLied to the surface, E,

(i,e., when B = -1). Amodlfied Bowen ratio method such as suggested

by ReÍmer and Desmaraís (L973) overcomes this problem,

Ordinarily the measurements of the ratio of the temperature and

vapour pressure gradieoËs requi.re elaboraËe instrumentatlon, and Èhese

data are not generaLJ-y availabl-e. Therefore other methods have been

devÍsed to solve Èhe energy budget equation.

13.
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3. Corobinatlon methods.

In the combinatlon methods the energy baLance and aerodynamic

equatÍons are combined to produce an equatlon Ëhat can be used to

estimate potentíal evapotranspÍraÈÍon from measurements at a single

heíght.

Pe".ants (L948) contribution was to derive aD approximete

expression for the Borren ratÍo for a potential-. evaporating surface ttraÈ

coul-d be computed from standard meËeorological daÈa. Penmants meÈhod

makes use of the foLlowing aerodynamic equaÈions:

H = yL (To - Ta) f(u)

LE=L(eo-e")f(u)

. ""Pwhere y = ]-,= is the psyehrometrlc constant. These differ fron (2.14)

and (2.L5) in that the turbulent Èransfer coefficient is replaced by a

function of the horizontal windspeed f(u) and Èemperature and vapour

pressure measurenents are made at the surface (subscript o) and at screeû

1eve1 (subscript a). IIe ttren fntroduced the saLurated vapour pressure

at Ëhe surface (ej) and at screen l-evel- (ej) and the slope of the

saturation vapour pressure curve at air tempexature Â ( = ds*/dT). lhe

sLope should be evaluated at the mean of the surface a¡rd aír temperatures,

but the error "ii"irrg from its evaluation at air temperature is slight

(Van Bave1, L966). It follows that

14.

and

T -T =(ert-e*) ILo a ' o a'

(2.1e)

(2.20)

E=l L çe* - ej) f(u)

(2"2t)

(2 "22)



SubtractlnB ea from both e* and

H

Since e
o

equation

=* L

shoul-d

(2.2o)

t (el - e^) f(u) - (el - e

rrhere LE _- is the potenLial- latent heat flux.
Pot

represent Èhe second of the bracketed Èer¡s of

LEpo.-L("ä-"")f(u)

be saturated in the case

can be written as:

o a)

s*

E. = (ej - "") f(u)

Upon combining equations (2.24) and (2.25)

gives:

(2.26)H=l(LEpot-LEa)

One is now ready to combine the aerodynamic equaÈ1o¡ (2.26) with Èhe energy

bal-ance equation (2.13) to produce Ëhe conbination equation:

*o-ÍLEpo.+f,r,r"-LEpo.-Ç=o (2-27)

Solving the LaÈter equation for the energy assoclated wj.th potenÈial

evapotranspiraËíon gives :

4
)

4

f

f(u) l

of a freely

( 2.23)

evaporati.ng surface

15.

(2.24)

The symbol E, is used to

equation (2.23), i.e.,

(2.2s)

At* -c)+LE
LE -\ n ' a

with equation (2,23) gives:

î can be regarded as a temperature dependent weighting factor which

varies between 1.23 and 3.56 for tenperatures ranging from 10"C to 30oC.

These vaLues in conjunctÍon r.rith (2.28) show that between abouÈ 557" arrd

78"/. of (Rr - G) is íncorpot.t"a ir rEpoa compared w.rtin 45lZ ta 221Z Ín LE".

Ttris heavy dependence of LEnoa on (Rr, - G) prornpted Penman to suggest that

the aerodynamic te:m E" need not Èo be accurateLy evaluated. He used

this argumerit to defend his ernpirical fornuLatíon of f(u). Tanner and

pot
^+l'(

(2.28)
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PelËon (1960), however, showed that this term accounËed for large dis-

crepancíes between measured and. compua.d Epor. They replaced iË wíth a

functíon deríved by Businger (1956) fron the logarithrnic forn of the

wind profíle

where u_ is t,he horizonÈal windspeed aÈ height z, k Lhe Von Karman
z

consËarit ( = 0.4) and zo the roughness length of the surface in quesËíon.

Building on Penmants earlier work, Van Bavel (1966) has developed

a combínation method for estimatíng potential evapotranspiratíon. His

final equatÍ-on has the same form as equati-or. (2.28), except that the

aerodynauic term E_ is replaced by:

f(u) = L.2 u t (r/t) tn (z + z )/z 1-zzoo

o ek2
d

.lJ -.._-.vY

The model has been test.ed against measured evaporation from

open r.later, wet bare soi1, ?nd well-+ratered alfalfa and showed good

agreement, beËween calculated and measured values. A wide range of

clínatic conditions rüas encompassed in the Èests including advection

of sensible heat to Ëhe evaporating surface.

Van Bavelrs method requires no empirical constanËs and is not

restricËed to grass or any oÈher specified set of surface condit,ions

other than thaË rüater supply must be unresËricted. Another variation

of equaËíon (2.28), preferred by Slatyer and Mcllroy (1961) and

Montej-th (1965) is gÍven by:

u (e*-e)a-aa'
l::n (2, ¡ z))2

(2.2e)

LE = -é-l\fY

(2.30)

apc
[(R., - G) + j- K ((eå - .") - (.ä - eo))] Q.3L)
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whfch asstmes that the transport coefficfents for heat and nater vapour

are equal (\ = Krr= K). l{hen the surface is weË, so that there ls no

saturation deficit, (.å - "o) = 0, the poÈent1a1 latent heat flux ls given

by: a

rE = -L ro - ot * 9^ "--Por Â*1r'ì vt K("ä-t") (2'32)

Slatyer and Mcllroy (L961) consídered the specÍal and apparently

limited case when (e* - e.) = ("å - .o), thereby elÍminatíng the convec-

tive term. This reduces equation (23Ð to:

in r¿hich LE-- ís the equilibrir-m latent heat f1ux.
eq

Interpretations of the physieal- neaning of (2.33) have varÍed.

Monreith (L965) and Tanner and Fuchs (1968) have noted that it descrÍbes

the evapoËranspiraËion which would occur Ín a saturaËed atmosphere.

fhis is the sÍrnplest case in whÍch (ej - e") and (e* - .o) are both equal

to zero. Slatyer and McIi-roy (L961) suggested that the wet bulb depress-

j-ons would be equal when the surface and the overlying aÍr had reached a

state of mutual adjustment wíth regard to moisture. This would represent

a lor¿er limit Èo potentlal. evapotranspiration.

MonteíËh (1965) antícipated that equation (2.33) r¡ou1d have limited

applicatíon. However, Denmead and MclLroy (1-970) , WÍ-lson and Rouse (L972)

and Davies (1972) found that (2.33) gives a satÍsfacÈory approximaËíon to

evaporation frorq fairly dry surfaces" Hence íts applicatíoa is more

general than antÍci.pated oríginal3-y.

Recently, Priesti-ey and Taylor (1972) showed thaË LEno, dete:mined

as the evaporatioo rate from saturat,ed surfaces over a Z4inout period, is

directly proportional- to 
"t.nt

,u"n=¡{,(Rtr-G) ( 2 .33)



Several sets of data from dlverse surfaces yielded tar values

l-.08 and 1.34, wlth an overall mean of 1,26. Si.milar values

reported by Davies and .trllen (1973)

LE =a,Â (R -G)pof a+Y'n

Jury and lanner (1975) found beÈter agreement betr,¡een measured and

calculaÈed results when equatÍon (2.34) was extended Èo cover situations

of advection asslsted evaporation by ehanging tat from a constant to:

where (e* - e") is the

al=l-.0+(a-

4. EmpÍrical meÈhods.

A nr,nber of enpirical or secni-empirical equaÈions have been

devel-oped for estimatíng evapotranspíration. Thornthwaíte (1948) des-

cribes the bíological and physical imporËance of evapotranspÍration in

climatÍc determination. As a consequence of his efforËs in studies of

clímatic ciassifÍcaËíon systems he developed an equation for estimating

po tentÍal evapo transpiratíon:

E ="tF' (2.36)
poÈ

in which T is the rnonthly mean temperature and cl and al are parâmeters

that vary from one place to another. ThornÈhwaite reasoned that the

paraneters cl and al .r"ry r¡íth another factor, one that ís suaLl ín cool

climates and large in hot ones. To account for Èhis factot, he devel-oped

a moaËhly heat índex from which cl and aI could be calculated. the

monÈhly índex was obtai"aed from the equaÈion:

1) (el - e-) / (eT - e^)
daeé

long term mean saturaÈÍon deficit.

(2.34)

between

have been

18.
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t = (gt I.s14

The sr:matfon of the

annuaL heat index I'

cl-osely approxínated

(2.37)

tr,¡eLve monthly index values gave an aPproprlate

The relatlon beÈwe.r, .1 and I was found to be

by the empirical- equatÍon:

The coefficient cI in equaËion (2.36) is Ínversel-y rel-ated to I, so that

the generaL equation for potentíal evaporation is:

aL =6.75x t0-7t3 -7.7L x10-5 ;12+L.79x 1O-2 I+0.49 (2.38)

in which aI must be calculated from equaÈion (2.38) '

Epo. = r-o clIîltt

Certain shortcomings are irrtrerent in the Thornthwaite method. For

example, evaporation lags the annual naximum heatíng during the late

spring and is consequenËly out of phase in the fa1l as well. Furthe:more

applícation of the TtrornthwaiËe concept üo short-Ëime periods leads Ëo

slgnifícant errors as a result of the often excessive variation in mean

air temperature durlng these períods (Pelton eË al., 1960).

Enpirical equatÍons, based on radiat,l-on methods for estinating

potenÈíal evapotranspiratíon can be expeeted to resemble equation (2.13)

or (2.28), but most take one of the fo1Lowíng fo¡ms (Jensen, Lg66)

l_9.

LE=K órRc '' n

T.E=K ócRs

in which K is a erop coeffícient and Q1 and $2 are net radiation and
c

shortvave radiatÍon eoefficíents. The products $1 R, and Ôt R" generally

represent potential evapotranspiratíon. I^Ihen K" = 1.0, equat'Íon (2.40)

and (2.4L) can be rearranged to assess the factors ínvolved in the various

( 2.3e)

(2.40)

(2.4L)



eoefficienËs. For examPle:

oi = 1-o

\" iI+cq2=L -ct-R - R

I.Ihen consídering da1l-y ËoLa1s the value of {1 w:i11

when the algebraic sr:m of H and G = 0. The value

be 1 - o - R- /n or about 0.75 - R- /n since theItrSINS

for most, crops,

TI+G
Rn

Makklnk (1957) presented the fo11owíng equation for

E for grass over 10-day perÍods under Èhe cool eli¡natic
poÈ

of the NeÈherlands:

r,¡here E- is in rrm day-l, and R- ín ca1 cm-2 day-I.gs
Turc (1961) sinplífied earlier versions of an equaËíon for potential

evapotranspiration for 10-day perlods under the general climaËic

condítions of Western Europe.

Jensen and Haíse (1963) evaluaÈed the Linear relationship between

Q2 and mean air tenperature. From about 100 values for well-watered

crops with full cover in the Western U.S,A. the constants for the foLlor,r-

ing 11near equatíon were C- = 0.025 and T* = -3.0

E = 0.6Loö

(2.43)

be approxinately L.0

of þz at this tlne will

albedo ís about 0.25

ARs

^+y ffi-
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(2.42)

0.L2

where C, is a Ëemperature coefficlent and T* is Ëhe intercept of the

Ëemperature axís. These coefficíents are considered as constants for

an area. Jensen (1966) Later defined C, as:

Epoa = cT (T - T*) R"

estimaËing

condiÈions

(2.44)

(2.45)



and

cT=

where e2 aud eI are the saturatlon vapour pressures at the pg¿n ¡¿1i¡rrm

and mean minimum temperatures, respectively, for the warmest month of the

year in the area, and C2 = 7.6"C. Jensen et a1. (l-970) defined C1 =

38 - (2"C x elevation in rn/305) and T* - -2.5 - 0.14 (ez'e1)"C/mb -

elevat,ion 1n n/550.

Various empirieaL methods to estímate evapotranspiration are based

on multiple correlaË1on Èechniques. Baier and Robertson (L965) used

símp1e meteorologicai observations and readily available astronomíca1

data to predict daily Latent evaporation from a beLlaní plate atmometet.

Ttrey calculated mu1-tip1e regression coefficíenÊs ag to a5, which are used

Ín the linear uultiple regression equation:

Cr+C2CH

50 ubt/H - e2-eI

where x1 ís the dail-y naximun aÍ-r temperature (o¡'), x2 the daily temPera-

ture range ('F), x3 Ëhe solar radiation received aÈ the Ëop of the atnos-

phere (ca1 crn-2 day-I¡, x4 the soLar radiation received at ground 1evel

(ca1 cn-2 day-r), x5 the Èotal daily wind run (uriLes day-I¡ and x5, the daily

vapour pressure deficit (nb). I.Iith a1l- six varíables fnvolved, the

correlation coefficient r¡ith laterit evaporation was highly signíficant

(r = 0.84). The re1ÍabÍ1íty of the esËimates could be further improved

íf daiLy values of estimated laËeot evaporatiou were accr:mulated.

In a later paper Baj.er (Lg7L) suggesËed Èhat latent evaporation

could be converted to Epoa by applying a correction factor of

O.OO94 ct .t-3.

Y = a0 * a1x1 * a2x2 * a3x3 * a4x4 * a5x5 * a5x5,

(2.46)

2L.
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Chrlstiansen (1968) and Cltristiansen

developed equaËions for estimatlng open-pan

eva-potranspfratíon uslng radlatlon data and

also listed crop factors for convertÍng pan

transpiratíon, fhese crop factors are only

States and to areas with sünÏlar clÍmates.

5. Soil heat fLux and enviror¡mental variabl-es.

Using a number of sí:npLÍfying assumptions, Van I.IÍjk and De VrÍes

(1"963) showed in a theoretical development, that the soÍ1 heat fLux ís

proportionaL to the tsperature anplítude at the surface asd the

thermal properties of the soil. The anplltude of the surface temperature

is generally unknown, but a number of publicat,íons deal wÍth the

enpirical deduction of this quantíty from observed air Èenperatures at

screen height (Bonham 
"rrd 

,"., L970i SËapleton et al., L973; Hasfurther

and Burnam, L974). This approach has been used relátíve1y successfully

in predicËing mean daily surface temperatures, buË the predÍctlon of

hourLy surface Èemperatures has been hampered because heat transfer ín

ttre air (equation 2.74) is proportlonal to the exchange coefficient

for sensibl-e heat \. It is not fu11y understood how thís latter para-

ïreter varies wíth wínd"p.áa, surface roughness and thermal stratification

(Si:ewart and Lemon, 1969).

The thermaL properties of the soil depend nainly on the soiLts

mineral composítÍon, Íts densÍty and Íts moisËure conteot, Idso et al.

(Lg75) showed that Èhe soil heat flux steadii-y Íncreased from twetr to
tdry' conditíons, whereas Fuchs and Hadas (1972) observed that the

fraction of the net radiation dissipated as soiL heat flu:r densÍÈy was

22.

and Hargreaves (l-969)

evaporation and potentlal

other cl-Ímatlc data. They

evaporatíoo to actual evapo-

appLicable to Ëhe United
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nearly identicaL for fwetr and tdryt so11. Ttre apparent contradÍctory

results were due to the fact that Èhe latter authors l¡orked with rwetl

conditions r¡hlch were 507 drier than the r\retr condl-tLons reported by

Idso et aL. (1975).

The distribution of available radlation energy varies quite

narkedly r¿íÈh cloud conditíons. llo et a1. (1968) showed that whereas

on clear days the radiant energy ís almost entÍrely converted into

latenÈ and sensible heat which is lost to Ëhe atmosphere, ori overcast,

days a third of the avaÍLable energy is sËored in the soi1.

Upon sun¡matizíng the LÍteraÈure one finds that there are numerous

sólutions for the energy bal-ance equation. MosÈ often the equation is

solved for the latent heat f1ux, using eíther physÍeal- or empirical

based reLatíonships. It is apparent that the soil heat flux can be

related empirically to a number of envÍronmental variables , ví2.,' net

radiatíon, ai-r t,emperature, windspeed, soil moÍsture conditíons and

canopy'cover.

C. }IEAT TRANSFER IN THE SOIL.

1. Ileat transf er mechanisms.

Molecular conduction is the most imporËant heat transfer mechan-

ism operating in the soÍl. Ttre flux of heaÈ in a homogeneous medium is

given by Fourierts 1aw of heat conduction:

c -ATq"=-Àä (2.49)

where q" i" the heat flux, À the thermal conducÈívíty, T temperature and,

z depth. This force-flux relationship must be suppLemented wíËh the

equation of continuÍty of energy in order to descrlbe the heat transfer

in the soí1.
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In addition three oÈher heat, transfer mechanisms are operating

in the sofl. Ttre firsÈ of these is the movement of water through the

so11; 1f water of one temperature flows through the soÍl aÈ another,

heat wl1L be transported. Thls type of heat transfer, cal1ed con-

vective heat transfer, can resulË fron rain or írrlgatiofi Iüater

infiltrating the soíL. Callendar (1895) dlscussed a rapid drop 1n

temperature at the 20-cm depth in sandy soil due to the sudden release

of a meLting snow cover. More recenÈ1y Sarson (L960) reported that

tlrawing of a snow cover caused soÍ1 tennperatures Èo faLl 2.0"C aE LZO

cm and 4.7"C at 300 cm in a 48-hour period. Changes Ín soil temPera-

tures following irrigatlon ttere reported by Wierenga eÈ al. (1971) '

Although the effect of coLd or war:n írrigation water was of short

duration, the addition of the waËer caused sÍgníficanÈ decreases ín

soil- temperature by evaporatj.ve coolíng fot a relativel-y long period.

Ir has been observed by SniÈh (f943), KersËen (L949), Cary and

Taylor (1962), and oÈhers, that when a soil sample of uuifor-m moisËure

content is subjected to a temperature gradient, there is a flow of J-iquíd

waËer from the ltallner to the colder reglon. Possible reasons why

rrater flows in the liquid phase under the influenee of a tenperature

gradienÈ were suggesËed by Cary (L966). The âmount of energy and mass

transported in this manner is thought to be relativeLy snall.

AnoÈher part of the moísture. transifer is accomplished Lhrough

the mechanisn of vaPour dístillation from the warmer regíon wj-th

condensation in the colder soÍL. The amounË of moisture Ëransferred

by thís process i.s quite smaLl, but the heat transfer could be con-

siderable because of the very high value of the l-atent heat of

vaporization of water. the problem of the transfer of moisture both



in Ëhe ltquid and the vapour form under Ëhe fnfluence of Ëemperature

gradfenÈs has recelved much attention l-n the ll-terature (Oe Vr1es,

1950, 1958a; Ph11-1p and De Vrfes, L957; I.Ioodslde and Kuzmak, 1958;

Taylor and Catrarza, L954)

Heat can also be transferred from one soil particle to another

by radlaËion. De Vries (1952) has concluded that thls is a factor of

negligibLe importance in the soil-.

2. Fourier heat conduction equatÍon.

The nagnitude of the heat flux in a homogeneous soil is pro-

portional to Èhe tenperature gradÍenÈ and the the:mal conductivÍ.ty

q"=-ÀâT (2.4g)
àz

where the syrnbols were defined in the prevíous sectíon. The negatlve

sign was j.ntroduced because the heat flux is positive in the direcÈion

of fall-ing temperatures ""a fr is negatíve. EquatÍon (2.4g) is known

as the one-di-mensional form of Fouri.errs 1ar¡ of heat conductíon.

The principle of conLinuity of energy requires that the

difference in heat flux into and out of an elementary soí1 element

25.

equaLs the rate of heat storage.

^cão- - âT
-4=I'-àz -ät

where C is the vol-umetric heat capacíty of the soí1 and t is Èime"

Applyíng equatlon (2.50) requires thaË no heat exchange in other than the

verËical (z) dírection and no heat generation takes place. Substitution

of equatíon (2.49) into (2.50) gíves:

^ ññ_ dL d ,- drcar =h$#)

(2.so)

(2. s1)



If r¡e assume Ëhat À fs eonstant r¿1th depth, we obtaln

where D, the the:mal diffusivlÈy of the sofl, determines the rate of

temperature equalí zatíor'. A large díffuslvity causes rapid changes ín

soiL temperature and a quick and deep penetratlon of the heat wave into

ttre soil-.

Equatíon (2.52) is not valid in the soil since the conductÍvíty

and heaÈ capacity of the soil vary with depth and time and not al"1 the

heat transport is by conductíon. However considerabl-e insÍght into

the naÈure of the fh¡r of heaÈ in the soil can be obtaíned by applying

equaËíon (2.52) and using cerËaín assumpËions r,rhich are not strictly

valid in the soiL. Two separate cases will be consídered-

The first of Èhese reLates to Èhe adjusËment of the soÍl Ëempera-

ture profile to a sudden change in the temperaËure of the surface. Such

a condition could arise r¡hen there is an invasion.of the area by an aír

mass of temperature greatly dífferent from that of the underl-ying soil.

The other special sÍtlratÍon relaÈes to the propagatíon of the diurnal

and annual tenperaÈure cycles produced by the solar radíation cycles.

The first of these useful relations may be obtained from

equation (2.52), Íf we assume that the soil is homogeneous and a semi-

infinÍte medium (that Ís, ), and C are constanË with tine and depth)

and that the soil is isoÈhermal at tíme t = 0. The temperaÈure of the

soil surface is then suddenly changed and kept at a constant temPerature"

The solution of equaÈion (2.52) ís sought rzith initial condition t = t ô

when t = 0 and z > 0 (z lncreases dorrnrsards) and the boundary condiËÍon

T = T_ at z = 0 and t > 0. It can be shown (Schneider, 1955) Èhat the

temperature of the soil at any depth z and tíEe È is:

ãT À â2T ð2t
-=-=ât C àzz àzL
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It follows from equatlon (2.54) that the time requíred for a glven pofnt

to at,tain a given temperaÈure varies lnversely rslth the diffuslviÈy.

The heat fl-r¡< at any depth can be obtained from equation (2.49)

by evaluating the Lenperature gradíent or:

c .ATq =_nú

T = T.. ¡ (To _ T_) erf. (4)

The second special case Èo be consídered ís the case of a homo-

geneous semi-infinite soíl whose surface is heated in a peri.odic manner.

This model corresponds Èo Ëhe daíl-y and annual heating cycle experÍenced

by the soiL, The tenperature aË the soí1 surface can be expressed as:

mI -I 2
- O 6 .-Z-¡=-^ exp\F.,/

,ffi '+lJL

where i is the average terrperature of Èhe soil surface, Ao the amplitude

of the surface temperature l¡Iave and o the angular frequency. If 1t is

further assumed that Ëhe wave fs one of a series of sírnilar lraves so

that Ëransient effects are elímÍnated, the solution of equatÍon (2.52)

r¡iËh the above boundary conditions Ís (Carstar¡ aod Jaeger, 1959):

r(0-t)=l+AsÍnot'o

27,

(2.s4)

2Dwhere o = í- rs called the danping depth. ThÍs solutioo has been used
0)

by nr,:nerous workers to obtain values of the thernal diffusfvity"

According to equation (2.57) the tæperature ampLitude decreases

exponentj.alLy from the surface and the ha:rnonic oscÍl-lation of the

Èemperature r¡rave travels dorsnward. The value of D can be calculated as

fo11ows. Since the tenperaËure amplitudes at z7 and z2 are A1 = Ao exP

(-21/d) aud AZ = Ao exP Çz2ld) respectively, the value of D can be

1 (z,E) = T + Ao oP (- gd) sin (ot - þ

(2.ss)

(2.s6)

(2"s7)



obtained by elfunlnatlng

Ttre diffusÍvity uay also be computed fron the 1ag in phase with depth.

From equation (2.57) Ëhe Èine of maximum soil temperature at any depth

occurs rrhen sin (ot - z/d) = 1 or ut - zlð, ='t1/2. Solving for t, applying

to two depths zy and 22, and subtraetÍ.ng we get Ëhe phase equati.on

tZ - tt = (22 - zt) /ud or

o=ä( laA1-ln42
z2-zl

A
o

thus

12

Both methods have been used by various Ínvestigators to estinaËe

the thernal diffusívity of the soíL. Good agreemenÈ beÈween the trùo

formulas (amplÍtude and phase) and with measured diffusÍvities have

been found by some researchers (F1uker, 1958; Pearce and Go1d, L959;

I^Iierenga et al., L969) and poor agreement by others (Swinbank, 1948i

LeÈtau, L954; Rider, 1957). Carson (1963) has poÍnted out ÈhaÈ Ëhose

investigators who computed Èhernal diffusivitíes from the annual soí1

tenperature record usually found realistic and consisËent values,

whereas those usÍng the daily cyele (except Wíeringa et aL., L969) did

not. This would seem to indícate that nonconductive heat transfer

mechanÍsms are quite large in the upper part of the soil- proflle, but

that the averaging process over a year mínimizes their Ímportance.

De Vries (1958b) has shom that the heat fLux at depth z,

corresponding to the above mentíoned iniÈial and boundary conditions

is:

o=*r Zo-Zt"u2
tz-trt
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c -aTq =- ^É

=Aoffiexp(-â) sin(urt-f + i)
It fol-l-ows frou equation (2.60) that the

functfon of time wlth a phase that is !¿n

temperature variatÍon at the same depth.

of 3 hours for the diurnaL variation and

3. Convective heat transfer.

Soil water, under the influence of a potential gradienL, moves

from one location in the soil to another. If the lrater 1s in thernal

equiLibrium with i.Ès surroundlngs and the two locaÈíons are at a differ-

ent t,emperature, conductive and convective heat transfer occurs.

tr{ieringa (i-968) reported that duríng infilËraËion heat transfer in the

soí1 was mainly by mass movement.(= convecËíon) and that during the

Ëransítíona1 sÈage, whÍch involved rapid water dÍstributíon r¡ithin the

profile, heat Èransfer was by both mass movement and conduction. In the

stage characterized by relatívely slow waËer redistribuÈÍon heat transfer

was mainly by conductíon.

lhe one-dimenslonaL heat balance equatlon whích describes the

process of heaË propagaËion in the soÍl- by conductioo and convectÍon is

(Sta1Lnan, l-963):

^ âT à ,. âT . =r 
â(y!rT) _ "r 

a(y"r) e.6L)cç = à" ( À âz ) - c à= - c 
ðz

where C is the volmetric heat capacÍty of the soil, c the specífic heat

and V the moisture flux. The superscrípts w and v denote líquid waËer

and vapour respectfvely.

heat flux is aLso a harmonLc

advanced as compared wlth the

Thi-s corresponds to a tine shifÈ

lL rnonth for the annual- varÍaÈion.

29.
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Assumfng that the followlng conditions vrere satisfled:

L. The soil ls saÈuraled and there is no vapour flow.

2. The ther^naL characteristics are constant in space and tlme.

3. Ttre fl-uid veJ-oclty Ís steady and unÍf orm al-ong the z axis.

4. Ihe fluÍd is in thermal equilibrirn with the surrounding soí1.

staLLman (1965) was able to show rhat rhe soluÈion of equation (2.61)

r¡ith a sinusoidal surfaee temperature is:

T = T * Ao exp ( -za) sín (t¡Ë - zb)

where a = [(rc2 + v4/ ÐÞ, + vzl zt\ - v
þ = [(r2 + v+/ tr)\ - vzl z]4

andK= ÛJ

zn

vw cw
2

v-

Note thaÈ if Vw = 0, a and b reduce to a = b = / h = 1/d and equatíon

(2.62) equals equaÈion (2.57).

Equation (2.62) has been used by hydrologists ro derecr ground-

water flow in saturated porous nedj.a by measurlng temperature profiles

(cartright, r97o; sorey, r97L). rts applicability to agricul-tural soils

has been Linited by the saturatíon and constant flow velocÍty assumpÈion.

4. Combined transfer of heat and moÍsture.

Theories of conbined heat and moisture Ëransfer in soils have been

developed along tr¡o different 1ines. One Ís based on classical funda-

mental relationships of soil physics and has been developed by phíJ-ip

and De vrj.es (1957) and De vries (1958) . Ttre second approach is based

on the thernodynamics of irreversible process (Taylor ar¡d cary, L964;

Cary, 1965).

30.
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The rnodel of Phillp and De Vrles 1s based on the concept of lfquld

water flow under the influence of graviÈy, capíllary and adsorpÈion

forces and on the concept of vapour movement by diffuslon. They derived

the following generalized trans¡port equatlons for movement. of liquid and

vapour through a homogeneous þorous nedÍr:m under the cornbfned influence

of ther¡nal and water content gradients:

vw/or=-Dor#-o*#**

where Vw and fl are the liquid

density of water, àe/àz ís the

uv/pw

temperature gradíent. The terms D'r, DO.r, D* ánd D* rePresent resPec-

De.r#-o*#

tiveLy the isothermal liquÍd and vapour diffusívíty and Èhe thermal

liquid and vapour dÍffusivity. K ís the hydraulic conductívity coeffíci-

ent, wiricir Ís dependent upon the physÍcal propertÍes of wat,er and soi1.

The main assuuptions in ttre derÍvation of equations (2.63) and (2.64) are:

1. The hydraulic conductivity, K, and the capilLary potentj.al, ìf, are

assr:med to be unÍque fuactions of ttre soÍL moisÈure content. Thís Ís

not strictly tnre.sínce these functions depend on the past history of

wetting and dryíng which gives rj.se to hysteresís eff ects.

2. Ttre eapil-lary potenËial was thought to be proportional- to the surface

tension of the soil water.

3L.

and vapour fl-ux respectively, I, is

water coritent gradient and âT/âz is

(2.63)

3.

the

The saturated vapour pressure is a functÍon of temperature only and

relative hurnidity is a function of moisture content on1y"

(2.64)

Ëhe

the



Phflfp a¡¡d De Vrfes consfdered two factors v¡hfch nay e:ç1a1n .the

differences fn vapour fluxes found from measuremeots and those calculated

wlth Èhe molecular dÍffusfon Èheory. The flrst one le that the rn¡cro-

scopic ternperature gradlent 1n the nedÍr¡rn Ls generally exceeded by the

uicroscopic Ëenperature gradlent acroc¡s the air-f11led pores. Thls

r¡fl1 enha¡rce the the:mally laduced vapour flux. The second reason 1s

that vapour diffusÍon fs aided by llquid fslands whfch cau6e condens!.ng

on the upstream sfde and re-evaporatlon on the downstream side a¡rd

therefore vapour diffuslon fs dependeDt on the total pore apace. This

holds for both the fsothermally a¡rd therually fnduced vapour flux.

The totaL molsture flux, Vt, r"" found by addition of equatíons

(2.63) and (2.64):

IË should be noted that the two types of flow Ínteract, so that stríctLy

speakíng Èhey are not addlË1ve.

þpllcatlon of Ëhe princfple of mass conservatf.on lead to:

ee g{ -E (2.66)âË = - az -s

1f/ow=-De#-or#**
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where the possfblLlty of water traasfer fron the 1íquld to the vapour

phase vras recogntzed by the fntroductÍon of ao evaporatÍon rate, E,

lnside the pore systeu. Its value foLlowed froro the assuned vapour-

Llquid equlLlbríum condltion. The final form of eguatlon (2.66) became

the geaeral dLffereutiaL equatÍoa describing molst,ure movenenË under

coublaed, Èenperature and moisture gradÍeats:

(2.65)



[1 + Fr (e,r), #* F2 (e,r)

r¡here the functioas F1 and F2, which express evaporation-condensation

effects, are given in the oríginal paper (De Vries, 1958a).

The concepts established by PhÍ1ip and De Vries (L957) lrere

extended by De Vries (1958a) to include in greater detaíl heat transfer

by noistdrs nì61rernent. The heat flux, q", r"" expressed as:

qc = - ^*#+Lfl 
+ cvtfl+ cwtvw (2.68)

The first term on the ríght hand side represent,s the contributíon of pure

heat conductÍon; À* ís the ther^mal conductivity of the porous medium in

the hypothetÍcal case where no moísture movement occurs. The second

term represents the transfer of latent heat by vapour movement,. The

third and fourth terms represent the Ëransfer of sensible heat in vapour

and 1-iquíd forrn respectiveLy. L is the heat of vaporization and cw and

vc are the specÍfic heat of rrater and vapour.

lfhen the heat of weÈËíng Í.s neglected, De Vries used Ëhe prin-

ciple of energy conservatíon to find:

*b(or#) -#

AT
âr L (Do ãe.

-l
àz'
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(2.67)

lc+

+

Lp, Fz (e,r)l *I * Lp, Fr (e,r) # =

to,, L (o, #, * "oê {o, S I
.v v

"'prlDo #*o, #,#+
v

+ cwo, [Du
l^7

Ttre above analysís was subject to Èhe assumption

heat transfer take place unifo:mly throughout the

âe
=-*òz

v

rì ar-
"T àz

97

-ÐT\-
xòz

*r# (2 "6e)

that al-L proeesses of

porous medíuro and



that sources and sinks of heat (arfsÍng from evaporatfon-condensat,Lon)

are disËributed uniformLy as r¡ell.

Equatlons (2.67) and (2.69) together govern the siurulÈaneous

moisture and he¿t flelds in the soÍl.

Varíous attempÈs to Ëest the theory as developed by Philip and

De Vries have all met r¡iËh the dífficulry of deternining the unknown

parameters as functions of T and 0. In addition the effects to be

measured are often very snal1 and little is known about the influence

of the simplÍfications that were introduced. In a number of cases the

theory has been able to explain or predict Ëhe rate of moisture trans-

fer under the fnfluence of a temperaÈure gradient (Rose, L967; Cassel

et a1", f969), buÈ there are al-so Ínstances inwhich no agreement.

betr¡een theory and experÍment r¡as obtaÍned (Jury and Mi11er, L974).

The thermodynamíc theory starts from an expressíon for the

production of entropy as caused by heat and moisture transfer (Taylor

and Cary, 1960; Letey, l-968). The forces are the gradients of tempera-

ture and of the choical pot,entlal of soiL r,Tater at constant Ëemperature.

The latter 1s proportional rc (a,þ/Az), or (âe/Az)T. Next pheno-

menoLogical equations are obtaíned expressing the fluxes of moÍsture

and heat as linear functions of à0/àz and âT/â2. So obtained Joshua

and DeJong (l-973) :

34.
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where v is the specific yelrrms of soil water, p the soi3-

x the horizontal distance and \at, kt, L* and L* the phenomenological

coeffícients. The first term on the ríght hand side of equat,ion (2.70)

(2.70)

(2"7L)

\üater pressure,
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represents the flux that r¿ould move water under isothemal condfËions,

whiLe the second represenËs the addltlonal- flux índuced by a tempera-

ture gradient. Tt¡e flrst term on the right of equaËion (2.71) repre-

senÈs the heat earrled by Èhe transfer of molsture and Èhe second term

accounts for heat flux due to mol-ecular conduction aLong the thermal

gradi.ent through the soi1. According to Onsagerts theorem, and veriffed

by Joshua and DeJong (1973). for a soÍJ sysÈen, the cross-coupl-ing

coeffi.cient" \tt and L* are equal.

Although the thernodynanic theory has the advantage of being

quite general, it does not Lead to expressions for the phenomenological

coefficients, so that they must be determined or deduced from a physical

model. It also obseures the actual processes involved like vapour

diffusíon and the interaction between heat transfer in Ëhe matrix and

in the pore systen.

The most obvious conclusion Èo be drawn is that Ëhe símultaneous

flor¿ of heat and moísture is an extrmel-y complex matÈer. Although the

suggested models may expl-ain r¡hat Ís occurring in an exPerÍmentel col-umn

of soil, Èheir applÍcation to natural- condítlons with diurnal and annual

ÈemperaÈure varj-aËions ræains Èo be studíed.

5. Theræal properties of soi1s.

As can be seen fron equatíon (2.51) heat transfer in soil- ís

governed by two independent Ëhermal properties, the heat capacity and

the therual conductívíty. These properties depend mainly on the mineraL

conpositíon and the moisture content.

Thermal capacity.

For a non-homogeneous materí¿l such as soil, the heat capacity



per unit volume of soi1, C, equals the sum of the volumetric heat

capacities of the different components. Denoting the volrrme fractions

of the solid materialr the organic matter, the rqater and the air as

e^, e^_, e__, and 0 respectívely, and the volunetric heat capacities
S 

- Om- Ì¡t' a

of these components, as C", Co'o, C, and C", one can wríte:

where each C-value is the product of the densiËy p and Ëhe specifíc

heat, c, of the component under consideration.

C=0C +e C +0C +eCss omom I.f w aa

According to measurements by Kersten (1949) the specÍfic heat of

mosË soi.1 mínerals, cs, varies lÍnearly from 0.16 t 0.001 cal g-1 "g-1

at -18oC to 0.19 t 0.001 eal g-l oC-l aË 6OoC. Sínce the densiËy of

the minerals was abouË 2.7 g 
"m-3 an average value of Cs of about^ 0.46

ca1 cm-3 oc-l holds for a mineral soil.

For organic rnateri*l" po* is as an average 1.3 g em-3, while for

specific heat, "ot, "o aveïage vaLue of 0.46 has been reporËed (De Vries,

1966, referring t.o measurements of Lang, Ulrich, Bracht. and De Vries

and De I^Iit).

The volumeËric heaË capacity of water is 1 cal "r-3 
o6-I. The

contribution of air is usually neglecËed so that equaËion (2.72) becomes:

36.

C=0.460 +0.600 +0som

(2.72)

Thermal conductivity.

An estimatÍon of the Ëhernal conductivity of the soil from iËs

strucÈure, in the same siay as heat eapacity, by consíderíng the conduc

ti-víty as a funcËion of volume fracËions and specific conductivities

of the various components is difficult. De Vries (1952) has given a

(2 .7 3)
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Eurvey of the theoretÍcal vrork and developed an approxlmate solutlon

based on the theory of Burger (1915). .

The rnodel conslsts of a system uade up of partfclee of one materlal

lurersed 1n a contlnuous roedlum of a second materfal. De Vries (Lg52)

coneidered for dry so11 afr as the contÍnuous medlum. For molst so1l he

consf.dered water as the continuous nedfum iu which partlcles of alr a¡rd

sollds were dispereed. The overall the:maL conductfvity of the so1l

could bå expressed as:

tr

,lo 
tt Àt k*

where n ls the number of different kfnds of partfcles contafued ln the

contlnuous medÍum (aL1 particLes with approximately the same shape and con-

dueti.vlty were consfdered as of one type) , 0, ls the voh:me fractlon of

the ith kÍnd of partfcJ-es r 1,, is the thernal cond,ucttvlty of the lth kind

of particles (subscript 1=O is the contlnuous nedium) and k, is Èhe ratfo

of the average tenperature gradfent 1n the tth ktrrd of partlcles to the

average temperature gradÍeut 1n the contlnuous medlum.

' Th" value for k, was estlrnFted by De Vries (1952) from the follor^'1og

e>rpression:

n
Ee,k,

l=0rr

The values for g", % "ttd 8" dePend on the relative lengths of the rn¡jor

and mlnor axes of the dlspersed partfcles. 0É a tllal aad e¡ror basís

he r¡as able to establlsh that ga = % = 0.L25 
"ttd 

gc = 0"750n

(2.74)

(2.75)

(2"76)
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which corresPonds to Particles shaped Lfke an eJ-llpsold of revolution.

These values gave estirnaËed thermal- conductivltfes, usfng equation (2.74)

that compared closeJ.y with measured values " I.loodside and ClÍff e (1959) ,

Penner (1962, l-970) have al-so used equatlon ( 2.74) successfully ro

predict the conductÍvfty of air-dry,. nater-saturated and frozen soíl-s.



The trrrhíteshell Nuclear Research EsËablishnent (I^I.N.R.E.) is

situated on the lresËern edge of Ëhe Canadían Precambrian Shíe1d (Lat.

50" L1t N, Long. 96o 03'I.I), aË an elevaÊion of.267 m. Boulder til1

deposits 3 to 6 m thick, resulting from Pleistocene glaciers and

inundations from Glacial Lake Agassiz, overlie the graniËe bedrock.

The general area ís presently an ecotone wiËh western, northern and

southeastern vegetational elemenÈs present (Gí11, 1960).

The experimental site was cleared from young aspen foresË in

L956, planËed in wheat the next four years and abandoned in 1960 after

being sown with red clover. Natural succession has occurred since thaË

Ëime. A botanical.survey earried out by Turner et al. (1972) revealed

thaË the basal cover of the fíeld varied between LB and 367". Grasses,

prÍrnarily KenËucky blue grass (Poa pratensís) nade up 62"Á of the basal

cover, while forbs rnaínly clover (Irt,foLiun repens) accounLed f.or 357"

of the basal cover.

B. Instrumentation.

A. General description of the experíment,al site.

III. METHODS AND MATERIALS

39.

In the spring of L97O a nicrometeorological energy budget study

r^ras initiaËed aË I,f.N.R.E. ExcepË for detailed soÍ1 temperature and soil

r,¡ater content measuremenËs, most of the inst,rumentation at the experi-

mental siÈe has been in operation sínce 1970. The various componerits

of the radiation and energy balance could not be measured, because of

the lack of funds to purchase the necessary equipment. The data

collected for this sÈudy cover Ëhe period from July 5 ' L974 to

September 30, 1-975.



NeË radiation flux r/as measured with a Funk 250 junction thermo-

pile (Fr:nk, 1959), manufactured and calibrated by the Conmonr"realth

Scientific and Industrial Research OrganizaËion (C.S.I.R.O.), Ausrralj-a.

It is constructed with polyethylene domes purged with dry nitrogen gas

and a heating rj.ng to prevent dew and frosË format,íon at night. The

inst,rument T¡ras fastened Ëo a standpipe in the grass fíeld aÈ 150 cro

above the ground.

The ouËput signal of the inst,rument v¡as fed into a sma11 computer

(PDP 8/S) which íntegrared the radÍometerfs output at 3600 poinËs per

hour using Central Standard Tine (CST).

lhe sensiËívíty of the sensor used in Ëhis study ranged from

0.390 nV/mlntr "t2 fot longwave radiation to 0.396 mV/mI^I "*2 for shortwave

radiation. ThÍs smal1 difference in sensitivity has been atËributed

(Collins and Kyle, 1966) to the lower spectral transmíssivity of Ëhe

polyethylene domes to longwave radiation. Data correition for thís

difference is difficult, if not ímpossíble, and in any case, the error

introduced is v¡ell withín the overall experinental error of the

instrument (Departnent of Transport, 1966). An average sensítÍvity

of 0.393 nV/ml^l cr2 has been used in Ëhís study.

The net radiometerts r¡eak response to air temperature was com-

pensated for by a correctíon of O.I% per degree Celsíus depart,ure from

the standard temperaËure of. 20"C (Norris and Funk, 1961). For this

Purpose Stevenson screen daily mpximum and minimutr temperatures were

used by applying a sinusoidal inËerpolatíon method Ëo estimate hourly

temperatures.

Net radiation fl-ux.

40.



A Canpbell-SÈokes sunshine recorder v¡as installed on the top of

a flat-roofed 5 n ta1l building near Ëhe experimental site. Ilourly

sunshine data were deríved from this instrument. No corrections were

made for the instrr¡menËfs insensiLivity to direct solar radíation of

low intensíties which occur when the solar elevation ís less than 3o.

AÍr temperaÈure.

AiT tenperatures v¡ere obËained from st,andard Meteorological

Service of Canada maxímum and minimum Ëhermometers mounted in a

Stevenson screen. Readings were taken twice a day at 8:30 a.n. and

aE 4230 p.rn. loca1 time.

The Stevenson screen also contained a Lambrecht thermo- and

hydrograph from rrhich air temperatures and relatíve humidity data

were extracted. Due to calibration problems the quality of the data

from the latter ínstrument was questionable during the sumer and

fa1l of 1974.

Precipitation.

Precipit,ation r.ras measured by means of a standard Meteorologícal

Service of Canada raín gauge and snow gauge. Hourly precipítat,íon was

measured with a batËery operated recording Fisher and Porter precípiËa-

Ëíon gauge. Errors in preeípiËation catch due to distorted air flow

over the latter gauge rrere mininized by use of an Al-ter windshield con-

sistíng of free swínging, separated metal leaves suspended on rigid rods.

The leaves lrere 1.3 cm above the 1evel of the collectÍng orifice. The

resolution of the gauge was 2.5 nrm (0.1 inch).

Sunshíne.

4L.



Windspeed r{as measured wíth a Bendíx-Ftj.ez aerovane ËransmítËer

(nodel 120) nounted at the 7 m 1evel of the meteorologícal Èo\^rer

(Reimer, L966). The Ëransnitter T^ras connected by underground cable

Ëo a nodeL L4L-7 Aerovarie Wind Recorder.

Soil heaË flux.

In Novembet L972 two soil heaË flux plates (Middleton and

Company PËy. Ltd.) were installed in series at 2 cm belotr ground level.

The average sensitivity of the two plates, as calibraËed by the C.S.I.R.O.,

rras 157.5 t s.5 uV/nif cm2. Drift of the calibration curve could noË

be checked after install-aLion. The sígnal from the plates rras anpli-

fied 20 times duríng the sumrer and 50 tirnes during Ëhe winter before

iË r,ras recorded on a Speedomax recorder. Anplifíer drift, whích was

checked regularly, \^ras found to be sma1l.

Teruperature.

Temperat.ures úrere measured using platinum resistance Ëhermomet,ers

which were install-ed at 2 cm above ground leve1 and at 10, 50, 100 and

200 cn below gror:nd level in 1970. Additional probes trere installed in

June 1974 at the following depths! 1, 5, 15, 20, 30 and 75 crn. The

soil Ëemperature was Èherefore measured aË ten 1evels, and air tempera-

ture aË 2 cm above the ground, r¡hích r¡as well wíthin the plant canoPy.

The resistance Ëhermometers lrere installed very carefully: after

a hole was dug, b wooden post rnras placed against a smoothly shaved side

of the ho1e. The probes weïe ínserLed Ëhrough holes drílled in tt. po"t

at the desired depth levels. This ensured thaË the probes were kept at

Wind.

42.

the correct vertical dist,ance ín the soil. The sensing head-of the

fluitt';64ó'r>-R
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probe prottuded for about 20 crn from the post lnto the undisturbed

so1l. Afier the approprlate wlre connectlons were made to a Speedonax

teaperature recorder, the hole was backfilled layer by J-ayer with the

original soÍ1.

The data from Èhe soll Ëerrperature and soil heat flux recorder,

as weLl as the wínd recorder, !¡ere transcribed for each hour of the day'

This was done by recording ten-mlnute mean Èraces for the períod five

minutes before to five mínutes after the hour. Duríng Èhe period from

OcLober 6, L974 to ApríL 26, l-975 the data rrere transcribed every second

hour "

Soil moisture.

Ttre moisture conÈent of the soil profÍle was determined triËh

Colman soil moisture cells (SoÍl-tesÈ Inc., model Ì'lC - 3L2). The cell-s

were installed at eighÈ depths, tr,¡o cel1s per depth, giving a ÈoËa1 of

síxteen. The center of the cell-s were placed at 2, 5, 10, 2O,30' 50,

75 and 100 cm below Èhe soiL surface by pressÍng them into undisÈurbed

soil from the edge of an auger ho1e. In refiLling the auger hoLe care

was taken to prevent it from becomÍng an abnormal water Passage.

Readings were logged with a meter tr¡ice a day, except durÍng

weekends rrhen no neasurements were taken.

ltre relation between so11 r,raËer content and tension r¡ras deËer-

mÍned from undisturbed core samples (4..8 em in diameter and 3.8 cm high)

taken from a pit within the experÍ.mental atea. Four core sâmples were

taken from the followiag depthsi 2, 10, 20, 30, 50 and 75 co. The

samples rrere saturated and using the pressure membrane apparatus, graví-

metric water coriÈents on the drying curve at pF val-ues of 2.00, 2"48,



2.76,3,35, 3,85 and 4.20 r¿ere determined. The same cores r¡ere used

throughout the entire pF range. For each suction the mass of the sample

plus the sample holder was dete:rnined at hydraulic equllibrlum. At pF

4.20 the oven dry rnass of the soÍl rsas determined and gravimetric wáter

content was calculaÈed at each suction.

The hydraulfc conductlvity lras measured by the drying diffusivity

method (Staple, 1965). TriplícaLe undisturbed soj.l cores from the 12 and

50 cm depths were Èaken. The cores, approximaÈely 20 cn J-ong, were

carefuJ-J-y trirnmed and shaved, so that they fitted snugly 1n the appâratus

descrlbed by Shaykewich and WarkenÈin (1970), Subsequent phases of the

procedure were simÍlar to Lhe ones described Ín detail- by the above-

mentioned authors.

Miscellaneous measureuents .

Particle size analysís was conducted by the pipeÈte method and

organic matter was determÍned by the chromic acid oxÍdation meËhod. BuLk

densÍties were cal-culated from Ëhe mass of dry soil in the metal rings

used Ín the water retention studies and the vol-ume of the ring.

Addltionai- bulk densitíes were calculated from the undisturbed eores

used in the experimenË to determine hydraulíc conductivities. Particle

density was dete:mined using a pycnometer r¿ith r,rater as the dÍsplacement

fLuid.

Trlplicate soil s¡mples¡ including roots, Ìrere Ëaken wíÈh a soí1

auger to a depth of 80 cn by 10-cm íncrements. The soil-root cores rrere

placed in a 0.25 m (60 mesh) sieve and washed r¡i.th a strong jet of

water (Willi-ams and Baker , L957). i,lhen all soÍ1 particles nere rsashed

through Lhe sieve the roots were dried at 70"C, and by knowing the

vol-ume of the core (395.9 cr3) rooÈ densities were determined.
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Ttre large number of data collected during the course of the

experiment were stored on punched compuÈer cards. The 1n1Èial data

handling and the subseouent calculatlons were all carrled out on a

high-speed compuÈer.

C. Data Management.

IniËíal data handl-ing involved conversíon of the net radiomeÈerrs

output of mlllivolts into 1y nÍn-l. In this process, changes ln the

reference air t,emperature with tine were taken inÈo account. The output

from the soil heat flux pLates rras in microvolts and had to be converÈed

lnto mcal cm-z min-l, taking into account different. summer and winter

anrplification of the signaL. ReadÍngs from Ëhe Colman soil moísture

cells \¡rere converted to resistance values. Af ter a temperature correc-

tion. the resistance values llere converted to gravimetric $later contents,

using the calibration curves* of the undisËurbed soil of the experimental

aÌlea.

Most of the micrometeorologfcal and soí1 temperature data were

collected on an hourly basis, except during the period October 6, L974 to

April 26, 1975 when net radiation fLux, soíl heat flux and soil Èempera-

ture data were transcribed ori a two-hourly basis. Average daily, weekly

or monthly values were obtained by s@ation of the hourLy data.
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t-*¡o hours. In order to obtain hourly values eÍther a Línear inËerpolation

technique or a sinusoidal inte-rpol-atÍon method betveen maxj-mum and rninímum

air tæperatures was used

Air tenperature and relative humidity data were obtained every

Unpublished data by A. Reimer, W.N.R.E.



1. Radiatlon balance.

D. ComputaÈional- Procedures.

The net radlatÍon flux could be computed through the use of

equatlon (2.1). Varlous methods for caLculatíng the shortwave radlation

flux, the effective longwave radiation flux and albedo were selected.

Shortwave radiation.

The shorL:wave radíation flux was calculaËed by using an Angstrom

(L924) and a KÍnball (L927) Èype of eguatÍon. In Ëhe Angstrom equatlon:

R = nÎ (a + b n/N) (3.1)
ss

the solar radiatlon receÍpt at ground level- on a clear day (n!) was taken

from Driedger (1969). Ihe values a and b were thought to undergo

seasonal changes such as proposed by Driedger and CaÈchpole (1970), i.e.,

a = 0.50187 - 0.0020752x * 0.00000483x2 (3.2)

b = 0.35526 + 0.0032518x - 0.00000796x2

where x rras the day of the year. The resulting shortwave radiatÍon flux

was designat,ed by RSDC.

In the KínbaL1 equaÈ1on

R = RtoP (a + b n/N) (3"¡)
SS

the exËra-terresÈrial radiatíon flux aË the toP of the atmosphere (*:on)

nas computed from equaÈion (2.5). By using a = 0.25L and b = 0.616 (Baier

and RoberÈson, L965) Ëhe calcuLated shortwave radiation flux was denoted

bv nsgn.

In order to obtain hourly shortwave radiation fluxes, nl ana njopss
should be on an hourly basis. R:oP was re¿di1y available on an hourlys-
basis (see e.g., RoberÈson and Russelo, 1968), but this was not the case

46.



!¡fth R:. trlhenever needed the latter parãneter was calculated on an
Ð

hourly basis betrpeen sunrise and sunset 'using:

nl (rrourly) = nc (dafly) xss

The effect,ive longwave radiatíon flux, \o, wa" calculated from

formulas which empLoy aÍr temperature and degree of cloudiness as only

variables, i.e., equations (2.7) and (2.9). the Brunt-type fornula (2.6)

was not used because no reliable vapour pressures could be calculated

durlng the first year of the study.

In the calculatíon of monthl-y and daíLy effectÍve longwave

radíation fluxes Ëhe temperature used is the mean temperature of the

time period under consídeiation. It is also assuued thaL the ratio of

n/N does not change durÍng the níght

In the predíctÍon of hourly effective longwave radiation flux

Stevenson screen daily maxlmum and minÍmr:m temperatures $7ere used by

applying a sinusoídal interpolatfon nethod !s gglimete hourly t@pera-

tures. The maximum air temperature $ras assumed to occur at 3:00 p.n.

Because no cloud condÍtions were measured aÈ night the Linacre equatfon

could not be used from sunset to sunrise. An attenopt to relate hourly

air temperaËures and/or vapour pressures to effective Longwave radíaÈion

aË níght nas unsuccessful and hence no hourly night-tÍrne longwave radía-

tion fLuxes were calculated.

Eff ective J-ongwave radÍation.

RtoP çhourly)

ntoP (aaity)
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(3.4)

The albedor or sras assumed-Ëo be either O.22 after Nkemdirin (L972a)

sr 0.26 after Monteith (l-959) ín Ëhe moaths May to November. During the

Albedo.



remalnder of the year the albedo was 0.42. An exponentiaL lncrease Ln

a with the zenith angle Z 1n degrees:

c = 0.0453 exp (0.027 Z) (3.5)

eras assumed 1n the hourly prediction of the net radiaËÍon f1ux. This

relationshíp is slmllar to the ones presented by Nkædírim (1972b),

No aÈtempt was made to find a daily or hourly value for the

albedo during Èhe winter months, because 1t changes very rapidly with

the degree and depth of snor¡ cover.

2. Energy balance.

Varíous methods of estÍmating potential evapoÈranspíratíon rrere

selected. They represented combination theory aad various methods

based prlmarily on solar radiation, temperature and miscellaneous para-

meters. The length of period for whích the meÈhods are applicabLe should

be dependent, upon the data from which the various empÍrical coefficients

r¡ere derived because the relatÍonships might not be val-id for shorter time

periods. In this study all meËhods rrere applied to a daily perÍod.

Monthly evapoÈranspiration rates were obtained by adding daiLy rates,

except Ln the Ttrornthwaiters method r.t" Epoa was obtained from monÈhIy

daËa.

Clírnatic parameters.

Methods of esÈimating or cal-culatíng evapoËranspiration require

the conputation of parameters such as vapour pressure, the psyehrometer

constant, etc., from cliuatÍc data. Computation of these clímatic

paremeters rüas oriented toward digital computer data processíng.

The Von Karmants constant (k) was used as a unj.versal constant in

turbuLent f1ow. Its value has been determined to be near 0"4 r¡ith a

48.
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range of 0.36 to 0.43; k r,¡as assumed to be 0.41 for these calculations.

The raËio of molecular weighËs, \.rat,er vapour Ëo air (e) was used

as 0.622. The specífic heaË of aj.r aË constant pressure (ca) varies

s1lght1y wiËh atmospheric pressure and hunidity wiËh extreme values

ranging from 0 .239 to 0.24L for conditions reasonable of plant growch.

A constant value of 0.240 was used in Ëhe calculations.

The latent heat of vaporizatíon (L, ca1 g-1) is virtually

unehanged by atmospheric pressure but does change with ternperature.

L was estimated as follows: (Brown and Van llaveren, 1972)

L = 597.67 - O.58 T

where T is the average of the daily maxÍmr¡m and mínimum aír temperaËure.

The Smithsonian Meteorological Tables (1951) provÍde approxima-

Ëj-ons of atmospheric pressure (P, nbar) a¡rd density (pa, I cn-3¡ whÍch

are suffíciently accurate for evapoËranspÍ-raËion est,imates (Jensen,

1-973). The following linear relationships were used to estímate atmos-

pherÍc pressure and densiÈy.

P = 1013 - 0.1055 ELV

e" = 0.00123 - 0.000034 ELV/1000

where ELV ís the elevaËion (n) of the locatÍon.

An empirical expression (Tetens, 1930) for saturation vapour
¿

pressure (e , mbar) as a function of Ëemperat,ure rtras used to converË

relative hunidity data to vapour pressures, where necessary and to pro-

vide values for A (nbar oc-l) from the derÍvaËive of the expression:

* .17.27 Te = 6.107 errp (ffi

(3. 6)

^ 25028 . L7.27 Iu = Tf +zlîsr exP \, * 2¡7 3 )

(3.7)

(3.8)

(3.e)

( 3.10)



The roughness Parameter

(1960) according to:

z = (hro,s6a¡ /l.0gA (3.11)
o-

where the heÍght of the vegetation (ht) was estímat,ed to be 40 cn.

The avaÍlable r¡Índspeed was obtained at an elevation above Ëhe

ground surface other than Èhe elevatÍons specified for Enoa fo.-nl"".

According to Jensen (L973) the variation of windspeed with el-evatíon

near Èhe ground surface can be adequately rePresented by:
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z vlas calculated after Tanner and Pelton
o

where ,tl is the ueasured r¿Índspeed aÈ zI (7 m above the ground) and u,
z

is the extrapolated windspeed at 2 n (z). The vaLue of b was assumed to

be 0.2 for thÍs investígation r¡hich approximates a logarithnic profil-e

over a crop like grass

u =,rl(3-lb22r z-

Potential evapo transpiration.

PotentiaL evapotranspiration was calculated using the energy

balance equation and combinatíon theory:

E!=þ
POL

r¡here R was the measured daily net radiation
n

measured dai1y soil heat flux (1y d"y-I), and

evaporaËion (cn d.y-l). Ttre aerodynamic term

by Tanner and Pel-ton (1960):

fc|<no-el

(3.1-2)

A+ r
Y

+LE
d.

flux (Ly d"y-l) and G the

E - the potentiaL daiLy
poL

E was calcuiated as proposed
a

(3.1-3)
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E. = 1., "i [1/k ln( z * zo)lrol (": - e^) x z.h (3.L4)

*
¡¿here u- is Èhe extrapolated windspeed in nlles per hour and 2.4 a con-z

versÍon factor from n- hr-l to cm day-Ì. Ttre aerodynarnfc tera was aLso

computed usÍng Vao Bavelts theory (1966):

^*

where 105 is the conversion from km to cm.

The Priestley and Taylor method (L972) was employed as a third

method to comPute poteatía1 evapotranspiratÍon from combínation theory:

E =l*""ft(nr-c) (3.16)pot L

where Ëhe constanÈ rat was assumed Èo be L.26.

The ThornthwaiÈe meËhod (1948) for calculating evaporranspiration

requires only temperature data:

E = f.- 'l-0T'at
poË '6( r)- (3.L7)

where E , - is in cm month-I. Ttre nonthly heat index Târas obtained from:
Po t -- -- ----r

ñ'i=(f)t.st+ (3.1s)

and upon srrnrm¿tisn of the twelve monthly index val-ues an appropriaËe

annual heat index r was found. the relation beÈween af and r was

approximated by the empirÍcal equation

a'= 6.75xLo-7 T3 -l.7Lx 10-st2 +L.7g x 10-2r +0.4g (3.19)

a-ov- p
[tn (z/zo)J2

x l-05 (3.ls)



Makkinkts (2.44) and Jensen and HaÍsers equatlon (2.45) were

seLected as emplrlcal- formulas which use shortwave radiation and air

temperature as only varLabLes to compuË" Epot. In Jensenrs equation C-
I

was compuÈed as:

where

cT=

50 mb

|¡1- * -ez-el
**

where e2 aîð e1 are the saËuration vapour pressures

and mean mj-nimum tempåratures, respectively for the

of the year, and C2 = 7.6"C. Jensen et al. (1970)

**(2"c x ELV/305) and T* = -2.5 - 0,14 ("à - e1)oClnb

wave radiation flux R"(in ly day-l¡ was calcul-ated

both Jensents and Makkinkfs formuLa.

C1 *C2Cg

Baier and Robertsonrs (1965) línear nultiple regression equaÈion:

Epot = (ao*a1x1*a2x2* a3x3*a4x4*a5x5) x 0.0094 (3.22)

¡¡as used to calculate potential- evapotranspiration (in cn day-I¡ as r¿e11.

In the above equatíon xl was the daiLy naximum aÍr Èemperature (oF), xz

the daily temperature range ("F), x3 the sol-ar radÍatíon recêived at the

top of the atmosphere (1y day-l), xh the solar radiaËíon received at

ground Level, calculated as RSBR (Ly day-l) and x5 the total- daily wínd

nrn (níLes day-f¡. The regressÍon coefficÍents ao to a5 ïrerê respectívely

-78.68, 8.97 x 10-1, 3.40 x l-0-1, 1.66 x 10-3, 6.13 x L0-2 and 1.1-8 x 1o-1 .

Sinilar to Baier and Robertsonrs equatÍon a l-inear regressÍon

equaËion was developed from data gathered at Carberryf which Ís approxí-
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(3 .21)

at the nean maxí:nr.m

lrarmest month (Ju1y)

defined Ct = 38 -

- ELv/550, The short-

as RSBR and RSDC in

(3.20)

Personal communication, Dr. C.F. Shaykewich



nately 250 l<m souÈhlrest, of the experÍ¡uental sfte at W.N.R.E. The same

meteorologÍcal varlablee x1 to xS LTere used but dlfferent regresslon

coefficlents tùere-obtalnedr "o = -35.97, a¡ = 8.97 x 10-t ¡ a2 - 7.938

10-1, a3 - 1.337 x 10-3, 8r+ = 7.443 x 10-2 and a5 = 7,984 x 10-2.

Both the orlginal Baler and Roberteon for¡oula as well as the one whfch

used the tcarberryt coefficlents were employed to predict potentÍal

evapotranspfratf.ou.

3. Soil heat transfer

Fourler ana1ysls.

Ttre dlurnal sofl teuperature naves aÈ varlous depÈhs t¡ere sub-

Jected to a Fourler harnonlc analysis. ExpressÍng the terperatures at

each depth as a sr¡m of cosfne and sine componenËs and taking 24 tenpera-

tures at equidfstant, flxed fntervals åf ooe hour, the followiug equatÍoa

can be evolved (e.g., I{hittaker and Robfnson, 1958):

I = a * a1 cos rot * a2 cos 2¿,lt + .... * a¡2 cos 12r¡to

* b1 siu rrlt * b2 sfn 2ot + .... + b11 sfn J.kot (3"23)

rvhere ao waa the nean temperature (oc) r a¡ and bk the aupJ.Ítudes ('c) of

the coslne and sine waves respeetively, or the radfal frequency (7.27 x

L0-5 sec-l for the dlurnal- cycle) a¡rd t tlne (sec). using the property

that 1n one perÍod equal absolute values of cos kot and sln kot occur,

the 24 unkn@rn coefflcients % and bo could be dete:¡dned by appJ-yÍng

schemes of successlve sums and differences of the 24 teoperature values.

Instead of representlng the ÈeEperature as a dual coordlnate

wave (equatlon 3.23) a more conveaient e:çressÍou Ín the fo:m of a siagle

slae wave ca¡ be found" For that purpose the followfng auxlliary
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relatlonshfp was lntroduced¡

ak coe kr¡r + bu sin kot = fd + ufllt 
Efu 

cos- kot *

bn
__-__å--_.¡ sÍn krotl
tafl + ufrl'

where k 1s the l¡ave nurnber of the ha:monÍcs.

Denoting the phase angle of the single sine wave

iÈ was calculaËed from:

t = ("í+bl)å

ôu = arcs* +
ôn = arcct" þ

\

r¡here {., i" the anplitude of

equatlons 3.25, 3.26 artd 3.27

(3.25)

(3.26)

(3.27)

the sÍng1e síne $rave. Substltution of

ylelded the folLowing expresslon:
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Ttris fo:m of the Fourier equatlon fs better for meteorologlcal datat

eloce the anplltude of each harmonlc ca¡ easfly be computed. the rnaxi-

mun vaf.ue of any harmoafc 1s reached wheo (kot + Qn) = r/2. Further

detalls of the couputatlonal procedures nay be for:nd in l.ltrittaker and

Robiason (1958).

Thermal ptopertles.

Conductlve heat transfer 1s Largely governed by the heat capacity

and, the theroal conductlvity of the so1l. The heat capacity per uoit

volume of soil was for:nd by addlug the heat capacities of the differeut

soÍ1 coustltueuËs 1n one cm3. Assrulng that the volumetrfc heat capac-

T = "o 
*. X. \ sin (kot + öO) + a12 cos 12ot

K=L

(3.24)

"" úk (radlans)

(3.28)
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ftlee of soíl m{nerale, organíc maËter and water were 0.46, 0.60 a¡¡d 1.00

ca1 cm-3 oC-I, respectlvely, the heat capacity of the bulk sol1 (ca3.

"r-3 
og-1) equalled:

where 0_, 0^- aad 0__ denote the voh¡me fractlons of sofl !01nera1s,m-omw
organfc matter and waËer, respectively.

C=0.460 +0.60e +0
MOMIJ

The the:mal conductivlty of the so1l was calculaced uslag De Vrlesl

model (equatlon 2.74). For dry soíl (0, S 0.05) alr was consÍdered as

the continuous medlu¡o.. For molst soil (0r, > O.O5) water was consfdered

as the continuous nedfi:m, 1n whlch e1-llpsolds of n{rr solfd uinerals aod

organic matter were dispersed. Eence the ther¡nal conductivity was cal-

cuLated from the equatlon:

eÀ +eÀk +o À k +eÀk
- lù'!ü mmm omomom aaa
lÊ" 0 +ek +0 k +ek!r mm omo¡tr aa

where 0 fs the volume fractlou w-Ith the subscrfpts rv,

referring Èo lrater, sofl mfoerals, organic matter aud

and r¡here

(3.29)

k =I/3 [
m

1: =!t3'.4-om^
1 +(-g - 1) Bo,

!f

t
1+(Tg-1)

!f

k" =L/3 t

r,rtth g a factor depeading on the shape of the e11lpsoid.

Iu accordance wÍth De Vries (1963) the eoaductivltfes of so1l

ntaeralsn organlc matter and aÍr were takea ae 7"0, 0.6 aod 0.0615 ncaL

gm

(3.30)

m, om a¡rd a

aír respêctively,

I
r *--!L-¡|t

97

À

1* (t'_
Îf

1) (1- - 2gr)

1
À

1* (#
lü

1) sa 1*(f -1)(r -2e^)
Tü

- 1) (1 - ,to,

(3.31-)
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cm-l sec-l oC-l respectfveLy. lhe the:ma1 conductivfty of water l¡as

taken as 1.42 mca:' cro-l sec-l "C-1. Ihe shape factor g" of the atr

f1l1ed pore6 was deternlned accordfng to De VrLee (1963), assumlng ËhaË

the air in the soÍL porea was saturated wlth water vapour, ¡shereas g, and

go, were taken to be 0.L44 and 0.5 respecr{vely.

the rate of temperature equalfzatlon Íu the soll is deternined by

Èhe ther:¡nal dtffusivLty, Ð (crn2 
""c-l) ¡ belng the ratfo of the the¡mal

conductlvlty and the volumetrlc heat capacity of the soil. D was cal-

culated by using equaË1on (3.29) and (3.30).

The thernaL dfffusfvfty of the soll was aLso determlned from

amplltude and phase relatlonships. If the assumptlon of a homogeneous

soil wÍth constant diffusivlty and a sinusoidal tenperature wave at the

eurface are valld, plotting the logarlthn of the nnplÍtude versus sofl

Cepth and plotting of the tÍne of the maxÍrnr:m so1l temperature versuci

so1l depth should yield straight Ilnes for the a¡rnual or diurnal heatfng

cyc1e, according to:

D=ï r"ffir,
t zz-zlÐ=T \ -f,-/:

where al Ís the radiaL frequency (1.99 x 10-7 s".-I for the annr:al varfatÍon

and 7.27 x LO-S "ec-l for the diurnal variatlon) o z the soil depth (crn),

A the ary1ltude of the tenperature r¡ave (oC) and Ât the time 1-ag (sec).

E. l,fodel Development.

The purpose of the nodelling

slmulÈaseous heat and water flolr

(3,32)

(3.33)

effort was to understand the speclfics

through a fÍe1d sof1. ll:e model was
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deefgned to eimulate the temperature and Ìrater reglne of the eoll pro-

ffle as a fr¡¡rctlon of tlne. Sfnce r,¡ater was affectfng the the:mal pro-

pertLes of the so1l aad actfng aa one of energy transportlng nedla, Èhe

development of the nodel r¡as handled fn Èwo parts, Ttre first part !ra6

the developmenË of a twater modelt to deseribe so1l water flow subJect

to naËuraL precipitation, rooË extraction a¡rd transpiratlou by plants,

evaporatlon of water directly fron Ëhe soll and drainage. The secoad

part eras the deveLopmenË of an tenergy modelt Èo predict the sol1 tenpera-

ture regime. lhe energy rnodel was bullt upon the nater model as a

foundatlonr although cerËaÍn lnteractlons betTreen water and solL teüpera-

ture were also consfdered. The water ¡nodel and the energy model are

descrlbed separately ln the foLloning.

1. WaÈer nodel.

The movement of $Iater was treated uslng the bookkeeping approach

as proposed by Baler a¡rd Robertson (1966). The so11 proflLe was divlded

futo nlne zones of varying thickness (see Table 1). It wae assuned 1n

the nodel that the v¡ater lnflltratlag ln Ëhe soLl recharged the lrater

content fn the top zone to fts ffeld capacfty value (pF = 2.7) a¡rd that

the remaÍafng water ínfiltrated lnto the next zone and so forth, uutfl

either all lnffltratLon water was used up, or aL1 zones t¡ere brought to

field eapacity.

During Èhe sprfng of. 1975 it r¡as aoticed that the lower soÍl zooes

dld not dralo to fle1d eapaclty, but remalned neal saturatÍon for a con-

siderable perfod of ti¡oe (fron the begínníng of ìlay t11-1 the end of July).

It wae therefore declded that once all the sofl zones had reached thelr

respectÍve fÍe1d capacltlesn any additÍonal lnf1ltratlon r¡ater l¡ould



SolL zoae
depth

cm

Table l-.

0

3,0

7,5

L2"5

L7 "5
25.0

40.0

62.5

87.5

3.0

7.5

L2.5

L7.5

25 .0

40.0

62.5

87.5

112.5

Grfd point
depth

CEl

Spaclal- dÍvisf.on of the

some characterlstics of

L

5

L0

15

20

30

50

75

100

SaLuratLon
Z by vol.

ltater-energy nodel and

the soll- zonea.

44.9

48.3

53.0

52.5

s3.2

46.L

46.L

45. I
45 .8

Ff e]-d
capaclty
% by voJ-.

42.4

44:3

42.7

42,2

42.3

39. 3

42.9

43. L

43.1

Permanent Rooting
wflting point denefty 

^Z by voL. (10-s g gn-r)

24.L

24.4

23.2

23.2

23.6

24,6

26.7

28,5

28.5

2,50

2.45

2.07

1.84

I_.21_

0.7L

0.61

0.25

0.10

(Jr
æ
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drain int,o the lowesË zone unËi1 it reached its saturaËíon value. Any

remaining water would fi1-l up the second lowest zone and so forth unËi1

either all water was a11ocaÈed or all- zones r,¡ere brought to saËuration.

Any surplus of Tiüater after all the zones were saturated was designated

as runoff. The only loss of T¡raËer from a zone r.ras through root exËrac-

tion and \nrater vapour transport, includíng evaporaËion from the upper

soil zone. Liquid r^rater movemenË due to thermal gradíents was noË

included in Ëhe model.

Boundary eonditions.

The chosen boundary conditions approximated those existing in

the field. The basal boundary condition \.{as an impermeable layer,

which restricted dor,mward water movement as described above.

lwo upper boundary conditions r¡rere employed at the soil surface

to sj-mulate infiltïation and evaporation. To det,ermíne the appropriate

condítion daily clirnatic parameters like maximum and minÍmum air Ëemper-

ature, accumulated wíndspeed, net radiation, relaËive humidíËy and hourly

precipítation data \üere required input data for the solut,íon of the model.

The hourly precÍpiËatÍon data, collected from the Fisher and Porter

precipitation gauge, were used to calculate infiltration rates, assuming

an even raínfall intensity duri.ng the hour that the data were collected.

Foliar interceptj.on was assumed to be negligible and no surface runoff

occurred, except when Ëhe entire soil profí1e was saËurated, as rras

described above.

' Daily potential evapotranspiratíon was calculated according to

Baier and Robertsonrs formula (equaËíon 3.22). The partitioning of

evaporation and transpiration u¡as done raÈher crudely: pot,ential evapor-

ation was assumed to be L07" of the potentj.al evapot,ranspiraÈíon afÈer



Kfng and Ha¡rks (J-973> .

soÍ1

wat.er

The actual evaporatfon, whlch caueed hzater loss from Èhe upper

zone only, lras thought to be llnfted by the amount of aval1ab1e

accordlng to:

AI = PE x (0.10 exp (3.00 x 4tfr20)) 1f A\EzO < 0.79

AE = PE 1f 0.79 S AYH20 S 1.00

where AE 1s the actual evaporatfon (crn dry-l), PE the þotentÍ.al evapora-

tlon (cn d"y-t) and AVtt2O the fractlon of available water ln the upper

soil zone. Equatioa (3.34) was derlved after a model presented by

Holnes a¡rd Robertsoa (1963) for a clay so11.

Actual evaporatlon was asstuned, to occur between OB:00 and 20!00

hours, æd rras nor:rnally distrlbuted durlng that time, peakÍng at L4:00

hours

Root extraction.

Attenpts to descrlbe Èhe water reglme iu the soLl-water-pLant

system have beeu divided lnto two types dependfng on r.rhether or not

fndlviduaL roots lrere mode11ed. If the roots rser,e modelled, the
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approach has beea te::med "m{croscopÍctt and the water flow equatfon is

l¡rftten in cyllndrícal coordinates and solved betweeo the root surface

and some radfus from that surface (Gardner, 1960; Feddes and RtJtexoa, Lg72).

The second approach to nodelling the eoll water r¡nder a growing

crop lgnores lrater flow to indlvidr:¿l roots. I!. the rrmacroscopÍc"

techniques the overalL root system 1s assr¡med to extract, rrater from each

dÍffereatfal voluue of the root zone at a gf.vea rate (Ogata et al-" 1960;

Molz and Remson, 1970). The moisture reuovlng roots rnay theu be represented

as ân e:rtraction (negatíve source) tez¡o 1n the r¡ater balance eqr,ntioo.

] (3.34)



In order Ëo postulate a reallstic modeL for a negatlve source

te:m, accour¡t nr¡st be Ëaken of the variatlon fn rootlng denslty with

depth, the relative dlfflculty of extractlng lrater from a given volume

of eo1l and the effect of so1l teryeratute oû srater uptake by plant

root6. The potentl-al- ¡r¡ount of water taken up by Èhe roots, from each

soll zone (PRUrr cn day-r) was calculated accordlng to:

PRU. =
l-

RD.

;-xTEIßN'xPT
E RD,

I
l-I

where the

RD 1s the

zone (en)

to be 9014

that PRUi

1 ,Ðrlx (-D.
arl

subscrfpÈ I refers to the sofL zone r:nder consfderatfon, a¡rd

ïooting density (g cn-a¡, THICKN the thlckness of the so11

a¡rd PT the potentfal transpf.ratioa rate (cm day-l¡, assurned,

of the potentlal- evapotransplratlon rate. It shoul-d be noted

Ís deffoed so that

X RD.
f=1 L

6L.

x lrlCKlil, x PT)l / Pt

D
X PRII. = PT

L
l_El

Arx extractfon tem modeL such as descrÍbed by equatfon (3.35)

night glve reasonable quaLltative resulÈs for higher rüater conteots,

but undoubtedLy r,rould fa11 at lower water cont,ents. Oue reasoa for

this is that as the upper layers of the soiJ. dry, more of the transpira-

tlon requlremeaË comes from deeper roots 1n the net,ter soil (Van Bavel

et a1. 1968). In order to describe this effecË equatlon (3.35) was

nodifíed fn the same lray as potential evaporation vas changed to actuå1

evaporatlon, by taklng l¡rto account the amount of available r¡ater.

(3.3s)

(3.36)
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opËfntrn root temperaturea for nany temperate grasses are about

20 - 25"C accordfag to llughes (1965), A decrease in root, zone teupera-

ture has reeulted ln decreased wat,er uptake (Nielsen et al. 1961; Cox

and Boersna, I-967). The effect of eoil temperature on nater uptake by

plant roots waa accounted for by uslog a nor-al curve, which had a

relatfve maxinum value of 1.0 at 20"C.

The actual water uptake fron each sol1 zone (ARUf co day-l)

equalled the potentfal uptake, but nodlfled accordlng to Èhe relatfve

difficulty of extractlng water a¡rd the prevafliag tenperature ln the

sofl zone r:nder conslderatlon:

(T,-20)2
ARU, = PRU. x (0.10 e:rp (3.00 x At/H2Or)) x e>cp t - j'rl (3.37)

rrhere subscrípt I refers to the soil zone under consÍderatlon and T 1s

the so1l tenperature (oC)" The other s¡rubols were e:çlafned before.

llhen the fractíon of avaiLable water exceeded O.Tgr it was set equal to

O.79r 1.e., !¡ater uptake by plant roots was onl-y llnfted by teqerature

condÍtfons. A second restrlctfon pLaced upon equation (3.37) was that

no rTater uptake took place ¡shen the teqerature ¡¡as 2oC or 1ower.

Vapour fl-ow.

Although the fLow of water vapour.ln the so11 1s generally thought

to be sma11 1n couparfson wlth the ltquíd water flow, 1t 1s accoupanfed

priaclpally by a transfer of latent heat nrhích fnfluences the temperature

reglme ln the soil. Ihe geueral molecuLar diffusion equation descrÍbfng

the flow of water vapour cau be written as:

v

where Vv

v=-D .19 (3.38)-a ãz

ís the water vapour flux (g cr-2 sec-l) n D" the nolecular
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diffusfon coefffclent of rsater vapour 1n afr 1sm2 sec-I) *tU # the water

vapour concentratfon gradLent (g cn-3/cn). Under equal conditÍons of

vapour gradfent and temperature gradient, the water vapour flow 1n the

so1l 1s less Èhan Ín air because of the avallable ctoss-sectlonal area

and lncreased pathlength¡ hence lnstead of D. a reduced dfffuslon

coefficlent t{) tt"r to be used. Penma¡ (1940) and Blake and Page (1948)

found fron dÍffuslon experlments that Èhe empirical- equaÈ1on

D = 0.66 0 D
aeé

where 0- is the air ftlled porosfty (cro3
ê

of 0 values. Eence dfffuslon of water
é

be described by:

vv = -0.66 oaDa (, þ ) #
r,¡here e fs the ratlo of the molecular wefght of r¡ater vaPour to airr 9"

the density of alr (g 
"t-3) and P the atmospheric Pressure (nbar). The

value of D" was found fron KrÍscher and Rohaalter (1940):

D. = 4.42 x 1O-'. Tl.3/O.lS p (3.41)

and upon substitutlag the approprlate values for P and O. (see equations

3.7 and 3.8) this lead to:

vv = -3 .4zs x 1o-lt t, tå't *å (3.42)

¡shere e ls the vapour presaure (¡abar).

Except at very 1ow water coatents the lratel vaPour pressure fn

soils Ls very close to the saturation. etatel vapour pta"",lt. .*, e.g"

aË pF = 4.2 aod I = 20oC, "1"* = 0.989' so that eguation (3.42) becomes:

(3.39)

"r-3) 
fftted w1Ëh a large range

vapour 1n the soil proflle can

(3.40)



SÍnce the saturatfon vaPour preasure ls tenperature dependenË only, 1t

cao be seen that the wat,er vapour flux ls oaly dependent upon Èemperature

as well, provÍded Èhe pF of the soll is less thaa 4.2.

The relatively much lower thernal conductlvfty of alr causes

teuperature changes fui the soil poree, where vapour dlffusion takes

p1ace, to lag behind those of the solL matrlx. Ttrls resul.ts fn pro-

nouuced terperature gradfeats across narrov¡ air spaces. The 1ow therral

conductiulty of air fs the rnaia factor causing the ratlo of teuperature

gradÍent Ln the air fí11ed pores to that of the bulk so11 to be as large

as 6.02 (woodslde and Kuznak, l-958). Phfllp and De vries (1957) presented

vapour flux enhancement factors ranging from 1.4 to 3.0. For the pre-

va1l1ng porosltles and water contents in thÍs study the enhancemenË

factor t¡as about l-.75 from table 2 of Phillp and De Vries, so Ëhat Ëhe

final equatlon descrlbiag water vapour fLow beca¡ne:

Vv.= -3. 425 x 10-13 U" ,å.3 A"*

ve - -5.994 x i.o-13 e
é

2. Energy model.

64.

(3.43)

Exlstfngr coryuter operational, soÍ1 heat transfer models are

prlnarÍly based oo Fouríerts moLecuLar heat conduction law. Hor¡ever

tmder field condltÍons where wetting and drylng of the so1l proflLe are

regular reoccurríng phenonena, water transfer cariu,ot be Ígnored. In the

folJ.owfng a soil energy model r,¡-11L be described whlch Íncludes molecular

heat conduetÍon, tra¡rsfer of senslble heat ln Ëhe llquid and vapour form

and traasfer of latent heat by vapour diffusLon.

*
.,.2.3 âe
Kdz (3.44)



Conductive heat f1ow.

Conductfve heat fl-ow fn Èhe soll le governed by Fourferre 1aw

of heat conductlon:

where q" l" the conductÍve

conducËfvlty (ca1 cm-l sec

(oclcn).

c -ATq = - ^É

Ia the nr:merlcal approach equation (3.45) rvas discretized

1n the following way. Let a coordinate net or grid be drawn over a scale

diagram of the temperaËure fleld under consideratloa, as shom ln Flgure

L. In this gríd the index aLong the tf¡oe absclssa 1s denoted J. The

space lnterval chosen was not unlform, but takea accordiug to the

depths of the water conËent and temperaÈure measurements (see Table 1).

lllthin each zone Èhe sofL was assuned to be houogeneous, and therefore

eaeh grfd polnt had fts olrn corresponding ther"ural conductivity and heat

capaclty. These therroal propertfea v¡ere coopuËed according to equatioas

(3.29) a¡rd (3.30) r¡1th changes 1n so11 couposÍtlon with depth (see

Table 11) and changes fn tüater conËent with Ëfne taken into accor¡rt.

The net conductlve heat flux t,o zone tft durlng Èhe time Ínterval
tj + 1' (nÏl¡ *r, cal cm-2 "."-t) fs the difference beÈween the con-

ductÍve heaÈ flux into and out of Ëhe zooe:

( 3 .45)

heat fl-ux (cal cn-2 "u"-l) , À the ther:oal

-l oc-l) and àT/àz the teroperature gradÍent

65.

acqi,3+1=

and ¡¡as approxirnated

c
9trJ

by:

c
+ 1 qÍ.+ 1, J + 1

(3. 46)
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^nc - r-- 
trn'l - t*-1..1.,

Ylrj+l '. "loj Lr1 '

th"r", Àir, *d ÀÍ+1rJ are the geometrlc meau Èhernal. conductivf.tles

of grfd poÍnts tl-lt and rft, a¡rd of grld polnts tft aud t1+Lt

respectfvely. Áz* is the dfetarce beÈr"¡een the centres of the tl-1t and

tlt zone, and Âzr*, 1s the distafice between the centres of zone tlt and

tÍ+lr (see Flgure 1).

67.

_ ¡_T ti*rrt - Tt.l) 
(3.47)- (-^t+lrJ 

-o"i+l

The Ëransport of heat fu soÍls 1s cornpllcated by üre faet that

teryerature gradfents cause water rnovement, so that the water wfl1 tend

to redístrtbute Ífself when the tenperature fÍe1d changes. Ttre water

rnovemen! ín its turn under the fnfluence of both thermal and non-

therrnal gradfeots, glves rlse to Èhe transport of sensfble and latent

heat, which influences the tenperature distribution.

Coovectlve heat flosr.

Sensible heat Ëransfer

The rate at which heat

(qw, ca1 cr-2 sec-l) l" gfven

where vw is the lfquid r+ater flux (g cr-2 "ec-t), ft the tenperature

!r
q = vt .rff "t dr

of the $rater (oK) and cw the speclfic heat of the lrater (cal g-l oC-r).

fhe llquid water flux coaslsted only of fnfiltratÍon and drafn-

age of water from one soil zone Ëo the one underneath ltr as rûas

deecrÍbed 1a the water rnodel. Assumiug that wiËhfn each soil zone the

in

fs

by:

the lfquid phase.

transferred in the lfquid water phase

soÍl teuperature (TK) and the te¡qperature of the rrater tf"l were Ín

the::nal equlllbrlum the convectfve heat t,tansfet 1n the 1lquid phase

( 3. 48)



from zone t1-lt to zone tÍt wae described by:

w --!r "tl-r.,qirl+l = urrS+l Jo 
"t dr

where tÏ-rr, fe the teuperature (oK) of the lfqufd water fl-ux vw'1,J+1

between zone tl-lt aud tlr. Sfun1lar1y the flux {*fr,*f, of heat con-

tafned wlthln the movlng ltquld from zone tlt to zone tf+lt was descrlbed

by:
-,K

rt -rg ,ti.lqi+1r5+1 =ul+lr3+LJo" 
"tdT 

(3.50)

The net galn or loss of heal contained 1n the water enterfng

so11 zone tft was the difference bet¡seea the flux lnto and out of the

zone:

tlÌr h, lúqtr3+1 = qlr¡+1 - qf+1r5+1

-K
= oîr3*r 'r'1-1'J "t

In order to solve equatfon (3.51),

betweea o'r *d ð - and bet¡seenl-f rJ

68.

(3.4e)

,Ë-r,, "' dr = 13" .'

The first term or¡ the right haod side of equatÍon (3.52) 1s a constaritt

Kwo Assr:mlng that at tenperatures above 273"R (=0"C) the speelffc heat

of water, cw, 1s Índependent of tenperaËure, equatlon (3"52¡ traasfo:med

fnto:

f
ur - {*r,¡*1 /ot'i "t dr (3.51)

the fntegral of "t dT evaluated

ooK a¡rd tlr, r." calculated as foLlows:

-KI"
I L-LIJ 

"t 
d.T = Kt

o

dT+/
273

_Ktf-l 
rJ .t dr

-tü+c -KtÍ-1 
rJ

(3.s2)

(3. s3)



Sfnl1ar1y the second term on the

tranefomed fnto:

-K
t:t,J "t dr = Kw + cw

SubetituËlng equatlons (3.53)

nii¡*, = oI,J*r (r'+ 
"* rl_r,J) - {*r,J+r (rw + cw tl,:) (3.ss)

To the authorts knowledge the numerlcal value of Kw 1s unknown¡ hence

1n order to solve the sensÍbIe heat transfer rate fn the llquid phase

(Í.e., equatfon 3.55) ft must be assumed that the dlfference between

uIrS*, Kw and {*rr, Kw is sroall, æd negligtble error is introduced by

equatÍng these two te:ms. By dofag so equatlon (3.55) reduced to:

n|i¡*, - '* (v],5+r {-r,t - utr,3+r {,¡) (3.s6)

Seasible and latenË heat Ëralrsfer 1n the vapour phase.

The transport of nater vapour fn the soil is accompanled by

senslble and latent heat traasfer accordlng to:

lv
qt = vt /T "t dr + flL ( 3.s7)

rfght hand side of equatlon (3.51)

-Ktf 
,J

and

(3.54)

(3.54) lnto equatlon (3.5J-) ylelded
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where fl ís the water vapour flux (g cm-2 sec-t), ,*t the tenrperature

of the water vapour (oK), cv the specifÍc heat of the !¡ater vapour (cal

t-l og-1¡, a¡rd L the Lateat heat of vagorlzatÍon at 273oK calculated

from equatíon (3.6). rn contrast to the llquid water flux which was

only Ín the dorsw¡ard dlrectloa, the vapour flux as descrlbed 1a equatíoa

(3.44) was dependeut upoa the ternperature gradfento and heace could be



dfrected upward or downward.

I'he numerÍcal approxlmatfon of the vapour flux (equatlon 3.44)

beÈween sofl zone rf-Lt and tlr (vÏr,*fr g cm-2 """-1) fn conJuncËfoa

rtlth the grl.d system, as shotün in FÍgure 1, wae r¡rrÍttea as:

where t*r, 1s the average afr fl11ed poroslty of so11 zone tÍ-lr and

tr', 
fl ls the average eoil ternperaËure of the sane zones and.* th.

saturated vapour pressure, caLculated accordfng to equatlou (3.9). Sln-

1lar1y the rate at whfch water vapour vas moving from zone tlt to sofl

zone ti*lt was given by:

oÏ,5*, = 5'994 x 10-13 õT. (rI)2.3 =i-i
-a1¡J '-1rJ'

{*r,5*, = 5.994 x 1o-13 o;{J (tl*, ,j)'''
Assuming thermaL equflibrfu¡n vrfthln each soíL zone,

fer 1n the vapour phase was:

llvvvqfrS+l = qrr¡+l - qt+1r3+L

whlch could be approxtrna¡g¿ 6t'
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* *ti

trvtKv-r'tKql,¡+l = ol,5*r U-1-1'J "t dr + rl - {*r,3*{ro-t'J cv dr + r,l (3.60)

ç¡here L fs the l-atent heat of the water vapout fLux.

EvaruatÍug the integrals ,ll-": "t dr -ru /îl'i "o aT 1o "oo
sinflar Erå,nner as r.ras done for the sensfble heat flux ln the lJ.quid

phase, and by aesunofng ttrat negllgible error r¿as lntroduced by equaËíng

the terns uÏr3*, Kv and ol*rrr*, Kv, where Kv ís deffned as [f,73 ct dT,

(3.58)

**tf.i - ti+r,i 
(3.59)L't+!

the net heat trans-



equatÍon (3.60) could

nv -Jtqtr¡+1 = uf 
,3+1

The rate at which heat fs elther gafned by or Loet from the so1I

zone under consideratfon 1s deflned ae the sum of the three heaË

transfer components, 1.e., 1) heat conductÍon, 2) heat convectfon due

to llquid etater transport and 3) heat transfer due to water vapour Èxans-

polË as deflned by equatlons (3.45), (3.48) and (3.57) respectÍve1y.

For problems lnvolrring Èhe simultarieous transfer of heat a¡rd

nass with phase changes assocíated l¡lth so1l waÈer evaporatÍon and

condensaË1oa, the equation expresshg the conservatÍon of energy for

the system may be r¡ritten as ¡

Energy coaaervatlon equatlon.

be evaluated accordfng to:

("" t-r,J + r) - {*r,, ("" {,, + r') (3'61)

where TIIICKN is the thfckness of the so11 (cn) and Q the heat conËen.t

of the so11 (ca1 
"r-3) 

defined as:

A0 1 . nc fr!Í nv.
Ë=ffi(q +q +q )

7L.

-K0=.ft'o

where C is the

Equatloa (3.63)

-Ka=/;

c dr (3.63)

volunetrlc heat capaclty of the soÍ1 (ca1 
"r-3 "C-I).

can be expanded as follows:

For a glveu lrater content, the fÍrst tern on the rlght hand side of

eguatl.oa (3.64) is a const"rlt, K6. Assrurlng that at tenperaturee above

273 "K the heat capacÍty of the so11 1s fodependent of t,euperaËure,

equatlon (3.64) becane:

cdr= ¡3", dr+/_Kt cdT

(3,62)

273
(3.64)



Ttre numerfcal

(3.62) can be wrltten

Qt.1*r. - Qf 
.-r

Q-K8+cð

otJ

a¡rd subetltuting

(3. 6s)

approxlmatfon of the enerry balance equatÍon

a8:

*ï,J*, * cr,3*1 {,r*, - *ï,: - tr,J{,j = ffiifu
¿EC ÛT NV(nr,:*t * nil¡*t * ni,:*r.)

I ,ac ntü nvffi; (ni]t*t * nill*t * ni,¡*t)

Equatlon (3.67) couLd only be solved whea 1t lras assuned. that 
"ìr3*f 

=

*ïrJ, that fs the heat coûtent of the so11 1n the tenperarure range

between 0 and 273"R doee not change, despite changes 1n water content

durfng the tÍme fnterval At.. Because the tfune lnterval At, Ís sma1l,

only sna11 changes fn ¡¡ater content occur and the error fntroduced by

equating *ïrj*, *d Kï*fr,+l *"" thought ro be srnal-l. NeglectÍng

*ï,3*, tod *Ï,J aqd rearranging equatfou (3.67) yfeJ.ded:

equatfotr (3.65) for Q lnto eguatlon (3.66) ylelds:

72.

(3.68)

where the voluuetrlc heat capaeity, C, was calculated frou equatioa

(3.29) whlch lgnored the coaÈributÍoa of afr and water vapour to the

heat capacfty of the soí1.

ltre bor¡ndary condltfoas used Ín conJunctlon r.¡1Ëh (3.ó8) were

the hourly measured tenperature valuee from 1 and 100 cn depths. It

was assulned that the temperature dlstributfon at these depths showed

a LÍuear change wlth tine 1n betl¡eeu fuLl hours, when no actual

'K r t-5
'i,3+1 = trrlffi; (nTl¡*, * nii:*, * nii¡*r) * tr,J {,r, /"r,1*,

( 3. 66)

(3. 67)



t,emperatures r^rere read. The initial conditions r¿ere the measured water

content and temperature profiles on May l, \975. Usíng a time interval

AL, of 300 seconds and,the above xnentioned bor:ndary and initiaL
J

conditions, the soil temperature regime could be calculated.

A FORTRAI{ computer program was written to perform a1l- the

necessary calculations in the soil r,/ater and temperature simulaÈion

model. Program documentation is given ín Appendix C.
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IV. NEST'LTS A}TD DISCUSSION

A. Iutroductfon.

Before the analysfs of the !í.N.R.E. uet, radiatlon, sofl heat

flr¡x a¡rd soÍ1 teryerature data fs presented¡ lt uitght be well Ëo revíew

the r¡eather e:rperienced durlng the tlne i¡terval of the erçerlnent a¡d

compare thls perfod wl-th the cllnatlc averages over a longer perlod of

time. Such a comparl.eon 1e neceesary slnce in a short record, a fe¡¡

perlods of abnormally hot or cold weather, or of excesslvely wet or dry

Latervals can help to ecplaln une:çected so1I heat flux and so11

teuperature patterEs.

Ttre dally maximr:m, mfnlmum and mean alr teryerature, precipltatloa,

windspeed, ae well as the duratfon of brfght sunshfne at W.N.R.E. for

each day during the fffteen months stud,y perfod are given tn Appendix

B. Monthly averagea and totalÊ¡ are included fn this tabLe. Tt¡e

correspotrdlng nrcnthl-y long term averages at Ï,IlnnÍpeg Internatlonal

Alrport are 1Ísted a1so. Thls afrport fs about 130 kn southwest of

T{.N.R.E. a¡rd henee one Dust be careful 1n naking a direct couparison

between the trso locatlons.

Dr¡ring the experlnental perlod there were six nonths, nanely

August and September of L974 and 1975, March l-975 a¡rd Aprl1 1975 Ín

whlch Èhe noothly uean tenperature at Tf.N.R.E. nas at least 2"C lower

than the correspondlng long ter:m average fn Wlnnlpeg. Only two uonths,

Decernber 1974 and January 1975 had a mean teuperature of 2oC or more

above the i,IÍnnfpeg ¡neaD. Ihls departure of about 2oC from the nonthly

nean teryerature is generally aot consldered abnormal.

Jaauary and February L975 rüere the coldest montbs lríth a neaa
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temPerature of -16.1oC. The coldest day was February 8 ¡gheu the mean

dally terperature !ra6 -29.2"c aud,an exËreme minLmum of -3g.3oc ¡¡ae

recorded oa January 16.

In both yeare, July was the warmest month with a rnean monthly

te¡Dperature of 20.9oc' whlch r.s 1.2oc more than the long ter-m mean fn

Wlonfpeg. llaxl¡oun teuperaturee of 32.2"c Ln lg74 tùere recorded on

July 6 and 7. rn 1975 a maximr¡m teryerature of 35oc was observed, on

July 30.

rn July 7974 and, L975 and fn octobet L974 at leasÈ 20 m less

precipitatfou was recorded aü I{.N.R.8. than the coryarable long te:m

average 1n Wfnnfpeg. Excessively wet months were August 1974 and 1975

and June L975. The maxl.mtm rainfall of 7 .34 cm orr a single day was

recorded on June 22, 1975.

B. F¡.dlaËioa Balance.

1. Meaeured results.

Tfie dally a¡¡d uonthly average net radiatlon f1ux, calculaËed from

a 24 hour day, 1s preseoted la Table 2. These data qzere derÍved frou

hourly values.

lhe m¡xl¡num rnonÈhJ-y net radlation fl.ux occurrf.ng fn July l-975 r¡as

arotnd 0.23 ly nlo-I. Durfag the wÍnter, when the ground rzas snow

covered, a large proportlon of the short-wave radiatlon was reflected.

As a resulÈ the net radlatlon flux was negatfve, which mear¡s Èhat

radiatfon energy was lost from the so¿L-atmosptrere inËerface

It fs aPPalent, from Table 2 that conslderable variatlon fn the

dal1y net, radlatioa flux can occur from one day to the next. as an

exanple one nlght coasider Juue 22, Lg75 ¡shlch waa a cory1ete1y
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Table 2. Average

fh:x 1o

Date July

1
2
3
4
5
6
7

I
9

10
11
12
13
L4
15
L6
T7
18
19
20
2t
22
23
24
25
26
27
28
29
30
31

da11y a¡rd nonÈh1y net radÍatfon
L974 (ty arn-l)

0.171
0.206
0.220
0.195

0 .266 0.193
0.249 0.228
0.156 0.224
0.152 0.2L4
0.244 0.126
0.258 0.148
0 .263 0.045
0.288 0.138
0 .2L4 0. 155
0.L97 0.063
0.254 0.135
0.140 0.218
0.240 0.]-27
0.265 0.203
a,243 0.L74
0.259 0.029
0.269 0.060
0.240 0.099
0.205 0.154
0.L77 0.118
0.241 0.134
0.226 0.L47
o.2L4 0.127
0.054 0.035
0.155 0.187
0.139 0.087
0.207 0.L24

0.215 0.145

Aug. Sept.

0.109
0.156
0. L84
0.l_67
0.1L0
0.096
0.07L
0. 136
0.147
0.029
0.057
0.070
0.1s0
0.080
0. 133
0.084
o.].44
0.108
0.067
0.095
0.085
0.111
0.074
0" 037
0.071
0.133
0.089
0.119
0.021
0.047

0.099

Oct.

0.047
0.070
0.032
0.008
0.067
0.045
0.032
0.035
0.081
0.075

-0.009
0.052
0.052
0. 015
0.015
0.031
0.02L
0.042
0. 056
0.029
0.032
0.022
0.028
0.00L
0.014
0.021
0.026
0.039
0.025
0.030

-0.027
0.032

76.

Nov.

0.004
0,015
0.004
0.010
0.035
0.028
0.000

-0.005
-0.015
-0.004
0.008
0.002
0.011

-0.017
-0.o24
-0.020
-0.048
-0.034
-0.004
-0.008
-0.006
-0.004
-0.014
-0.024
-0.012
-0.005
-0.004
-0.002
-0.0L5
-0.023

-0.006

Dec.

-0,015
-0.021
-0.014
0.001
0.000

-0.005
-0.037
-0.023
-0.015
-0.035
-0.010
-0.042
-0.030
-0.003
0.001

-0.007
-0.025
0.000
0.000

-0.013
-0.005
-0. 0l_0
-0.009
-0.038
-0.040
-0.031
-0.052
-0.056
-0.063
-0.052
-0.027

-o "022



Table 2. (cont.) Average datly and monthly net radiatfon flux tn L975 (ly nfn-l)

Date

I
2
3
4
5
6
7
I
9

r.0
11
L2
13
L4
L5
l_6

L7
L8
L9
20
2L
22
23
24
25
26
27
28

Jan.

-0.033
-0.01_7
-0.001
0.001
0.003

-0.006
0.001
0.000
0.004
0.002
0.003

-0.017
-0.019
-0.028
-0.021
-0.017
-0. 02 3

-0.010
-0.039

0.0L7
-0. 050
-0.01_6
0.009
0.004
0.002

-0.028
-0.038
-0, 02 3

-0.038
-0.033
-0.038

-0.0r5

Feb.

-0.029
-0.019
0.012
0.015
0.023
0.002

-0.023
-0.020
-0.003
-0. 01 2

-0.005
-0. 039
0.003

-0.015
0.006

-0.021
-0.019
-0.030
-0.027
-0.046
-0 " 028
-0.014
-0.021
-0.01_2
-o.022
-0.0L0
-0. 033
-0.039

Ìfar.

-0.006
-0.025
-0.01-8
0"007

-0.01_r
-0.014
-0.034
0.004

-0.025
-0.01L
-0.015
-0" 013
-0.024
-0.025
-0.022
-0.008

0.01_4
0.025

-0. 0r.2
0.008
0.015

-0.003
-0.015

0.0L0
-0.0r_7

0.001_
0.007
0.010

-0.025
-0 " 

0l_4

-0.006

-0.008

Apr.

-0.010
-0.012
-0.009
0.01L
0.030
0.031
0. 025
0.012
0.039
0.045
0,062
0.074
0.097
0. L18
0.076
0.083
0.057
0. 068
0.039
0.141
0.222
0.157
o.L46
0. t-rl_
0. L54
0.019
0.062
0. L52
0.l_54
0.061

0.07 4

Ìfay

0. L01
0.L22
0.116
0.135
0.187
o.220
o.225
0.2L0
0. 216
0.l-86
o.222
0.238
0. L43
0. 152
o.244
o.2L6
o.2L4
0.236
0.229
o. ogg
0.202
0.21-3
0. LL6
o.259
0.22L
0.208
o.L47
0.21L
0.178
0.102
0. L96

0.186

June

29
30
31

Mean

o.262
0.203
o,239
0.055
0.l-05
0.l-01
0.277
0.201
0.077
0.043
0. 185
o.275
0.187
0. L67
0.266
0.2L2
0.280
0.247
0.2L2
0.237
0.249
0.028
0.262
0.207
0. 263
0.205
0.328
0. 149
0. r_66

0.283

0. 1gg

July

0. 213
0. 3l_1
0.289
0. 289
0.290
0.294
0.237
0.161
0.247
0.270
0.257
o.L77
0.2L5
o,282
0.282
0.173
0.199
0.188
0. L51
0. 166
0.250
0.091-
0. L82
0.245
0.242
0.254
o.2L9
0.237
0. 205
0. 256
0.L42

0.226

Aug.

0. 11_3 0. L4g
0.L47 0.l_07
0.1_89 0.L30
o.2L4 0.143
0.238 0.085
0.242 0.055
0.L24 0.131
0. L89 0.178
0.203 0.159
0.224 0.044
0.251 0.099
0.L76 0.061
o .225 0.099
0.079 0.1_52
0 .234 0. 05 7
0.1 98 0.15L
0.205 0.143
0.157 0.043
0.l-51 0.070
0.076 0.066
0.105 0.093
0.L67 0.063
0. 195 0.L26
0.108 0. t_18
0. 1_34 0.111
0. 1.40 0. L08
0.067 0.100
0.195 0.069
0.099 0.039
0.187 0.094
0.090

0.165 0.101

Sept.

-0.01_5

{{
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overcaat day (n/N - 0.0) wtth ao average flux of 0.028 1y n1¡-1. In

contrasË the next day, Jr.rne 23, was Bunny (n/W - 0.85) a¡¡d the average

flux wae 0.262 1y niu-l. Ilndoubtedly the eofl heaÈ fh¡c and surface

so1l teryeraturee w111 be fnflueuced by these large varfatlone fn net

radlatlon f1ux.

Íhe maximum obse:rued dal1y net radlatlon flux (0.328 1y nfn-I)

occurred on June 27, L975¡ the nl.nfinun r¡as observed on Decernber 29t

J:g74 (-0.063 1y n1¡-l).

The dlurnaL varlatíon 1u net radlatlon flux on June 22 and 23,

1975 ts presenËed 1n Ffgure 2. 0n June 22 ttrete ¡¡as almost no notlce-

able dfurnal variatlon: the range was only 0.11.9 1y miu-]. June 23 on

the other hand showed a typfcal net radiatÍon patter!. During the nightt

radLatlon eûergy nas lost fron the surface, but ehortly after sl¡tríse

the radlatLon flux lncreased, rapfdly. A maxlmum flux of 0.903 J.y nÍn-l

s¡as reached aË nooû, after r'¡hfch 1t started to decrease agaÍa.

2. Results of the analyses a¡rd dlscusslon.

Ttre shortr¿ave radiatLon flux caLculated v¡lth the Angstron equatíon

(RSDC) or wlth the KÍrnball equatlon (R.SBR) was dependent upon tine of

the year and the degree of cloudiness. Figure 3 illustrates that at

I^I.N.R.E. the shortl¡ave radfatlon flux durlng cloudless days (n/lt = 1.0)

varled between 0.106 and 0.612 Ly nln-l on Deceober 22 a¡rd June 21

respectlvely, using R^SBR. Durlag overcasË days the yearLy variatlou was

very much dampened: the total raûge was only 0.L46 1y rdn-l as coryared

to a range of 0.506 1y rnln-l for the cloudless days.

Ihe dffference bet¡¡een RSDC and R.SBR Ls depíeted 1a Figure 4.

R^SDC was snalLer than RSBR durlng Ëhe enÈfre yee:x when n/N I 0"6, Ilnder
I
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üore cl-oudy conditlons (n/N < 0.6) RSDC wae larger durlng the wlnter but

agaln sxoaller fn the É¡umer monthe. Because thl-s study was primarlly

dlrected towards the sunrner monthe Ít 1s worth noting thaÈ the mrxÍmum

dlfference between RSDC a¡rd R.SBR was !47( ou day number 204n whtch ís

July 23.

Figure 5 sho¡ss that Lloacrets equatlon (2.7) for the effective

longwave radlatfon flux, RLNLI, fncreased 1lnear1y wf.th decreaslng a|r

t,enperatures. Ttre Ïdso-Jackson formula (2.9), desiguated as RLNIJT

showed a curvlllnear fncrease w-lËh decreaslng teÐperaËures, but when the

tenperature fell beLow 9oC RLNIJ decreased r¿fth decreasfng teuperatures.

The curves 1o Flgure 5 were calculated for cloudLess condl-

tLons. For less suuny coaditions the dffference between the Linacre

and the Idso-Jack"on foh.rla 1s displayed 1n Ffgure 6 as a fr.rocÈfon of

t,euperature and various degrees of cloudÍness. Except for very sunny

conditj.ons (n/N > 0.9) RTNIJ was larger than RINLI. the differences

were snal1 when n/N was 0.8 or 0.9, especially fn the teryerature rauge

fron 5 to 30oC. The deviatloas became larger under either stnnier or

cloudÍer conditions.

The results of a llnear regressioa analysis of monthly mean

radiation data for Ro = . + b x are givea ln Table 4. X whfch 1s efther

the predicted net- or short'wave radiatlon flux çras derÍved from fonnuLas

sr:marized tn Table 3. Mea¡r moathly tenperatures aud cLoud ¿ata (n/N)

n'ere used to calcuLate monthly mean short- and effectlve loagwave

radiatfon fluxes.

All conbÍnatlons yielded lntercepts which were sigulficantly

differenÈ from zero at the 52 probabí1lty level. 1þo co¡nbinatlons, lfne

1 and 5 had a slope whlch was sigalflcantly different frou one.
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TabLe 3. Surnmary of the equatLons used

Suppl-ement to Tables 4, 5, 6,

Equatlon
No.

2

3

4

5

Rr=(1 -c)R"-\'

0 - 0.22 (durfng the eummer)

c = 0.26 (durfng the eummer)

o = 0.42 (durtng the wlnter)

c¿ - 0.0453 exp (0.027 Z) (for hourly data)

R^ = RSBR = R:op (p + q n/N) where p = 0.251 and q = 0.6166E¡

fn
7.

the predictLon of the net radiatfon fLux

I

9

R =RSDC=
a

R_=In
R-ÈIn

RC
6

RLNLI =

RINïJ =

(a + b n/tl) v¡here {

32 x 10-s (I + + n/N) x

orltl-(1-o.261exp

at
þ=

0.50L87 - 0.0020752x * 0.00000483x2
0.35526 + 0.0032518x - 0.00000796x2

(100 - r)
(-7.77 x l_o-4 (273 - rk)z)) I

oo(¡



TabLe 4.

Line

Results of lfnear regresefon anaLysÍe of monthly nean
Y = a + bX. Perlod of measurement Jul-y 1974-October

1

2

3

4

5

6

7

I
9

10

Y
Measured

R
n

R
n

R
n

R
n

R
n

R
n

R
n

R
n

R
n

R
n

DerlvatÍon
of X withl

R
n

R
n

R
n

R
n

R
n

R
n

Rn
R
n

R
a

R
a

L12 14 16 rg

]-r21416 rg

1-r2 14 ,7 ,8
]-r21417 rg

1r3r4r6r8
Lr3r4r6,g
:l 13.4r7 r8
L131417,g

6

7

lequatfon numbers refer to Table 3

Intercept a
ly nln:l

*sfgnfffcantl-y different fron 0

**slgnfffcantly different from 1

0.013*

0.030*

0.015*

0.038*

0.015*

0.034*

0.01_8*

0.043't

-0.073

-0.080

radLatl-on data for
L975 (15 data pofnt,s)

$lope b

0. 838¡t*

0.898

1.004

L.055

0.89l¡t¡t

0.953

1.066

L.111

o.677

o.775

Ê2

0.984

0.9L3

0. 968

0.851

0.981

0.900

0.961_

0.826

0.908

0.824

syx
ly uin-r

onl,y.

the 5%

Èhe 52

at
at

0.012

0.028

0.017

0.037

0.013

0.030

0.0L9

0.040

0.o29

0.040

probabllfty l-evel.
probabfLlty level-.

co
o\



the equatlone whÍch used RsDc. (lines 3, 4, 7 and B) had more slope

than Lhe equaÈlons whlch ueed RSBR. Thie nlght be explained by the fact

that alL nonthe had cloud, conditlons such that 0.3 < n/N < o.l. Accord-

lng to Flgure 4 thia meant that RSDC r¡as smaller than RSBR, except Ín

Januaryr February and March. lherefore the predfcted net radlatlon flux
q¡ould be enallerwhen RSDC was enployed 1n the calculatloas, rather than

RSBR. Upon plottíng measured net radÍatLoa flux versus predfcted net

radfation fh¡t a steeper l-Íne would result rvhen RSDC was used in the

calculatfons.

It should aLso be noËiced that the slopes of the equatlons usfag

R'SDC were closer to 1.0, compared to the equatÍons ¡shere R^SBR was used,

except in 11ne Ir TabJ-e 4. 0a thls basis one rnight conclude that the

relatfonships used to calculate Ro ín J-fnes 3, 4 and 7 are superlor to

those in lioes 1, 2 and 5.

The lntercepts of the equations which used RLNLI (lines 1, 3, 5

e¡rd 7, Table 4) :for effectlve longwave radiaËion were lower than the

conparable ones which used RLNIJ (llaes 2, 4, 6 and 8, Table 4).

Flgure 6 showed that at above freezfug temperatures RLNLI ¡yas smalLer

than RINÏJ for almost al-1 cloud conditf ons, except very sr¡nny one6

(o/U ì 0.9) whfch were not encountered on a nonthly basfs 1n thls study.

Ooly in January a]xd Februaly verT low mean teúperatutes were recorded a¡d

as a consequence RTNLI was larger than RTNIJ during those two mooËhs onIy.

Eence a larger predl.cted net radlatloa flux was ealculaÊed l¡hen RLI{LI

n¡as used rather than RLNIJ. When the measured and predícted aet radiatÍon

fluxee were compared the intercept would be less ff one used RLNLI, assumlug

that the albedo and the shortv¡ave radiatl_on flux were equal.

87.
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The standard error from the regresefon l1ne, Srx, wae conelderably

lower whe¡r RTNLI was used fn calculatfng the oet radlatlon f1ux. The

average standard error of llnes 1, 3, 5 srid 7, Table 4, was 0.015 1y uln-I,

srhlch !¡as appro:dur,ately between 7 a¡rd L57. of. the net radLatlon fLux

receíved in the months May to October. Ttre random errora 1n ueasuring

R as quoted by Llnacre (1968), t{ere of the s¡me order of -agnÍtude.n

Even roeasurements of two net radlometers e:çosed sfde by sLde above

Pasture land, a6 reported by HoLpes and llatson (1967) showed differences

of L07..

Uslug a aurmer albedo of 0.22 (l1nes 1-40 Table 4) rarher rhan

0.26 (11nes 5-8r Table 4) produced a smaller staadard error from the

regresslon lfne. This r.raa Èrue for all tested comhÍnatfons.

The resuLts of a 1Ínear regresslon analysfs of net radiatíon flux

upon shortwave radiatfon f1u:r are aLso Ilsted 1n Table 4, llnes 9 a¡rd 10.

The correlatÍou coefficients, r, exceeded 0.95 a¡rd 0.90 for 1l¡re 9 and

10 respectfvely and the sta¡rdard errors from the regressfon I1ne ranged

from 0.029 to 0.040 1y ¡nln-I. These results couçared well vrfth those

fonnd by other authors (Frltschen, L967; Fftzpatrlck aod stern, Lg73).

Eowever, upon pLottÍng the reLatlonshlp betweea net- a¡rd shorËr¿ave

radiatfon flux a dLstfnct seascnal loop was found (ffgure 7). For

lnstance, the oet radfatlon fLux fa fa11 tras some 0.06 to 0.10 1y uia-I

larger than 1a eprÍng, even though the shortwave radfatÍon intensfÈÍes

were about the sane, Ttre hfgh albedo of the saor,rcover was largely

responsible for the 1o¡¡ radfatlon efflcfency iu spring.

Due to the seasonal I-oop e:<hiblted ln the relationship betweeu net-

and shortr¡ave radiatfoo flux, preference should be givea to lfnes J--8,

Table 4 for the predlctlon of noathly meârl let radfatfoa fluxes. Because
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sufr er albedos of 0.26 gave hfgher sÈandard ãrrore Ëhan conparable

equatlons whlch used an albedo of 0.22, Ltnes 5-8 r¡ere also eLftnfnated.

ït Èhen appeared that 11ne 3 rvould give the moat accurate predlcted

nonthly net radíatlou f1ux.

Table 5 dfsplays the results of the llnear regresefon analysie

of dafly mean measured net radlaÈ1on values upon the dal1y predicted

neÈ radíatloa fluxes. In llnes 1-4 all days during the r¡easurement

perfod ç¡ere fncluded fn Èhe regression analysÍs. In the remainder of

the table the days were separated into cloudy ones (n/n < 0.66) aad

suü¡y ones (n/u > 0.66).

As r¡1th the rnonthly mean data, ft ¡sas agaia observed that the

equatlons which use RSDC to calculate Èhe shortwave radlation flux
(Lines 3, 41 7r 8, l-1 and L2) had more slope and lrere generally closer

to 1.0 than the comparable ones which used RSBR, The e:çlanation of

thfs feature was dfscussed prevlously.

Al-so the effect of using RLNIJ or RLNLI as effective longwave

radíatÍon ftrux showed slmÍLar feaËures as dfseussed prevf.ously. Eowever

it 1s iateresting to note that durfng sr-nruy days (n/tt > 0.66,) when RLNLI

¡¡as used (11nes 5 and 7r TabLe 5) the iatercept, was J.arger than when the

sâfne equatÍons were used for cLoudy days (n/u < 0.66) (l1nes g and L1,

lab1e 5). This nfght be explaÍned by the fact that under cloudy con-

dltlons the effectlve longwave radfatloa flux, as calcuLated wlth

Líuacrets eguaË1on was reduced. On the other hand the ldso-Jackso¿

fo¡mula was lndependent of cloud coudftlons e:rpressed as n/N. The

1or¡er lntercepts on sunn,y days whea RTNIJ was used (11nes 6 and 8o Table

5) as coupared to the oues for:nd durlog cloudy days (lises 10 and 12,

Table 5) are thought to be caused by decreased tempetatures uader more



Table 5.

Line

Results of lfnear regression analysfs of dalry mean radÍatlon data
R., = " + b x, where x fs the predlcted net radiatfon flux. perlod
measurement July S-october 31-, L974 artd May 1-september 30, Lg7s,

l_

2

3

4

5

6

7

I
9

10

11

L2

Derfvatfon
of X wfthl

L12 16 rB

Lr2,6 rg
LrzrT rg
L12r7,g

Lr2r6r g

L12 16 19

Lr2rT rg
]-12r7 19

L12 16 r8
L12 16 rg

l12rT rB

L12rT rg

n/N Nunber
of data

272

272

272

272

105

l_05

105

105

L67

L67

L67

L67

>0.66

>0. 66

>0. 66

>0. 66

<0.66

<0. 66

<0. 66

<0.66

Intercept a
1y rnin-I

lequatf.on nunibers refer
*elgnlf f cant l-y df f ferent

**s f gnf ff cant ly dlf ferent

0.011_

0.069*

0.014

0.079*

0. 015

0.024

0.028¡t

0. 037*

0. 002

0.o72!,

0. 005ìt

0. 083

SJ.ope b

0. 847*'t

0. 651**

1.012

0.753**
0. 816¡t¡t

0.797rt*

0.944

0.918*¡t

0. 926*'t

0. 728**

L.09L**

0. 842¡k¡t

to Table 3 only.
from 0 at the 52

from 1 at Ehe 5%

for
of

t2

0.892

0.857

0.883

0. 856

0.913

0. 889

0.909

0.881

0.818

0. 821

0. 800

0.823

syx
ly nfa-l

0.044

0.046

0.050

0.049

0.049

0.054

0.053

0.060

0.027

o.o27

0.029

0.o27

probabfllty 1evel.
probablllty J-evel.
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overca.st, sky condftÍons. Ás was shorrn 1n Ff.gure 5 RIiÍIJ lncreased with

decreaefng tenPeratures tÍl1 9oC. DurÍng the perfod of neasurement

July S-ocËober 3Lt L974 aod May l-Septenber 30, L975, there were relarively
few days ¡qhen the tetPerature dropped beLolr 9"C oa cloudy days and hence

fncreaeed cloudiness resulted lndfrectly in a larger effective longwave

radlatÍon f1u:r, v¡hen calculated by the rdso-Jackson for¡rula.

Separatlng the data fnto sunny and cloudy days reduced the stand-

ard error for the cloudy days only. Thls could be e:çected because

average neÈ radiatÍon fLu:c was also Lower durlng cloudy d.ays. Tt¡e

average staadard error t¡hen all data r¡ere fncl-uded fn the analysÍs was

0.047 1y nÍn-I.

lhe relatfonship betneen net- and shortwave radiaË1on flux is
shoç¡n 1n Table 6 for dafly mean data. Upon couparing this relatfonship

wíth equation (2.1), ft was lnferred that the factor rat depend.s

partfcularl-y on the degree to which the sky 1s overcast. Ttrls Ís confirmed

1n Table 6: cloudy days (1fnes 5, 6, j.1 aod 12) had a considerably lower

intercept than coruparabLe sunny ones. Ttre b vaLues ¡¡hfch d,epend upon

albedo show that the data for cLear days had a larger slope, i.e., a

lower albedo tha¡r those for overcast days ln the sr:rnmer, but the reverse

was true for the lrfnter data.

ReLatfvely few expressfons are known for varyÍng cloud condítlons.

Davies and Buttirnor (L969) developed the relatioa: Ro = 0.556 Rs - 0.023,

r¡hich had a staridard ertor of 0.027 Ly rn{n-I. The slope of thfs l_ine ls

PractÍca11-y the sarre as for¡nd for thè e>rperfmental. flel-d (lines 1 and. 2,

lable 6)' but the i¡tercepts of the two 1laes wlth Èhe ordlnate dlffer.
Thfs nighË be partly due to dlfferences in calculation procedures, because

the last mentioned authors extrapoLated the intercept ¡shich was obtalned



Table 6' The reLatfonship between dafly net- and shortwave radLatLon flux
e:çressedasR,=a+b*".

LLne DerivatLon
of R wlthl

5

L
2
3
4
5
6

6
7
6
7
6
7

Perlod

76
87
96

107
11 6
L27

n/N

S

u
M

M

E

R

Iequatlon numbers

Nuniber
of data

>0.66
>0.66
<0.66
<0.66

w
I
N

T
E

R

Intercept a
ly mln-l

272
272
105
l_05
L67
L67

refer to Table 3 gg¡¿.

>0.66
>0. 66
<0. 66
<0. 66

-0.01_4
-0.017
-0.094
-0.086
-0.o22
-0.025

-0.024
-0.030
-0.076
-0.075
-0.o27
-0.034

181
181

59
59

1,22
122

Slope b

o.522
0.606
0.651
0.753
0.598
0.692

0.188
0.266
0.309
o,327
0. 335
0.369

12
syx

ly nfn-l

0.854
0.851
0.899
0.877
0.824
0.825

0.184
0.2L1
0.426
0.4L0
0. 382
0.394

0.044
0.046
0.049
0.055
0.027
0,027

0. Ó69
0.071
0.094
0.099
0.071
0.073

\o
u)



on a Eínute basis, to a

an approxlm¡te Il-hour

posltive.

The correlatlon coeffÍcients for the wfnter data r,¡ete very low,

ranglng from 0.42 to 0.65. Thfs rnust be aecrlbed to a highly varlable

albedo during the perlod when the gror:nd l¡as parÈ1y snow covered.

An atteupt was made to predict hourly net radiatlon fluxes and

compare the values r¡ith the measured fluxes. only dayllght val-ues

(fro¡o suûrÍse to sunaet) were used Ín thfs anal-ysis. The resul-ts fn

Table 7 show that 1lttLe success nas obtafned 1f the physícally based

equatfons l¡ere used¡ the slopes a¡rd ínterceptg were sfgnfflcantly

dLfferent from one aad zero, respectively. Part of thls failure Eust

be aecribed to the fact that for all days Ëhe sæe equaÈion for albedo

was used, vf-2. equatlon 5, Table 3. However Piggin and schwerdtfeger

(1-973) shorsed that under overcast conditfons the albedo varied l1tt1e

wlth soLar elevatlon.

94.

daytlure basls by nuLtiplyfng the intercept h'fÈh

averageo the perfod that the Ro values were

Lines 5 and 6, Table 7, give Èhe results of the correlatÍon betr¡een

measured net radÍatfon flux a¡¡d shortwave radíatioû flux for the st@er

of L974. Usfng this L974 relaË1onsh1p, net radfatl-oo was predÍcted f¡r

1975 and coupared r^r1Ëh the measured values (1ine 7 a¡rd 8). Uslng

statistlcal analysls it r.ras fouod Èhat the fnËercept a a¡rd the slope b

ltere not sigaiflcantly differenÈ from zero a¡rd oae. Itre standard, error

from the regresslon lfne, sr*, r¡as 0"110 and 0.109 1y nla-l respectively

for 1Íae 7 and 8, oot nueh larger thao found 1n l1ne 5 asd 6.

Upoa sunmarlztag this last sectloo it can be said that the net

radfation flux can be predicted on a noathly, daily and hourLy basls wlth



Lfne

TabLe 7. Linear regreasion analysÍs of daylfght (sunrfse to sr¡nseË) hourly
radfatlon data for Y = a + b X.

Y
meaeured

I
2

3

4

5

6

7

I

R
n

Rn
Rn
Rn
Rn
R
n

R
n

R
n

Derivatfon
of X wl-tht

R
n

R
n

R
n

R
n

R
a

R
a

R
n

R
n

1r5r6rg

1,5r7rg
L r 5,6,I
1r5r7rB

6

7

l1ne 5

l1ne 6

lequatfon nurnbers refer to Table 3 onlv.
*slgnfflcantly dlfferent frorn 0 at the 5Z probablltty

**sfgniffcanÈly dffferenÈ from 1 at the 52 probabflfty

PerLod of measurement

Ju1-y 5

JUJ-y 5

May J-

May 1-

July 5

JuLy 5

May 1

May I

Oct. 5r L974

Oct. 5r L974

Sept . 30, l-9 75

Sept. 30, L975

Oct. 5, L974

Oct. 5, 1974

Sept. 30, 1975

Sept. 30, l-975

InËercePt a
lY nfn-t

0.042¡t

0.037¡t

0.047¡t

0.039¡t

-0.027
-0.030
0.003

0.002

Slope b

0. 913¡t¡t

0. 8L4¡t:t

0.923ìt¡t

0.825Ìt¡t

0.688

0.62L

1.021-

t.026

x2

l-eve1.

leveL.

0.868

0.868

0.864

0.864

0.836

0. 834

0.824

0.828

svx
ly i¿n-t

0.089

0. 0gg

0.097

0.097

0.099

0.099

0. L10

0.109

\o
(¡t
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decreasfng accuracy using either fo:mulas based on physicaL conelderatfons

or the empirl-cal relatfonshÍp between net- and shortwave radfaË1on fLux.

It fs suggested that the net radfatfon fhur fn most Iocal1tles 1n south-

ern Manltoba could be calculated fn a sftn11ar rsay as descrfbed Ín thie

study, ff air temperatures and hours of brtght sr¡nshine measureueats

are avallable.

C. Energy Balance.

1. Sol.l heat flux daËa.

The average dafly and monthly soil heat flux data are presenÊed

fn Table 8. These data ¡sere derÍved from hourJ.y val-ues as measured

with the soil heat flux plates.

The maxlmum monthly soil heat flux occurring Ln July !974 was

14.2 ncal cm-2 min-l. Durlng the fall and r¡ÍnÈer a negative so11 heat

fl-ux was observed, whlch meant that energy lras leavÍag the soÍ1. The

mlnimum Donthly so11 heat fl-ux was observed duriug the early part of the

rrfnter (November a¡rd Decenber), prior to any slgnfficant snowfall ¡vhÍch

has ar¡ lnsuLating effect.

0n Decembet 7, 1974, ¡¡hen the mea¡r daily alr temperature dropped

by more tha¡r 13oC over the previous day mean tenperature of -2.5oC a

ntnimr¡m dal1y soil heat flux of -30.0 mcal cm-2 m{n-l*." observed. The

toËaL snowfall from the rnlddle of Novenber Èi1l that daËe t¡as 7.4 cm.

In contrast on January 11, 1975 whea an addltÍona! 25.L cm snow had

fa11ea the soil heat flux vas t'only" -Ll-.7 ncal cm-2 mln-l while the

¡oeao dafly teryeratr¡re had dropped by alnost 20oC over the prevíous day

mean of -2.8"C. Although total snowfall is not necessarlly a good

lndicator of the depth of the snowpack since part of the snor¿ rnfght



Table 8. Average dafly
lu 1974 (urcal

Date

1
2
3
4
5
6
7
I
9

10
1L
T2
13
74
15
1.6

L7
18
19
20
2t
22
23
24
25
26
27
28
29
30
31

July Aug

and mouthly so11 heat flux
cm-2 -rn-l)

19. g
26.4
19.1
16.9
!9.4
25.7
27.L
L5 .9
08.6
07.2
L4.2
].4"3
19.5
21.3
77.8
22.3
14.9
06.1
L5.7
10. 3
!9,6
0L"2
10"1

-00" g
00.3
04.L
06.4

L4.2

10.0
03.6
09.8
16.3
L7,0
22.9
23.5
20. B

14.9
07.8

-09. g

0g. g
08 .6

-00.1
00.9
09.3
00.3
03.2
11.6

-03.8
-03.8
-06.g
03.1
07.4
13.L

-02.6
-05.5
-14.5
03.1

-08.9
-06.4

05.0

Sept

-LL.2
-03.6

07. L
04.5
10.8
10.9
04.2

-09.4
-01.1
-09.7
-07.4
-11.5
-02.5
-02,4
05.1
1"6.2
01,.4
05.6

-r2.0
-16.6
-2L.0
-r3.7
04.9

-01.7
-07.2
07.4

-14.3
-11.9
-15.8
-L7.5

-03.7

Oct

-2L"1
-12.s
-00.1
-06.4
-05.5
-18.4
-L2.7
02.0
LL.2
05.5

-10.9
-12.4
02.3

-10.9
-!4.9
-03.7
-10.6
-07.0
-11.s
-07.7
00.9

-10.9
-02"4
-06.6
-09.6
-01.1.
-01.6
-02.2
-00.3

0g. g

-LL.2

-05.8

Nov

97.

-13.9
-14.5
-16.2
-L2"3
-11.8
-04.5
-00.9

01" 2
-11.4
-L9.3
-13.4
-!4,2
-16.6
-13.4
-1 t ?

-09. 3

-09.g
-1 t o

-08.5
-11,0
-LL.2

Dec

-16.8
-09,4
-15.1
-06.4
-04.9
-03.1
-30.0
-ro o

-11.8
-03.0
-10.9
-27.7
-25 .8
-10. L
-02,3
-10.9
-r2.7
-08.5
-06 .5
-06.6
-08.5
-10.2
-04 "1
-07.6
-09.1
-02,6
-04.1
-02.3
-07.8
-09.6
-07.7

-10.5

-11.3
-20.3

-11.6



Table I (contfnued).

fn 1975 (ncal

1
2
3
4
5
6
7
I
9

L0
11
12
13
t4
15
16
t7
18
L9
20
2L
22
23
24
25
26
27
28
29
30
31

Jan

-L0.2
-06.6
-04.7
-06.1
-05.0
-06.6
-05.9
-05.9
-05,3
-o2.7
-lL.7
-23.7
-24.0
-23.4
-16.9
-22.4
-L7.5
-09.1
-r.6.6
-T2.7
-08.2
-r2.7
-08.2
-05. g

-03.0
-02.7
-03.8
-05.2
-06.0
-06 .5
-08.0

Feb

Average dally end nonthly sofl heat flux
cn-2 m1n-1)

-09.5
-09.0
-09. L

-06.9
-05. 7
-07.0
-07.4
-08.6
-10.5
-L1.0
-10.7
-09.0
-09.7
-L0.0
-08.0
-06.4
-05.7
-04.6
-04.7
-04.2
-03. 3

-01.9
-02.5
-05.2
-03.l_
-02.6
-03.9
-05.8

Mar

-06,8
-06.5
-06. I
-07.9
-06.0
-03.6
-03.3

-10.1
-10.0
-09.3
-07.7
-07.5
-0s.3
-03.0
01.9
04.6
04.3
03.9
03. 6
02.6
02.5

-08.9
-10.9
-L4 "5
-09"7
-05.2

-05.1

-04.5

þr

-05.8 L4 .2 05 .4
-05.6 15.6 03.6
-05.8 20.0 06.9
-05.6 15.7 -00.0
-03. 7 !4 "2 -01.4
-02.4 L4.g
-00.9 t5 .2
01.0 10.1
06.6 0!.7 09. 8
06.1 L4.3 06. g

04.0 04.2 ]-]-.z
03.7 00.5 15 "g03.L 19.5 07.5
03.2 00.3 -03" 3
03.8 -!7,9 02.9
20.2 20.9 05 ,2
25.5 25,! 07 .g
L9.7 15.g 0g.g
02.0 23.2 L4 .6
07.4 00.5 22.6
08.0 -01.5 19.3
32.3 -03.1 01.5
22.3 20.7 16 .1
28.2 206. 13.1
20,L Lg.4 22,9
08.9 A2"2 L2.2
22,0 -06.9 04.0
24.3 00. 7 05 .3
09.5 -08.5 09.0
05.1 -01.7 L2,2

01.2

08.6 08.7 08. I

May June July

98.

02.2 06.5
04.9 -05.9
04"6 -02.5
11.8 -05.9
11.8 -O4.7
09.0 03.9
az.t t2.4

-08.7 00.6
-07 .3 -01.1_
-03. 7 02,L
-0L.9 03.5
06.0 01.4
L6.1 01.1
L3.7 -08. 3
20.1 -09.2
18.6 -07.9
14.1 -10.9
05.5 -11.6
00.9 -LL.7

-01.3 -11.0
08.8 00.0

-02.0 -04 .4
04.1 !2.3
00.3 0g.g
08.6 -06.9
07 "6 -L3.2
06 .2 -13.3
13.9 04.9
19.1 03.2
19.1 08.8
13.8 06.6

07.0 -01.6

Aug

Mean -09.9 -06.6

Sept

-15.0
-19.0
-08.6

04.4
-04.9
-L0.4
-05.3
-t3.2
02.5

-03.9
-20.7
-23.4
-22.6
06.8

-01.6
-02.0

13 .9
04.4

-04.3
-L7.L
-11.1
-01.0
-09.8
-07 .g
-03.1
-03.7
-03.5
-0L.4
-03.6
-23.2

-06 .9
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have drlfted awayr Èhe above exanple does fllustrate the lnsulaËfng pro-

pertlee of snow.

In the second half of March L975 tt.e sofl heat flux r¡as reversed

for a week, that 1s heat was flo'wlng lnto the soll-. The onset of thfs

perlod colnclded wlth preclpitatlon 1n the forur of raln and above freezfug

dalIy mean air Èeuiperatures.

Assr:ming that the raln had the same temperature a6 the air, the

lnflltration waÈer na6 carrying heat into the soil by eonvectlon. A

further analyefs of the moving heaÈ source theory wiLl be given in

a¡rother sectlon.

In the second half of Aprl1 1975 when the mean daily teryerature

uzas about 5oC large quantitÍes of heat flowed into the soil ar¡d on

Aprll 22 a inLgt. of, 32.3 mcal cn-2 nin-l was reached.

A conparÍson between the nonthly soiL heaË and net radiation flux

fs given 1n Figure 8. Durlng the growfng season the soll heat flux r¡as

only a smal1 conponent of the energy balance (generally less tha¡r L0Z),

but durlag the winter the so11 heat flux was about 6A% of, the net radla-

tlon fLux. Durfng the faLl of 1974 ar¡d 1975 the so1l heat flux was

reversed prlor to a reversaL of the net radÍatlon f1ux. Consequently

more energ'y lras avail-able for the laÈent and sensible heat flux.

In Novenber L974 both the soiL heat and the neË radiation flux

rrere negatfve, but the uagultude of the fo::ner nras almost twlce the latter.

ThÍs meant Ëhat the totaL amorlnË of aval1abLe energy at the soil-atmosphere

ínterface (0.056 ty ntu-t) came entirely fron the soi1.

The d.lurnal variatlon 1n so11 heat flr¡< changed conslderabl.y fron

one day to the Dext as 1s exeuplifted ln FÍgure 9" 0u Jr¡ne 22, L975,

which rtas a completely overcast day, the soil heat flux varíed betweeu
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Flgure 8. 'Îhe ratio sofl heaÈ flux/net radiation flux duríng
the course of the lnvestigatlou.
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-7.773 and 10.92 mcal- cm-2 ¡nin-l¡ with a dal1y average of 1.5 mcal cm-2

nfn-l. However the next day Jr:ne 23, whieh lras sunny (n/l¡ = 0.85),

a maxluum so11 heat flux of 67 ,8g mcal cm-2 rnÍn-l was reached by 12:00

rloon. By the end of the day heat was leavfng the so11 at a rste ot 29.57

mcal cm-2 mlo-]. The average dally rate was calcuLated to be 16.1 mcal

c.m-2 nln-l.

2. PotentfaL evapotrarisplratfon.

The results of the potential evapotranspíratfon calcularlons are

shovm fn Table 9. Iu the ìlakklnk and Jensea - Ilafse eguatf.on the ehortsrave

radlatlon flux v¡as calculated efther as RSBR (coh:nns 1 and 3, TabJ-e 9)

or as RSDC (coluurs 2 and 4, Table 9). In each of the fnvestigated

months the equatlon r¡hfch used RSDC rather tha¡r RSBR resulted ín a lor,rer

potential evapoËrarispiratlon rate. This was to be e>çected since durlng

the growfng season R.SDC was smal-Ler than RSBR as rras shov¡n 1n Ff gure 4.

The results of Ëhe BaÍer-Robertson equatlon agreed ¡,¡iËhin a satfs-

factory degree of varÍat1on v¡Íth the tCarberryr foruula whlch used the

same meteorologlcal varlables but dÍfferent regressfon coefflcients. The

potentfal evapotrafispíratlon rates as calcul,ated r¡1th the Baier-RoberËson

equatlon were higher 1o the sunrner but lower 1n the sprlng a¡rd fa1l as

corupared to the results obtaÍned with the tCarberryr formula.

The Thornthç¡alte approximations r:nderestinated the evapotransplra-

tÍon rates as compared to Èhe other methods. Sfnllar results have been

reported 1n the lj.Èerature (PeLton and Korven, 1969; Taylor and Ashcroft,

7972). The reasons for the fallure of this roethoá were dfscussed by

Pelton et a1. (1960). ReLmer and Desmarafs (1973) found the Thornthwalte

nethod to r.nderestÍnâËe ln spring and overestfmate fn fa11 at I{.N.P..E.,

whereas over the r¡holegrowlng season these errors teoded Ëo cancel.



1?
July 74 12,46 10. 72

Àug 74 9.01 7.67

Sepc 74 4,96 4,26

Makkfnk

Ilay 75 9.57

June 75 9.88

July 75 14.19

Aug 75 9.2I
Sept 75 5.38

Jensen-llal-s e

lable 9. Comparfson of Potentlal EvapotransplraÈfon EquaÈions (cr nonth-l)

t3.88 11.98

9,09 'Ì . ;4

4.05 3.51

8.72 8.27

8.7ó 9.98

12,22 15.75

7.80 9.20

4.61 4.64

"^l:*:^- 'carbcrryrRoDerEs()n

Note¡ In colurn 1. 3, 5 and 6 the shorEwave radlatfon flux was calculated accordlng to the Baier-Robertson equ¿tlon (equation 6, Table 3)
and ln ccluuns 3 and 4 acccrClng to the Drledger-Catchpole equatlon (equatfon Tr Tat,le 3).
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t4,25

9.22

2,84

9,39

10. 21

15 "28

9. 39

4.50

7 .54

8.6 7

13.62
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4 .03

6

12. 55

8,62

t¿.74

11.14

9.9tt
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18.69 16.40

14.15 L3.92
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19.5 7 19. 31

14 .10 13.91

9. E5 9.68
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8.46

16.26

L4.74

18.32

8.08

Claae A Psn

t2

14.40

9.68
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L5.62

9. 30

5.41

l-J

Is.85
9.02

7.09

L2.29

11.71

L5.72

9. 73

5.72

H()
(f,)



0f the three conblnatfon nethode Èhe Prfestley and Taylor equatlon

ylelded considerably lower potentÍaI evapotransplratlon raÈes than the Va¡r

Bavel or Penman equatlãn. The reeulte from the latter two eguatlons trere.

couparable, that Ís they agreed vlttrl:n 2"/..

Unfortr¡nately no direct measurements of potentÍal evapotranspÍra-

tÍon rates &'ere made at the erçerlnental slte of I,I.N.R.E. However,

meteorologieal stations at Winnlpeg Inter:natfonal Àlrport, Bfssett (95

km north of Tí.N.R.E.) and IndLan Bay (95 km southeast of I.I.N.R.E.) reporred

class A Pa¡r measurements from which total estinated lake evaporatlon was

publlshed monthly (Enviroanent Canada, L974 and 1975). The l{1naÍpeg data

are consfderably larger tha¡r those of Bfssett or Indlan Bay, reflecting

the effects of stronger surface l¡Índs 1n a grassland region, as compared

to a forested reglon. Sfnce Iü.N.R.8. ls located 1n the sanre transftÍonal

zone between grassland, and boreal forest as Blssett a¡rd Indian Bay, 1t

fs deslrable to conpare potential evapotransplratfon rates amoag these

Ëhree locat,lons.

There Tüas genelally fafrly good agreenent between the BisseÈt and

rndian Bay data a¡rd those reported in coh¡ons 1-8 Ín Table 9. The

physlcally based equations of Van Bavel and Penman (columrs 9 and 10,

resPectlvely) overestlmated the potential evapotranspÍratfon rates.

SinÍlar resulËs were for.md by Refrner a¡rd Desmarafs (1973) who cont,ributed

the overestirnatiou Ëo the lmplfed surface saturaÈ1on assumpËloo.

A number of problerns evolved duriag the computatlon of the poËential

evapotransplration rates :

L. Ta L974 the relatíve hrrm{dl-Ëy measureaents were not very

accurate due to calLbratioa problerns with the hyd,rograph.

Thls measurement error would affect r11 tpoa equations

104.



whfch enploy a våpour pressure deficft tem (e* - e).

Because of the nonlfnear 
"* .r". T relationshlp, vapour

pressure deflclts calculated uslng average te4erature8

may not be representatfve of the average daily deficit.
The wlndspeed was extrapolated from a hefght of 7 m to 2 n

using an approxirnate logarlthnfc proffle. Ttre effect of

atmospheríc stabillty on the wrnd profíle wa6 not taken

lnto consideratÍon.

2.

3.

4. the roughness parameter zo was esti¡nated from the height

of the vegetatlon whfch !ra6 assumed to be 40 co throughout

the entÍre growfng season.

5. Many of the potentlal evapotranspfratlon equatfons used,

locally adjusted constants whfch may or rray not be applicable

at I{.N. R.E.

3. So11 heat flux a¡rd environmental factors.

Ttre relationship between eofL heat flux a¡rd eavfronmeutal variables

n¡as Ínvestfgated using nultlpLe regressf.on anaLysis. The follo¡¡fng

variables lrere consídered oa a dafly basis: mean air teuperature, oc

(TMEN), ma:rimum afr temperaËure, oc (TMAX), total wiud run, km day-l at
2 n helght (Ì¡-rND) , net radiatfon flux, mcal cm-2 ¡nin-l (RNET), vapour

pressure defíclt nbar (v.Apo) and soil moisture content at z cm depth, gg-l
(sOILu). Ttre resuLts of the analysis for the perÍod of JuJ.y 5, L9l4 to

Septenber 30, L974 are shov¡n ia Table 10.
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Table L0. Multtple correlatfon and

envfronmental factora on

Envlronmental
factors

TMEN

T^IIND

SOILM

RNET

Regresslon
eoefflcfent

2.05

-2.82

5,42

1.90

Wtren the

the correl-atfon

regressfon coeffLcfents of
the dalJ.y sofl heat flux.

Consta¡¡t

x 10-2

x 10-l

x 10-2

the regresslon lfne (syx) was 4.65 ncal cm-2 mln-I:

-43.22

dal1y mean aLr teuperaËure Iúaa the only varlabl-e fnvolved

coefficient (n2) r¡as 0.84 a¡rd the standard devlatlon fron

The incl-usfon of wf-nd, soil moÍsËure conËent a¡rd net radiation flux

fuaproved the correlatlon only sJ-lghtly (TabLe L0). No Ímprovenent !,74s

obtafned vihen the varÍables maxiun:m afr teuperature and vapour Pressure

deflcit were fncluded ln the analysfs.

Usfng the regresslon coefficf_ents for:nd ín the 1974 season, the

dal1y soiL heat flux was calculated for the 1975 season (May 1-Septenber 30)

and coupared wfth the measured data. It r¡as found that the calculated

values were on the average tvrfce as large as the measured onee. Part of

the discrepancy could be due to the fact that there was more lush plant

growth ln 1975, thereby shadíng the ground ¡core effectívely. Ttre

lnstaLlatlon of the so1l tenrperature seasors ln 1974 aLso caused a certaln

degree of tranpllng of the grass in the neighbourhood of Ëhe so11 heat

flux plates. A possible drift in the calibration curve of the plates

could also have caused the observed anomaly.

R2

SofL heat flux = -22.18 + 1.81 TMEN

s

(rncal 
"rIä rro-t)

0.88

106.
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!07.

When eeparate regressfon coefflcients for the 1975 season srere

calculated wlth the above mentloried varfables, Èhe correlatlon coefffcient

remalned 1ow (0.48) and the standard deviatlon large (L2.75 mcal cm-2

ntn-I). rt is posslble that r:nder a ta1l, lush grasg canopy a J-ag

effect nfght be operating¡ the Ínclusion of prerrlous day or days

eav-lronmental factors rnight have improved the regression eguatfon.

For lndlvldual days a good correlaËlon between the hourly soil
heat flux and the hourl-y net radfatíon flux was obtained in many ínstances.

A typlcal exaryle 1s gLven 1n Ffgure 10 where Ëhe correl-ation coefficÍent

I rùas 0.97 and the sta¡rdard error fron Èhe regressÍon l-Íne was 7.99 mcal

cm-2 nto-l. ApproxÍroatety 8Z of the net radÍatlon ¡¡as dissípated as

soil heat flux, which conpared well r¡1th the data reported by Montelth

(1958) for wheat, potatoes aud short grass.

There rües rlo increase 1n the slope of the regresslon lÍne gofng

frorn high to 1ow soil nolsture cond1t1otr6, aslras reported by ldso et al.
(1975). Under the experfmental conditfons aË I{.N.R.E. the soil heat flux
remoÍned a falrly constaDt proportion of the net radlatfoo f1ux. Appar-

ently r¡hen so11 uolsture becane a lfnltlng factor 1n evaporatÍon, the

excese¡ eaergy v¡as used 1n heating the afr rather thao heatiag the soil.

Durlng the course of the fnvestlgatioa so11 terperature data were

ccllected on ãn hourly basis, exeept during Èhe períod from october 6,

L974 to Aprll 26, I9t75, ¡¡heu the data were record.ed every tr^ro hours.

Tt¡1s massive amouat of soil tenperature data aloog with hourly precipi-

tatloû, srmshlne and ¡vfndspeed data wfll not be reproduced io this nanu-

script' but are avallabLe from the author upoa request. Also the data

D. SolL temperaÈure regine and heat transfer.
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colLected from the Colnsri eofl nolsture cells cao be

author.

1. Ther¡naL properÈ1es.

The thernal propertlee of sofl proflles are dependent uPon Por-

oslty, moisture content, organfc m4tter content and ehernical composítlon

of the solfd fractlon. Table 11 preseuËs parËfcl-e sfze dfstrlbutlont

organlc matter content and bulk denslty versus sofl ciepth at the

experÍmental sfte. lte eo1l was classifled as a I,lhltemouth clay

r(Snlth et a1, 1967).

The vol-umetric heat capacity of the soÍJ-, as calculated accordiag

to equation (3.29) 1s shown 1n Ffgure 11 for three depths; the 2 and 10

cra depths Írere repïesentatlve for the 0-20 cm layer, while the 30 cm

depth lras representative for the layers beLo¡s 20 cm. The organlc matter

cootetrt of the tero upper l-evels were very s1tr'Li1ar and the dífferences

1n volumetrlc heat capacftÍes aË the same rrater contents must be ascrfbed

Ëo the larger volt¡me fraction of the sol-ld materfal (x, in equatloo 3.29)

at the 2 cm level. Although at the 30 cn Level the volu¡ue fractíon of the

solfds was larger than at the 2 cm level, the organfc maÈ,ter coûtent Tras

conslderably lovrer (L.67") r and therefore the heat capacÍty r¡as also

lo¡¿er.

The thernal couductivity was calculated according to the De Vrles

nethod (equation 3.30). The results are shoçnr f.n Flgure 3-2. Dr¡e to

the hlgh organfc mâtter content ía the upper part of the so1l proflle a

lo¡¡er Èher-nal conductivlty was calculated for a given ntater conteritt

as courpared to the lower proffle depths. Sínce the totaL poroslty at

the L0 cm 1evel was about L07 larger than at the 2 cm 1eveLr whÍch

treaût that at any glven water content more alr Traa presentr a 1oçrer

109.

obtalned from the



Table LL. Partfcle elze dfgtrfbutlon,
content and bulk densfty of
at varloue depths.

Depth
cm

0 2.5
2.5 - 7.5
7.5 - L2.5

12.5 - 17,5
L7.5 - 22.5
27.5 - 32.5
47.5 - 52.5
72.5 - 77.5
97.5 - L02.5

Sand
çf

slLr
al

L9.0
20.0
23.4
25.7
25.4
18.1
37.2
L4.3
10.6

organlc ¡tatter
Whitenouth clay

Clay
7"

38 .6
29.5
27.2
20.4
26.5
18.2
2L"5
19.3
33.9

Table 12. lfonthly average volumetric water contents (Z)

0rganic
ñátter

/o

42.4
50.4
49,4
53. g

48.1
63.7
41 .3
66.4
55.5

Depth
cm

110.

2
5

l_0
20
30
50
75

100

Bulk
densftv

-?'gcD-

15.1
L2.l
15.5
8.2
3.4
1.6
1.3
L.2
0.4

I4ay

40.8
43.8
48.4
52.5
45.8
45.9
45.7
45.7

1.03
1" 11
L.22
L.23
L.26
1.4s
1.45
r.44
r.44

Jr:ne

40.7
43.9
47.9
52.2
45.9
45 .8
4s.7
45.7

*Average of L974 a¡rd 1975.

JulY*

33.0
31.4
31 .9
35.0
38.1
40.0
44.9
45.6

Aug:t

37"1.
36.5
36.3
34.6
37.9
37.5
39.3
44 "g

Sept*

40.5
42.4
44.7
45.2
39.5
38 .8
37 .5
44.2

Oct

41.1
42.2
4s.8
46.2
41.0
39"3
37.5
44.7
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thermal conductÍviËy was calculated for the 10 cm level.

An atternpË was made to calculate therrnal conductivíËy values from

the measured soil heaË flux plate data and measured soil temperatures

aË the I and 5 cm depth, assuming ËhaÈ a linear temperature profile

exÍsted beËween Ëhese depths. In almost each instant the thermal con-

ductivity r¡as calculated to be less than 1.0 rncal "r-I "ec-1 
oc-l, which

hras unrealistic for the water conËents observed in the soí1. IL is

thought that because Ëhe soíl heat flux plates and the soil t,emperature

sensors lrere noË installed during the snme year (see methods and materials),

the heat flux plates r¡lere under more vegeËative cover than the soil

Ëemperature sensors both in 1974 a¡rd 1975. This would give an increased

soil heat flux at the t,enperature measuremenË siËe, as compared to

measured heat flux data, about 150 cn removed from Ëhe temperaËure site.

Drift of the calibratÍon curve could be al-so partly responsible for Ëhe

calculaÈed discreparlcy .

The rate of temperaËure equalizat,ion in the soíl is deternined

by the thermal diffusivity D = À/Ç. A large díffusivÍËy causes rapid

changes j.n Ëemperature and a quick and deep penetrat,ion of Ëhe heaË r¡ave

Ínto the soi1. An example of the thermal dj.ffusívÍties of Èhe investÍ-

gaËed clay soil in relat,ion to \,¡aËer coritent and soiL depth is shown in

Figure 13. The shape of all Ëhree iurves was very similar, but consid-

erable differences of magniÈude are Ëo be observed. The maximum values

of D occurred roughly at 202 volurnetric water contenË.

2, Annual soí1 temperaLure data and analysís.

The average monthly soil ËemperaËure daËa for five selected

depths are presented j.n Figure 14. The data are based on one yearrs

result, except for Ju1y, August and September r¡hen tTro years data were

averaged.
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LL6.

The meau annual tenperature fncreased slowly frorn 5.4oC at the

1 crn depËh to 6.0oC at the 200 cn depth. Ubfng 1lnear regreeefon

analysie 1t was found that the mean a¡ulual teuperature gradieut for the

upper 200 crn of eo11 \ras 0.0035 "C/crn, whlch Ís about teu times the meaa

geothernal gradlent over a depth of 33 n (C,efger, l-965).

The amplltude of varlous temperature waves, cal.culated as the

difference betwee¡r the maximum and the rnean annual teuperature, decreased

steadfly from l-3.2oC at.1 cm to 4.0" at 200 cm. Near the soil surface

Ëo a depth of 30 cE the maxlmum temperatures occurred 1n July, whfle

the minÍmum ternperatures llere observed lu, January (l- crn depËh) and

February (10 and 30 cu depth). At the lower depËhs a phase shift was

apparent¡ €.g., temperature at 200 cn reached a maxlmum 1n Septernber

and a mfnÍmum in April

The theory of heat conduction 1n seni-lnflnlte homogeneous

medla predlcts that the logarithro of the teniperature arrplltude should

decrease llnearly a¡rd that the lag of extreme values should lncrease

linearly e¡Íth fncreasfng depths. Using the data preseoted 1n Flgure J.4

and additlonal data from the 5 a¡rd 15 cm teuperature lraves, the logarithn

of the anaual anplitude a¡d the tÍne of occurrence of the annual

maxÍmum temperature lrere plotted versus so11 depth in Figure 15. The

graph sholrs that, except for the top 20 cm, there was a dfstinct lfnear

relatíonship, and the dlffusivlties computed by uslag equatloa (3.32)

and (3.33) were consístent, 0.0052 ca? ".c-1 aud 0.0053 cn2 sec-l res-

pectlvely. These values are Ín excellent agreement wlth the eonputed

thermal diffusfvíty for the 30 cu depth ln Figure 13' assr'rmlng a

yearly average volumeËric water content of 40 to 45"Á. This latter

assrnptloa Ís not r¡rreallstic, as can be seeu from lable 12, where the

xoonthl-y average volurnetrlc lrater contenËs are presented. The
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118.

diffusÍvity values are al-so ín reasonabLe agreenent with those found

by other ínvestigators for elay soíls (chang, l95g; carson, Lg63),

The failure of the semi-infinite model in the Ëop 20 to 30 cm

of the soil i-s Lhought to be due to the lack of homogeneíty; a more

variable water content and a nuch higher organic mat,ter content Ì,/as

observed for this layer, as compared to layers underneath. Also the

upper part of the soí1 was frozen for a part of the year, and since

the thernal properties of ftozen and unfrozen soil are quite different
(Kersten, L952), it is not surprisÍng that the thermal behavior of

the upper layers cannot be described satisfactorÍly by average values.

The difference Ín temperature beËrreen the air and Ëhe underlying

soÍ1 is of consÍderable importance in mícrometeorology. The direction

and magniÈude of the transfer of sensible heat between the Ëwo medía

is Ëo a consÍderable exËent controlled by thÍs païameter. The atmos-

pheric lapse raËe near Èhe ground is also strongly influenced by this

difference. when the soí1 is consíderably warner than the air, Ëhe

layer of air near the ground will- be unsËable, favoring turbulence and.

diffusion. Ifhen the air is the Ìsarmer medíum, the aír will be stable,

with suppressed turbulence and diffusion

The annual cycle of air-soi1 temperature difference as based on

the average monÈhly air and soil temperatures for each month in Ëhe

perÍod under study (fron JuLy 1974 to september 1975) is shown ín

Figure 16. Ihe mpxinrlm ¿is-seil dif ference rras for-nd during the wínter

as a consequence of the insul-ating effect of the sno$r cover. The

sm:llest differences \Árere found in spring and fal1, the transit.ional

seasons

An importanË facË deríved from Figure 16 is thaË the soil Êempera-

ture at 1 cm depth was colder than the air above it during the months
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L20.

May to October, and thus the so1l acÈed as a heat sfnk for the atmosphere.

During the renafnder of the year the sofl lûas a heat source for the

atmosphere. It 1s aleo lnterestlng to note that a reversal of the heat

flux between the 1 and 5 cn depth as fndlcated by the crosslog of the

two lÍnes Ío FÍgure L6, occurred prlor to the reversal of the heat flux

between the L cn depth and the alr above 1t.

The annual coruponent of the soLl heat f1ux, as measured with the

heat fLux plates burled aË 2 cm depth is shor^rn ln Figure 17, along wiËh

Ëhe measured soil tenperatules at Ëhe 1 and 5 crn depth. IË was to be

expected that whenever the measured heat flux reversed the temperature

profÍles at the l- and 5 cro depth should croÊs. Thls fs indicated fn

FÍgure L7 by the arroq¡ 1a March/April and Àugust/Septenber.

The non-synnoetrícal shape of the soil heat flui wave was very

síull-ar Èo the one presented by Carson and Moses (1963). However the

uagnitude of Ëhe nave was considerably snaller. Ttris ¡sas to be expected

siace the latter authors worked at Atgonne (Chfcago), whfch Ís approxl-

naËe1y 10o further south tha¡r Pinawa.

Ttrere r¡¡as a notÍceable phase shift betweea Èhe soil temPeraËure

in the upper part of the profll-e and the heat fLux wave. Durfng the

earJ-y sprlng the enerry enterlng the soil- was utÍl-ized Ín thaníng ouË

the proflle. Ia I'Iay and June, rvhen the soil profile r¡as almost saturated

(see Table L2), and therefore had a large heat capaclty, large quanti-

ties of heat vrere requÍred to !¡at:m the so1l. Fron the nfddl-e of the

surmer till- the end of the year, when the soil heat flux decreased, a

gradual cooling of the so11 proflle occurred.
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L22.

3. Dfurnal eofl temperature wave and the eluple heat conducÈ1on model.

The diurnal teurperature of the sol1 variee 1n a somewhat regular

psttern, reflectÍng the dlurnal cycle of solar radlatÍon. Superimposed

on thfs regular cycle are fluctuatlons of variabl-e duratlon and arnpll-

tude created by changlng lTeather condltfons lfke cloudiness, ralD, qrarm

and cold speIls, etc. These flucÈuatfona can essentially be removed

from the data and the regular cycle lsolated and studÍed by data

averaged over a sultable tfine lnterval. In thls study seven dayst

hourly soil teurperatures were averaged as was described in Chapter IïI.

Iu order to obtaln an objectLve description of the variation

with depth of the aruplftude of the tenperat,ure wave and the tíme of

tetperature extremesr the averaged soll tenPeratures at the 11 5, 10t

20 and 30 cn depth were subjected to a Fourler harmonic anal-ys1s. An

example of the results of FourÍer analysÍs of so1l tetperature data aË

flve d,epËhs fs gLven ín Table 13.

General.ly spoken, the accuracy of a Fourier analysis w111 be

hlgher if more ha:monics are taken. The accuracy of the averaged

terperature data was approxlnately 0.1oC, rrhlch resËrlcËs the nlsber of

relfable harmonlcs. It can be seen from Table L3 that progresslvely

more harmonícs can be neglected at the deeper depths. At the 30 cro

depth alL but the flrst ha:monic can be neglected. The sum of the first.

three ha:mooics fítted the measured temperature data reasonably wel1.

An exarnple fs glvea in Figure 18.

As pointed out earlier, the thernaL dlffusívity of a homogeneous

so11 can be derlved via the consta¡rt decrease of the logarithn of

arnplftude wiËh depth. Iu Flgure 19 the varlatÍon of logarithn of

arnplitude and phase ang1e, as calculated ç¡ith the flrst five ha:monics



Table 13. Results of Fourfer analysls based on aeven days averaged soLl teuperatures.perfod 4 - g - L9Z4 ro 10 - B - L974.

Depth

cm

Mean
temperature

oc

10

22.52

l_9. 9l_

18.79

17- 48

L6.42

20

A1

oc

30

8.42

3. 65

r.73

0. 34

0.07

A2
oc

L,97

0.63

0.2L

0.06

0.03

A3
oc

0.19

0.05

0.01

0.03

0.04

A4
oc

0. 07

0.1-1-

0.02

0.02

0.03

A5

oc

0.17

0.03

0.02

0.02

0.02

ö1

rad

4.00

3. 36

2.79

L,97

0.56

þ2

rad

0. 73

6,03

5.26

3.16

3.18

03

rad

5.76

0.29
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of the daily soil teuçeraËure wave obtaíned by Fourier analysis, is

plotted as a funcËion of depth. It shor.¡s that there is a dístinct

deviation from the above mentioned linear relationship between phase

angle and depth. Although a straíght lÍne would fit the log anplitude-

depth relationship faír1y well-, the cornputed diffusivíty (0.001-4 cn2

"""-1) ïras Ëoo low to be realisËÍc. The non-uniform v¡ater conËent'

(varyÍng fron 31 .L% to 25.8"Á), the decrease in organíc matter content

Tûith depth, the assumed nonconvecÈive heat Ëransfer and Ëhe assumed

rsËeady períodic solutíont are thought to be responsible for the

failure of the model on a daíLy basis ín the upper parË of the soil

profile. In the lower part, of the profile Èhe diurnal Ëerperature

rrrave \,ras danpened Ëo such a degree that no ampLitude and phase relation-

ships coul-d be determined.

4, Soil water and, iemperature símulatíon mode1.

The developed maÈhematical model was progranmed to c.ompute

potential and actual evapotranspiration, soil water contenÈ profiles

and soil ËemperaËure profiles as a function of time. The compuÈed :

values llere compared to the ones as measured in the field.

The program computation covered the growing season of. 1975 (fron

May 1 to September 30). No aËtempt was made to simulate the 1974 season

because due to initial calj-bration problens the soil waËer sensors did

not respond to changes in waËer conËenË.

The computed cr:mu1atÍve potential and actual evapoËranspiration

are shown in Figure 20. On Septeuber 30 the total cumulative potentía1

evapotranspiration was 500 nrm, whereas the actual evapotranspiration

was 283 m. 0f the laËter 38 mn evaporated directly from the soi1,

while the remaining was removed from the profile by the plant rooËs.

It was interesting to note that the ratio of the cumulative
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Figure 20. Cr¡mulative potential and actual- evapotranspiratlon

over the L975 growing season.
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potentíal evapoËTanspiration to the cumulative acËual evapotranspirat,ion

decreased in May and June, buË remained al-most constant i_n July,

August and Septenber (Figure 21). The ínitial large value of the ratio

was due to the fact that the soil temperatures Ì¡rere relatÍvely low Ín

May and June, Ëhereby restrÍcting rrat,er uptake by the plant roots.

However suffícient amount,s of water remaÍned avaÍ1ab1e in the upper

soÍl layers to prevenË the plants from wilting. trthen water uptake by

Ëhe plant roots vras riot restricted by 1ow temperatures the above

mentioned ratío increased. slightl-y wíth tine, ind,icating Ëhat Ëhe

avaílable soil r^rater became more limíting as time progressed.

The rate of r,rater uptake data (Table 14) j.ndícated that srnaller

amounËs of water were withdrawn by the plant rooËs from successively

deeper soil layers. This rnust be ascribed to the decreasing rooting

density and the decreasing soil t,emperatures wiËh depËh. The only

excepti-on was in the surface layer (0-3 crn) where the actual evaporative

flux eompeted strongly with Ëhe water denand by the plant rooËs.

The actual and compuËed $later cont,ent profíIes for a nunber of

selected days is shown in Eigure 22. The soil profile was saturated,

except for the upper 20 cm, during the initial part of the growing

season. ExcellenË agreement was found between the computed and the

actual measured qraËer'conËent profíles durÍng this period, as i.s

exenplified by Ëhe May 15, May 30 and June 16 profíles.

A total of. LI4 mm rai-n on Jr:ne 20, 21 and 22 caused the soíl to

be completely saturated.. Duríng the subsequent week there lras a high

evaporative d,emand (calculated potential evapotranspiration rsas 39 m

from Jr:ne 23 to June 29) and it was anticipated that the soÍl water

content Ín at least the upper parË of the soil profile would be reduced

subsÈanËially by June 29. Although the model cotrputations showed thís
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Table 14. Dal1y rate of Ìrater uptake by plant roota

and dal1y vapour flux fn response to tem-

perature gradfente, averaged over the L975

growing seaeotl.

Deprh *t:_-o1,1":": ï:tk" vapour rlux
crtr Þv Drarlt roots 

"r-2 a"y-l'* är-t day-l E

', 1

L0

1.71 x 10-2

3.10 x 10-2

2.32 x !0-2

2.L7 x L}-z

1.98 x 10-2

!,92 x !0-2

1.71 x 10-2

8.77 x 10-3

3.31 x 10-3

15

20

130.

30

50

2.47 x 10-2*

3,24 x L0-4

2.32 x !0-4

2.29 x LO-4

1.73 x l-0-4

9.18 x 10-s

3.47 x 10-5

1.12 x 10-5

6.04 x 10-6

75

100

ActuaL evaporatlon rate.
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reductfon, the measured eofl water content fn the entfre proflle

renafned unexplalnably cloee to saturatlon as can be seen fn Figure 22

for the Jr:ne 29th sa:np11ng.

The agree¡nent between the computed and observed ¡sater content

proffles durfng the remalnder of the grolrfng season (July, August and

Septenber) was generally fairly good. The sna11 discrepancies between

coroputed and observed proflles can posslbly be attrlbuËed to the fact

that so11 water movement due to r¡aËrfc potentfal gradlents was lgnored,

and that the root dlstrfbution was Èhought to be constarit throughout

the entfre growfng season.

The conputed dal1y average so11 tenperature wfth respect Ëo Ëíme

for the entire season at depths L0, 20, 30 end 50 cn agreed well wfth

the measured values (Ffgure s 23a-23d). ïhe greatest dlfference occurred

at the 30 and 50 cn depths, where the nodeL r.¡nderestirnated the

t,eryerature vaLues durÍng May and June. A possfble erçlanatfon

1s thaÈ the relatlveJ.y warrn soil ¡saÈer from the top layers penetrated

at a very sLolr rate deep Ínto the so11 proflle. Eo¡yever fn the model

It was assuned that an ftnpermeable Layer was presetrt aË the 100 crn depth

and as a result, durÍng the lnítlal part of the growÍng sea6on, little

or Do rüater could percolate below the 30 cm depth, sÍnce the soil r¡as

saturated, beloqr Ëhat depth t111 the end of June.

An ex"mFle of the observed and cornputed diurnaL varÍation 1n soil

tenPe¡ature 1s sho¡ru fn Figure 24" The bor:ndary condi.tloo temperature

at the.1 c¡n depth shotzed rapid changes from one hour to the uext;

íncreases or decreases of 1.oC per hour were not exceptioual.

Although on August 7, L975 tlne sky was largely overcast (n/N =

0.26) aad less net radÍatlon eaergy (0.124 ly ntn-t) reached Ëhe sur-

face, the teuperatures at the 1 crn d,epth were hÍgher as courpared to
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Èhe next day whtch r¡as eunnÍer (n/N - 0.54) and had larger net radiatlon

flr¡r (0.189 ly ntn-l). These lower surface Ëenperaturee on August I

were thought to be a direct result of the 25.4 nn rain which fel1 on

Auguet 7 betweeu 6:00 a¡rd 8:00 p.m.¡ l-ncreased evaporat,lon frou the

r,¡eËter sof1, as postulated by Brooks a¡rd Rtroades (fSS+¡ a¡rd verlfied

erçerLmentaLly by llferenga et aJ.. (L97O) caused thls drop fn surface

temperature6.

The 20.3 'nm rain r¡hlch felL between 7:00 a¡rd 8:00 p,m. on

August 7 lncreased the obserr¡ed soí1 tenperature aÈ the 5 cn depth by

0"5oC and the obser'¡ed soLl ternperature at 10 cm depth by 0.2"C. This

compared to a coryuted increase 1n so11 tenperature of 0.5oC a¡rd

0.4oC reepectlvely for the above menÈloned two depths (see Figure 24).

The conslderably larger fncrease ín couputed soil teurperature at the 10

cnr depth as coupared to the measured one was due to the fact that in the

rnodel all r¡ater in excess of field capacfËy was moved lnstanËaneousl-y

to a lower zone, whfch resulted in lastantarieous movement of senslble

heat fn the IÍquld phase to the Lower zorte. However 1n reallty a more

gradual noovement of r.¡ater a¡rd heat occurred, as can be deduced frorn the

texaperaËure curves at the 5 a¡rd l-0 cm depths after the rafnfall. The

observed gradual decrease in Èeuperature gradfenË betç¡een the 5 and L0

cm depth lndfcated that Less conductive heat was moving toward the L0

cm depth. Eowever the tenperature at the L0 cm depth remained constant

for eíght hours after the rainfall which rüas arr lndfcatÍon that al-though

less conductive heat noved to thls zone, thfs was coupensated by a

gradual uovement of sensÍble heat to thls zorLe. IË is therefore suggested

that the model could be furproved by usíûg the Darcy flow equation instead

of the fleld capaclty nodel for water moveme¡rt.



Figure 24 is an example of predlcted di-urnal soil t,emperaËure

variations due to_ conducËíve and convective heaË transfer. On August

7, L975, when the total daily precipitation r"ras /J.Q rr¡n, the con-

ductive heat transfer component was approximately 33%, whíLe Ëhe

convecËive component was 667" of the total heat transfer. However

on mosÈ days íË rüas not raíníng, and Ëherefore the convectj.ve heaË

Ëransfer eomponenÈ rüas zero. A typical example is presented in

Figure 25: there rsas no rainfall on June 7 and only 0.3 um on

Jr¡ne 8. Consequently there was a negligibl-e influence of convective

heat transport upon total heat transfer.

Generally Ít was found that on days when the preei-pitatíon

exceeded 10 m day-l' convective heat transfer forned a sígnifíeanË

component (> 257") of the total heat tr.ansfer by conduction,

convection and vapour movement. Hor¿ever from May 1 to SepËernber 30

there were only 12 days that the daÍly precípitation exceeded,

10 mm, so that the conclusion is reached that, averaged. over the

entÍre growing season, convecËive heat Ëransfer is small compared,

to conductive heat transfer, buË during heawy precipÍtation and

actual lrater movement Ín the soil, it forms a much larger component

of the total heat Ëransfer.

under the experimental eondÍt,ions prevailing in 1975, the

temPerature gradients in the lov¡er soil layers trere less steep than in

the upper soil layers. ïhis meant ËhaË the saturated. vapour pressure
*gradíent, ðe fà2, for the deeper layers was relatively snall and hence

thertally induced vapour flow became less important with increasing

depth, as ís shor.¡n in Table l-4.

L39.
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In Èhe upper part of the soí1 profile the vapour flow was

generally upward (negative) at night and maín1y downward (posÍtÍve)

during the day in accordance with the temperature profiles. Between

the upper two grÍ-d points the daily vapour f1ux, defined as the sum

of the daily upward and d,oçrnrnrard f1ux, averaged 3.24 x t0-4 g "r-2 d"y-l

over the 1975 growing season. On a fer¡ days, when the upper part of

the soil profile r¡as relatively dry and a large temperature gradienË

existed, daily vapour fluxes of approximately 1.0 x t0-3 g "r-2 dry-l

were observed. These values were about one order of magníËude smaller

than those reported by Cary (1965) for a steady sËate laboraËory

experiment.

The daily vapour flux values reported in Table 14 were approxi-

nately thro to three orders of rnagnitude smaller than the rate of

rnrater withdrav¡al by Ëhe plant roots. It was theref ore not surprising

thaË when a computer run was made without the vapour flow component,

Ëhe water contenË profiles rrere almost ídentical than when vapour

flow was included in the nodel.

The influence of rüater vapour movemenË on soil heat transfer

was generally sna11; only in a few instances when the soil was dry

and high t,emperatures prevailed, the sensible and latent heat flux

due to vapour movemenL, accounted for 57" of. the total heaË flow. In

malì.y cases only 17" of the total'heat flow was due Èo vapour movement,

so that the conclusion is reached that, except for very dry eondÍt,íons

in Ëhe t,op layer of Ëhe soÍ1, heat flow due to thernaj-ly índueed vapour

movement could be neglected.

L4L.



In order to exasLine the energy exchange process at the sofl-

atrgosphere lnterface, the study entalLed a revfew of the radLatlon aud

energ'y balance (Chapter II, A a¡rd B). Although enplricaL a¡rd physlcally

based models to predlct Èhe net radlatÍoa flux are 1n exlstence they have

aot been tested a¡rd/or caLfbrated r:nder the enrrlroumental conditlons

e:rperlenced 1n ManlËoba. ï1:e energy balance equatfon has been soLved

most ofteu for the laËeot heat flux using elther enpirlcal or physicalLy

based reLationshlps. A nunber of pubJ-lcatlons have dealt ¡¡1th the

relatlonshfp between the sofl heat flux and envlronmental variables.

A revLew of sofl heat transfer (Chapter II, C) revealed that the

sluple Fourier heat conductlon nodel has been successful-ly applled to

estlmate soil tenperatures on an a¡rnual basls. In many cases the

approach has failed to predíct diurnal soil tetrperature changes; thls

was ascribed to the noa-homogeneous Dature of the sofl a¡rd non-conductive

heat tra¡rsfer mechanisms operatfng 1n the upper part of the so11 profÍ1e.

Theories of slmultâñeous tra¡rsfer of heat a¡rd r,¡ater were reviewed and it

r¡as concluded that their appllcatlon to field condftlons Tras largely

unknown.

Cl.lapter III dea1t r^rith Èhe e:perfunenÈa1 nethods, coEputational

procedures a¡rd a simultaneous heat and waÈer Ëransfer nodel deveJ.oproent.

The experlrrental methods íacluded Ëhe recording of many atmospheric and

so1l parameters over a perlod of flfteen months. Most of the data were

collected orr aD. hourly bas1s.

Ia the sectíoa otr couputational procedures a detalled descrlptfon

of calculaÈ1ng various conûponents of the radlatlon and energy baLauce

was gi.ven. A Fourler analysis of the dlu:nal- sol1 teryerature wave ,''d

calculatloa of the the:mal properË1es of Ëhe so11 were also dÍscussed.

V. ST]M}IARY .AI{D CONCLUSIONS

142.
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Sfnce !¡ater affecte the the¡:ural propertlee of the eo11 and nlght

act a6 an energy traneportfng nedlurn, Lt was decided Èhat a roodel ehould

be developed whlch coueidered both heat a¡rd water movemeût. The trlater

¡oodel descrlbed so1l water flow usÍng a bookkeeplng approach. Precfpf-

tatlon, root extractfon, evaporatÍon a¡rd drafnage were the maÍn features

of the nodeL. The heaÈ transfer model, whlch used the water model as a

foundatíon, dealÈ wLth conductfve, convectlve and latent heat flow. A

conputer progran r¡as wrlÈtea to perform all the calcuLatlons necessary

for the solutlon of the equatfons describing so1I qrater content and soí1

texoperature ffelds.

In the next chapter (ChapÈer IV) Èhe results of the fleld data

and the analyses were presented. Very briefly these results rnay be

suonarlzed as folLows:

1) The net radiatioa flux was positíve during the sunmer but,

negative fn the wfnter because of the large reflectívity

of the snorù covered ground. Tbe soil heat fh¡c was a1so.

posftive during the spring arid sum¡ner and negat,ive durlng the

late summer, fall a¡rd wlnËer; iË reversed prfor to the

reversal of the net, radÍatfon flux. Large varlatlons from

one day to the next were noticed fn Èhe dlurnal cycle of the

neÈ radíation and the soll heat f1ux.

2) The net radfatlon flux could be predÍcted with decreasing

. accuracy on a rnonthlyr dafly and hourly basÍs using eíther

formuLas based ou physical consÍderatLons or the eupirlcal

relationship betrøeen net and shortrrave radiatloa f1ux. It

wa6 suggested that the discovered relaËionshlps could be

used throughout nany localltles 1a southern ìla¡rltoba.



3) There vras generally fairly good agreement between the resulËs

of the various potential evapotranspiratÍon calculations

and reported Class A pan evaporaÈion measurements. Only

the results of the Van Bavel and penman equations \¡¡ere

eonsiderably higher than the report.ed measured values.

A reliable estimate of the thermal diffusivity could be

made from the annual soiL tempeïature record. No such

estimate could be obtained from the diurnal soÍ1 Ëemperature

tlaves, because of the non-homogeneous naÈure of the upper

part, of the soÍl profile.

The results of the símulËaneous heaÈ and, hrater transport

model compared saÈisfacËorily with the acËual measured

daËa. Convective heat transfer was only signifÍcant

during days with hearry rainfall and. heat flovr due to

Ëhermally induced vapour movement, could be neglected under

Ëhe experÍmental conditions studied.

4)

s)
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A?PENDIX A

Lj.st of Symbols Used



The lettere K, a, b, c, d, p and q are also used for any gfven

cscstarit. Some of the symbols used 1n a few consecutive equatÍons fa111ng

outsÍde the naLn Line of argument are defined Ín the texË only.

Svmbol

AO, At, AZ

AE

ARU

AVII20

B

c

amom
C¡C¡C

LIST OF SY}ÍBOLS USED

InterpreÈatÍon

D

D
a

AnpllËude of the teuperature wave respec-
tively at the surface, depth 1 and depth 2.

ActuaL evaporation rate,
Actual- rate of rùater uptake by plant roots.
Fractfou of avaflabLe water.
Bowen ratlo.
VoÏnetric heat capacity of the bulk so1l.

Specffic heat of air, mJ.nerals, organfc
maÈter, water and v¡ater vapour respectively.
Thernal dlffusivlty.
Molecular dfffusioa coefficíent of water
vapour ln afr.
The:mal llqufd and vapour dlffuslvity
respeetively.
Isothe:mal Lfquld and vapour diffuslvity
respectiveJ.y.

Danplng depth.

EvaporatÍon rate.
Agrodlmaníc term"

Potentfal evaporation taËe.

tTnsaturated and saturat,ed lrater vapour
pressure respectively.
Uasaturated and saturated !¡ater vapour

presaure respectlvely at screen level,
Unsaturated and saturaLed water vapour

pressure respectlvely at the soÍ1 surface.

w
¡C

trro' Dr.,

,c

L62.

De", De'

d

E

Ea

F
"poË

8¡ ê

*e.ea'a

*e.eo'o



Svnbol

erf (x)

F1' Fz

f
G

H

h

hr
I
I

o
I
K

K
c

Kh, Kv

k

L

LE

*not t o

Interpretatlon

Tabulated error fr.:nctlon (erf(x) =

-2'Ç 
¡* "-6 ¿r).ITI O

Functfons e:çresslag evâPoratlon and

condensatlon effects respeetively.
Functlon.
Soí1 heat flux.
Seosible heat flux.
Solar hour angle.

Ileight of vegetatlon.

Annual heat lndex.

Solar constar¡t.

lfonthly heat index.

Eydraulic conductfvitY.

Crop coefffcient.

L63.

\or' Iìn' tnr' hr

aÎ¡t

n

P

PE

PRU

PT

a

c9¡

eq

Eddy transfer coefffcients for heat a¡rd

waÈer vaPour resPectivelY.

Von Ka:manrs consta¡.t.

Latent heaË of vaPorÍzatlon.

Lateat heat flux.
Potential and equflibrlum latent heat fl-ux

respectively.
Phenomenological coef ficlents .

Mlscellaneous heat flux.
l,faxlmr-r¡n possible duraË1on of sunshine

per day.

Actual, duratioa of stnshlne per day.

Atnospherlc pressure.

Potentfal evaPoratlon late.
PotentÍal rate of water uptake by plaot roots"

PoteatiaL transPiration raÈe.

TotaL heat contetrt of Èhe soíl.

Conductive, convectl'¡e and vapour heat

flux respectlvely.

97V9¡9



Synbol

Rr' R"' R-
l-n

c
Rs

RtoP
s

RD

r

InËerpreta!.íon

T
_k'I, or -L

K

TITICKN

t
u

z

Vt, Vt, Vt

v

z

2

o

d,

ß

v
ä

^r
APlAx

AT/Ax

ô

e

Net radiaËion f1ux, shortwave radiation
flux and effective lon-gwave radiation
flux respectívely.
Shortr,¡ave radíation flux under clear
sky eonditions.
Extra-üerrest,rial shortr¡rave radiation
flux at the top of the atmosphere.

Rooting density.
Radius vect,or of the earËhf s orbit
around the sun.

Celsíus t,emperature.

Kelvin teuperature.

Thickness of a soÍ1 layer.
Tíme.

HorÍzonÈal windspeed at height z.

Total moisture f1ux, líquid water flux
and water vapour flux respectively.
Specific volume of soÍ1 qrater.

L64.

Solar zenj-th ang1e.

VerËical dist.ance from a reference leve1.
Roughness lengËh.

Reflection coeffícienË of surface.
Heating coef f icj.enË.

Psychrometric constant.
Slope of the saturation vapour pressure curve.
Time interval.
Soí1 water pressure gradient.
Soil temperaÈure gradient.
Solar declinatíon.
Relative molecular weight of waËer r¡iËh

respect to aír.
Volumetric fractions of ai.r, minerals,
organic mâtËer and r¡ater respectively.

o 

^' 
ot' oor' ot



Svnbol-.

À

À.' Àt' trot' Àt

9"r Prr Por, P,o

o

ö

ôr' þz

0k

Interprêtatlon

The:mal conductfvlty of the bulk sof 1.

TtrernaL conductfvity of alr, rnfnerale,

organic matter and water respectively.
DeneÍty of air, rn{nerals, organlc matter

and water respectlvely.
Stefan-Boltzuann constarit .

Latltude of locatfon.
NeË radlatlon and shortr.rave radÍation
coefflcient respectfvely.
?hase angle.

Capillary potential.
Radlal frequency

rl

ûJ

L65.
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SUr.¡-
SHI t¡E

HR

l¡,I ND-
SPEED
I(M/HR

10.5
11.5
7.5
3.5

ll.2
15. 0
I2"3
13.8
13.8
8.8

14.8
3.9

14.1
14. 0
13"8
L4.4
14.6
l4 .9
9.1
7.4

l1.I
12.6
12.9
?.0
6.6
5.6
9.3
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AVE

10.03.9
5.0
6.2

10.5
10.7
14.6
7.4
9.3

1I.44.7
5.6
6.8
4. tJ
6.ft

10. 0
7.4
5.ó
5.?

12.f
8.1

I7. I
2?.5
19.9
14.08.3
5.4

TEMPERATURE PRECIPITATION

MM

SNOI'/ TOTAL

0.5

6.4

c¡lMl'1

RAIN

0.5

6"4

1.0

9.1

MEAN

?7 .? 17 .2 ?-?.?
32"? ll.l ?-1.732¿,? I8.3 25.3
28.3 17.2 22.8
28.3 17 .? 27-.8
30 , 6 17 .2 23.9
?9.4 17.8 23.f)
3 0 .6 18 .3 24.5
?8.9 I6. I 2?.523.9 12.8 18.4:¿7.?- 10.0 18.628.3 lI.7 20.030.6 13.9 7_?.3
31. I 15.ó ?-3.4
29.4 14.4 21.93I.7 14.4 ?3.I?_9.4 19.4 ?_4.4
?7.2 ll.7 19.52g.q ll.l 20.025.0 17 .2 2l . I
78.9 ló.I 22.523.3 13.9 18.6?3.3 12.8 lR.1
17 .2 13.9 15.6
I9./. ll.l 15.3?l.l l?.? 16.7
23.3 7. 8 l.5.6

TOTAL9.4 299.0

3l I.0

4.6
0.5
2"5

10.4
0.9
0.5

MIN

1.0

gn I

4.6
0.5
2.5

MAX

D ÂTE

TOTAL TOTAL TOTAL
36.3 0.0 36.3

80"3 0.0 80.3

10.4
0.9
0.5

5
(,
7
I
9

10
11
T2
t3
14
ls
I6
17
18
t9
?0
2t
22
23
74
25
26
27
?8

"g30
3l

20.9

19. 7

I 4.5

13.5

?7 "3
NORMAL
HINÀITPEG 25.9

I,,IE A N
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WIND- SUN-
SPEED SHINEI(M/HR HR

MONTHLY METEOROLOGICAL SUMMARY' AUGUST I974

6.1
13.3
13.0lo.9ll.6
13"9
I 3.6
I 3.5
3.0
3.9
0.0
2.5
3.6
0.8
7.7

ll.8
11.0
7.3

l0.l
0.0
0.0
1.3
3.5
5.9
4"7
ó.3g.l
0.0
9.9
3.7
6.1

AVE

8.3
10.54.4
4.8
?.3ó.8

13. 0ll.2
ll.53.5
12. I
7.3
5.0
9.6

1205
8.8
4.9
?.99.5

ll.5
10.8
9.1
6"5

Itr.5
L'¿.2
15. 0

" 9.0
5o8

11.8
16.87'9

PRECIPITATION

MU

RA i N SNOI{ TOT AL

MM CM

T
1.5
3.6

14.2
?.5
7"4
1.3
1.0
1"8
0.9

13.2Il.7
ll.9
0"3
0.3
3n8

TEMPER ATURE

c

MEAN

23.3 14.4 18.9
20. 0 8.3 14.2
?4 .4 2.9 13. 6?7.?. 13.3 20.328.3 10.0 19.230.ó 12.8 21.7
29 .4 I 5. 0 ??.??8.9 15.0 ??.0
?7 .?- 15.0 2l . I?4.4 13.3 18.917.7 14.4 15.82?.q l?.8 17.8
2r .7 13. 3 I7. 5
L9.4 8.9 14.2
?0 .6 L4.4 Ì 7.5?3.9 11.7 17,8
21. I 9.4 15.3?L.7 7.2 l¿.523.3 10.ó 17.015.6 12.? 13.913.9 10.0 1?.013.9 9.9 11.416.l 7.2 11.720.6 Ê.9 1.4"8
26.1 16.1 2I.l18.3 I 0.0 14.?l7.B tr.3 I3.l13.3 1.1 7.2
1ó.I â.7 ll.4
12.e. 9.4 1ì.1I2.8 4.4 8.6

T
1"5
3.6I4.?
2.5
7.4
1.3
1.0I.8
0.8

13. 2ll.7ll.9
0.3
0"3
3.8

MIN

TOTALg"g ?07" I

276 "0

MAX

17.5
I5. ?5.I
1.3

TOTAL
114.4

DATE

I
?
3
4
5
€)

7I
I

l0tt
t2
l3
lÁ
15
I6
l7l8
1e
?o
2T
2?
73
?4
25
7_6
7_7
?8
29
30jl

TOTAL TOTAL
114.4 0.0

73.7 0.0 73n

17.5
15. 25.I
1.3

15. I

l8 .6

10.5

12 "2

21.1
NORM Â.L
l,/ I NN I PEG ?-5 . rt

MEAN
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SUN-
SHINE

HR

MONTHLY METE0R0LOGICAL SUMMARYT SEPTEMBFR 1974
hI I ND-
SPEED
KM./HR

7.0
9.7

L?.?Il.5
5.0
Iol
3.5
b.8
5.2
0.0
0.0
0.0
9.6
5"64'6
3.5
7.6
3.9
3.3
403
7.3
7.3
4.0
1.6
4.2
7.6
3.6
3.0
0.0
0.4

TOTAL
143.4

AVE

7.5
6.2
4.L
6.7
9.3
3"4

10.6g.l
2.4
B:ã
5.?-
7.1

ló.84.2
5.2
4.9
9.2
5"0
9.5
6"2
6.2
7.9

ll.l
7.2

l3.fr
8.9
4.2

14. 0
5.6

TEI.4PERATURE PRECIPITATION

I'lM

SNOI,¡ T0T AL

3'6

1.0

CMt4M

5.3
tå:6

0.53.9
10.9
r3.0

MEAN RAIN

3.6

1.0

5.3
11.2
0.8

0.5
3.9

I 0.9
13. 0

0.5TT

11.7 1.7 6.7
14.4 1.7 8.1
l8.g 5.0 12.0
?4.4 5.0 14.7
?-2.A g.g 15.9
l7.B 11.7 14.817.2 l?.? 14.7
l?.2 3.3 7.8
I4.4 5.6 10.0
18:Ê ä:i Ã:i10.6 -1.1 4.8
13.3 l.l 7.?
15.6 7 .2 1l .4l8:3 -1.1 8.6
18.3 ll.7 15.0
14.4 5.ó 10.0
17.9 8.9 13.410:0 2.8 6.4
l1.l 0.0 5.ó
4.4 -4.4 0.0

12.8 -4.4 4.2
17.8 5.0 11.4
13"3 6.7 10.0
20 .6 -l .7 9.5
?6.1 ?_.? L4.76.7 7-.2 4.5
ll.7 -5.ó 3.1
6"1 ?.2 4.?-
3.3 -2.2 0"6

0.5
T

5.6
0.8

MIN

183n0

t'iA X

7"6

DATE

0.8 8.7
3.8 3.8

TOTAL TOTAL TOTÂLõ4.9 4.6 ó9.5

52.6 0.3 52.9

5.6
0nB

7"9

I
2
3
4
5
6
7I
9

l0
1l
l?_
l3
l4lsl6
L7
l8
19
?0
2l
??
?3
?4
25
26
?7
?a
?e
30

8.8

12.5

3.4

6.6

14.2
ÀJORMAL
,,.rI\rNIpEG lB.4

l,tEAl.,l
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SUN.
SHINE

HR

I97 4
lrJ I ND-
SPEEI)
KM./HR

?.4g.g
5.1
0.76'3
0.0
0.0
0.1
9.0
8.7
0.68'4
1.6
0.0
0"04'4
A"?
3.0
9"3
9.0
9.1
9.3g.l
7.8
8.?
9.4
9"4
5.8
4.0
0.0
0.0

TOTAL
l.47.8

MONTHLY METEOROLOGICAL SUMMARYT OCTOBER

SNOtt TOTAL AVE

4.6
I 6.3
8.5

ll.l
7.7
8.8

10.0
7.0
ó.3
5.9
8"5
ó.6

12.1
12. I
5.7

13.94.4
4.4
3.7

14 .3
ll.c9.?
8.6

I 4.9
3.6
5"4
4.0
1.9
3.8l.g9.3

8"0

PRECIPITATION

MM CI4 MM

T

?-.5
0.5

l.IEAN RAIN

?.5
0.5

T EI.4PER ATt,lRE

c

0.3 3. 0 3.3
2.3 0.5 ?.8
0.5 0.5
TTT

3.3 -3.9 -0.310.6 -4.4 3.116.1 50ó 10.97.? 0.6 3.9
7. g -o .6 3.61.7 -2.2 -0.35.6 -4"4 0.6
7 .A 3.3 5.6

??.2 7 .ò 12.5?1.7 3.3 12.57.8 4.4 6.1
I 0.6 -5. ó 2.512.? 3.3 7.8
?.7 0.6 1.43.3 -1.1 l.lI4.4 -1.1 6.72.? -1.7 0.35.6 -l.l ?.3
7 .7- -2.2 ? "ql?. .7_ -?.fJ 4 .7

I4.4 3.9 9.?8.9 -0.6 4.2
L4.4 -0.ó 6"9
l?.? 4"4 8.3
l3.g -3.3 5.3
lg.4 0.0 9.7
19"4 o.ó 10.015.6 0.0 7.9
13.3 0.0 6.7
L2"? 7.2 9.75.0 -0.6 ?.2

MIN

158"0

F4AX

DA TE

0.3

TOTAL TOTAL TOTAL
3.4 6.5 9.9

I
2
3
4
5
6
7
fì
I

10
l1
t?
t3
l4
t5
l6
l7
18
19
20
?1
??
?-3
24
25
26
?7
?a
?-e
30
3t

29"2 5.6 34,8

0.3

5.4

6.5

0.I

1"1

I 0.7
NORMAL
4INNTPFG II.9

MF ÂN



L7L.

SUN-
SHINE

HR

MONTHLY METE0ROLOGICAL SUMMARYT NOVEMRER L974

bI I ND-
SPEËI-)
Kr.t/HR

?.6
0.0
0.0
0.0
?..4
7oB
3.6
l.l
8.7
4.9
?.10.2
a"+
9:36.2
6.4
5.8
0.0
3.0
0.0
6.8
2.0
0.0
0.0
0.0
0.0
5.34.3
7.6

TOTÂL AVE

ll.¿l
7"9
7.4
?.5
7"7
8"4
4.6

ll.l
9.0Ão

ñ:áI2. g
15.2tå:I
6.ó

10.94'7
I0.37.9
15.3
9.7
5.6
6.1

l4.l
9"7

l1.l9.5
2"7
3r3

PRECIPITATTON

MM

3.60"8 0.8?.8 2. I

CM

I'IEAN RAIN SNOId

MM

TTTT4.1 4.1
0.8 0.8

3.6

TE}4PER ATURE

c

?.? -3n3 -0.60.6 -?.'è -0.8-2.? _3 n 
g -3. Il.l -3.9 -1.4

l.l -Z.B -0.98,Q -?.2 3"4
ll.l 0.6 5"9
ll.7 ?.2 7"0
6.7 0.0 3.4
5. e -6.7 -0. Ér

2:A -6.1 -I"7-3. 9 -6. I -5. 0
-4.4 -7.? -5.8

=1:', -îÍ:Ç =2:l| .7 -6. I -?.23.3 -3.3 0.0
0 . ó -l?.? -5. I-1.1 -?.? -1.7

-3.9 -8. 3 -6. I
-l.l -6.7 -3.90.0 -?.8 -1.4-5.0 -7.?- -6"1
-6.7 -15.6 -11.2
-3.9 -18.9 -11.4
-0.6 -6. I -3.4
-6. I -8.3 -7 .?
-ft. J. -7 "? -6.7-5.6 -10.0 -7"8-7"2 -I7,8 -I2.5

0.3 0.64.3 4.3

MIN

TOT AL8"9 99.4

9100

TTTT
TTTT1.8 1.80.5 0.50.5 0.5TT

MAX

0.3

D ATE

TOTAL TOTAL TOTAL3.9 15.g 19.g

7.1 21.3 ?8.4

I
2
3
4
5
()
7
I
9

l0
1l
T2
13
l4i5
16
I7
l8l9
7î)
?t
?_?.
23
24
75

"_621
2B
?.e
30

-J. J

-4.4

-6.4

-8.3

-0. 1

Ì\i0PMAL
eTINNIPEG -0"5

ME AN



L72.

l{IND- SUN-
SPEED SHINEKMIHR HR

MONTHLY METEOROLOC I CAL SU¡,IMARY r DECET'IBER 197 4

7.6
0.8
0.0
0.0
0.0
5.0
2.6
6.1
0.4'l .l
0.0
7.2
3"9
000
0,0
0.0
5.9
0.0
0.0
l.l
0.0
0.0
0.0
5.3
7.3
3.7
3.0
L.4
7.5
7.3
2.8

AVE

8.9
5.9

10.7
3.8
8.5
3.9

14.7
10.9
12.g5.2
6.6
?.1
0.2
2.5
3.4l0.l
?.5
6.?l.g
1.3
5.3

15.4ll.3
2.9
9"5
8.8

10.3
10.6
3.9
6.8
7"6

PRECIPITATION

MM CM I,IM

MEAN RA IN SNOI{ TOTAL

TTTTTT

0.3 0.3TT

0.5 0.51.5 I.5TT
0.8 0.82.3 ?.3TT0.3 0.3
3.0 3"0

T

TOTAL TOTÂL TOTAL
0.0 8.7 8.7

TEMPERATURE

c

-l.l -13.9 -7.5-5. 0 -8.9 -7. 0
-5.0 _12.9 _B.g
-3.9 -6.7 -5. 3
-2.8 -5no -3.90.0 -5.0 -?.5-15.0 -1f.,.7 -15.q-8.3 -2?.2 -15.3

I .7 -12.? -5.3
? .? -6.7 '2.3-6.7 -9.4 -8.1

-10.6 -20.6 -15.6
-6. I -20.6 -I3.4-3.3 -I3.3 -8.3-3.3 -4.4 -3.9-9.4 -ll.Ì -10.3

-10.0 -20.6 -15.3-8.3 -I7.2 -12.9-7.9 -13.9 -10.9-8.3 -11.7 -10.0
-9.4 -16.1 -12.8-7.2 -L2.8 -lo.o-7.? -8.3 -7.8-7.9 -17.8 -12.8
-6.1 -16.t -ll.l1.7 -10.ó -4.53.3 -10.ó -3.71.7 -6.1 -?.?
-6.1 -I5.0 -10.6-2.? -12.8 -7"5-4.4 -9.4 -ó.9

MIN

TO TALó"9 ,96.0

96. 0

MAX

DA TE

I
2
3
4
5
(,
7I
9

lflttl2
t3
T4
15
I rtt

17l8le
20
?t
??
?3
?4

"_526
?7
?_8
2e
3ft
3I

0.9 23 "g ?4.7

-l? "5 -8. I

-18.2 -13.7

-5"0
NORM ALiTINNIPEG -9.?

MEAN



L73,

SUN.
SHINE

HR

MONTHLY METEOROLOGICAL SUMMARY, JANUARY I975
HIND-
SPEFD
KMlHR

7"5
5.0
0.0
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.04.3
7.7
4.9
3.4
3"4
3.8
?.5
5.5
0.?
8.0
1.7
0"0
0.0
0.0
4.7
8.2
5.1
7.6
ó.9
7"4

AVE

7.9
12.1
8"8
?.5
3.0
3.2
4"8
5"6

l o.3
8"8

32.8
19. 74.4'!r:?

4.6
9.9

14.49"9
l1.I
9.1

l o.3
3"7

ll.4l0.l4.5
3.4
3.9
5.4
1"6
?"8

TEMPERATURE PRECIPITATION

MM

MEAN RAIN SNOW TOTAL

0.5 0.5
0.3 0.3
0.3 0.3TTTT
0"3 0.3
4.8 4.8t:2 t:2

cMMM

0.3 0.3
l.o I.00.5 0;5
l.o 1.0
1.0 1.0TT
2 "g 2.91.0 1.0
0.5 0,5TT3.3 3"3

13.0 I3.00.8 0.8
TT

-5.0 -19.4 -L2.2-l .7 -B rg -5. 3-7.8 -9.4 -g.6-6.7 -10.0 -8.4-7.R -10.0 -g.g-6.7 -I2.8 -9.8-4"4 -7.8 -6. I-5.6 -7.2 -6n4-2.8 -8.9 -5.9-1.7 -3.9 -2.8_Zl.l _23.9 _Z?.s
-23.3 -24.4 -?3.9-18,9 -33.9 -26.4
-15.0 -e3.9 -19.5
- 1.6 . 7 -26.1 -U 1 .4
-18.3 -38.3 -e8.3
-3.9 -7_I .I - 1e.5

-19.4 -2L. I -?0.3
-23.3 -33.9 -29.6-6. I -22.? -14.2
-18.9 -30.ó -?4.8-l I.7 -3?.2 -?2.0-4.4 -?l.I -12.8-3.9 -9.9 -6.4
-10.0 -l?.8 -11.4
- I 6. I -23.9 -20.0-I5.6 -27.8 -?1.7-lZ.? -24.4 -1 8"3
-18.9 -24.4 -?-1.7-16.7 -36.1 -26.4-15.6 -30.ó -23.1

MIN

TOTAL8"1 98"?

112.0

}.1A X

DATE

TOTAL TOÏAL
41.ó 41.6

I
?
3
4
5
6
7I
9

l0ll
L2
t3
14
1s
16
l7
t8
19
?0
?l
2?
23
24
?5
26
?7
28
?_e
30
31

-19.3 0.3 ?4"9 ?5"?

TOTAL
-16.1 lì.0-11.6 -?0.6

NORMAL
',I NN I PEG - I 3.4 -23 .?

ME Aru



L74.

SUN-
SHINE

HR

MONTHLY METEOROLOGICAL SUMMARYT FEBRUARY 1975

l{IND-
SPEED
KI.1/HR

7.9
7.9
0.0
0.0
7.7
4.7
9.1
8.6
0.0
l.l
1.8
9"0
1.0
0.0
0.0
9.3
0.5
9.2
2.1
9.3
6.3
3nB
8" 0
5.1
?.4
4.4
7.3

10.0

AVE

0.9
2.0
9.4

le.06.9
I0"lll.2
8.1
5.0
3.2
6.7
8.9
1.2
1.3I.g
8.4
?.7
2.66.2
8"3
9.6

13. 7?.4
14. I
25.4
12.6
4.lf
6.6

PRECIPiTATION

MM CM MM

MEAN RA I N SNOþJ TOTAL

2.9
T

0.3
0.5

2"8
T

0.3
0"5

1.5
2.3
2.Í)
0.5
0.3
?.8

TEMPERATURE

c

1.5
?.3
2.8
0.5

-I6"7 -34.4 -?5.6
-12.8 -?7.? -20.0
-3.9 -21.1 -12.5

-15.0 -16.I -15.6
- 16. 7 -29. 3 -22 .5-15"6 -?1.7 -18.7-20.0 -25.0 -?2.5
-25.0 -33.3 -:¿9"2
-J.7.6 -35. O -26.4
-15.0 -32.8 -7-3.9
-13.9 -2?.8 -18,4
-23"3 -30.ó -?7.0
-15. ó -37 .? -26.4
-l?.2 -I9.4 -15.9
-10.6 -I8.3 -14.5
-6.7 -23.3 - I5. 0
-3.9 -I5.6 -9.8-1.7 -27 "¿ -14.51"7 -17.8 -8.I5.6 -13.3 -3.95.0 -6.7 -0.9
-6. I -9.4 -7.9-?.?- -26.7 - 14.5

4 .4 - 12. I -4.?
-4.4 -7.8 -ó. I
-7.8 -13.9 -I0.9-9..3 -26.1 -L7.2

-11"7 -?.7.? -I9.5
TOTAL
135. 5

MIN

4,3

0.3

I39"0

2. 3 ?.3TTTT

7.4

},TA X

4.3

?.3

DATE

TOTAL TOTAL TOTAL
-115.1 0.0 ??.7 22.7

-15.{ì 0.9 19.8 20"6

2.3

I
?
3
4
5
6
7
8
9

l0
l1
t2
l3l4
I5
16
t7
1¡J
t9
20
?-T
?2
?3
?_4
25
?6
27
28

-9.6 -?2.5
NORMAL
kTINNIPEG -10.4 -21.I

l.lE AN



L75.

SUN-
SHINE

HR

MONTHLY í'IETE0ROLOGICAL SUMI,IARY' I'IARCH 1975

tl I ND-
SPEED
RVi/HR

0.0g.l
8.0
0.0
óo6
ó.ó
9.6
9.4
9.5
9.23.I8.4
9.4
9.58.9
7.4
0.0
4.?
3.3
0.8
0.0
3.98.3
6.0
9.?
0.3
0,0
0.0
5.?_

10.4g.g

RAIN SNOW TOTAL AVE

ll,54.3
1.3
6.9
4.3
3,2
8o?
?.9
4.5
2.38.5

12. 0
11.3
5.?
6.6

13.3
15. 0
7.7
8.3
9.0

I4.5
12.4
1ÉJ.9
?2.5
9.1

14.7
14.'¿
12. g
I ó.3
5"5
6.0

PRECIPITAÏION

MM CM MM

0.3

1.3 1.30.3 0.30.3 0"3

0"8

0.8

4.3

0.3

TEMPER ATURE

c

P.IEAN

-10.0 -I8.9 -14.5-11.7 -17.8 -14.8-7.? -?7.8 -17.5-6.7 -16.7 -11.7-1.7 -8.9 -5.3-4.4 -12.8 -8.6-8.3 -L4.4 -11"4
-ll.l -?8.3 -19.7
-ll.l -32.8 -2?-.0_10.0 _29.4 _19.2
-5.0 -?3.9 -14.5-11.7 -16.7 -L4.2-?,8 -25.6 -14"2t.I -I3.3 -ó.I4.+ -9.4 -?;57.8 -9.4 -0.83.q 1.1 ?.53"3 0.0 1.7?.? -7.8 '2.83.3 -10.0 -3"4l.l _3o9 _1.4
-Z. B -9.4 -6. I-5.0 -15.6 -10.3-7.9 -15.6 -11,7
-6.7 -18.3 -12.5-4.4 -17.? -10.8-?.8 -7.2 -5.0-I.7 -5.6 -3.7-13.9 -17.8 -15o9-13.9 -?6.I -¿0.0

-1 1 .7 -30, 0 -20.9

0.8

0.8

T

T
1"5

1.5
1.8

MIN

TOTAL9"4 L74.2

170.0

9.7 9.7
10.4 I0.46.9 ó.9

MAX

4.3

DA TE

1.5
0,3

TOTAL TOTAL TOTAL
6.4 32. 0 38.4

I
?
3
4
5
6
7I
9

l0
t1
L2
13
l4l5
I6
17
I8
1e
20
2t
22
7-3
'¿_4

?5
26
27
28
?c
30
3t

6.1 21. I ?7.?

-15.9 -10.2

-13.3 -g.l

-4.7
NORMAL
b,I NN I PEG -? .9

MEAN



L76.

SUN-
SHINE

HR

MoNTHLY à,lETEOROLoGICAL SUM¡4ARYt APRIL 1975

TEMPFRATURE PRECIPITATION l{IND-
C MM CM ¡,tt,t PfiiFR

I 0.5
10"8
I 0.4
7.4
4.8
1.6
2"3
7.?

I0.5ll.g9.3
12.4
11.7
3.7
0.?
0.7
0.0
0.0
0.0
7.4

l0nl4.6
8.2
4.8
9r0
0.0
0r3
ln9

11,3
0.0

AVE

5.?
3"2
3.2
9.0

20. IIó.2
18. 0
18.9
6.2
3.4l.g
2"8
3.3
2.5
0.3
?.3
6"2

11.3
15. g
3.1
8.9
8.7
4.5
7.3

10.2
15. 0
19.7
?3.2
18.2
8.9

MEAN RAIN SNOI{ TOTAL

T
5.1
ó.1
1.5
1"89.?

-7.9 -26. I -17.0
-5. 0 -27 .rs - 16.4
-3.9 -27.8 -15.9
-1.1 -19.4 -10"3?.?- -7.8 -?.82.8 -3.3 -0.36:7 -l.I ?.8
7.A -2.8 2.5
8. 3 -3.9 2.?9.3 -g .4 0.5g.L -9.4 0.0

10.0 -4.4 ?..f!
L2.? -5.6 3.3
lI.1 0.0 5.66.7 I .7 4.2
9.3 1.7 5.0
5.ó ?..2 3.9
3.3 0.0 1.7

-0.6 -3.3 -2.05.0 -?.2 1.4
ll.Ì -?.? 4.5
14.4 -0.6 ó.9
14.4 -1,1 6.7
12.8 -1.1 5.9
I5,0 3.9 9.5
ti.3 3.3 5.å

11.1 3.9 7.5
15.0 6"7 I0.9
Il.7 2.2 7.04.4 -0.6 1.9

0.8

MIN

TOT AL
9 "? 17?.9

209" 0

T
5.1
6.1
1.5
1"84.6 4"6

3.3
0.5
0.5 0.3 0 ,82"0 0.3 2.3

MAX

DATE

0.8

TOTAL TOTAL TOTAL
26.2 5.2 3l . 4

25 "4 I I .9 37.3

I
2
3
4
5
ó
7I
I

l0
t1
t?
T3
L4
t5
l6
T7
T8
19
20
?T
2?
?3
?4
25
?6
27
28
29
30

1.2

3.4

-4.5

-109

6.9
NORMALWINNIPEG 8.6

MEAN



L77 .

SUN.
SHINE

HR

MONTHLY METEOROLOGICAL SUMMARYT MAY 1975
TEMPERATURE PRECIPITATION hIIND-

SPEEDC MM CÞ{ Mþt KtllHR

0.0
?"34.4
?.O

l?.0
13.5
12. I
12. 0
I 2.3
9.2

14.?
12.56.2
rf:3ó.9
5.2

12. I
10.3
0.3
6.9
7.3
0.4l1.rg.g

13.14.7
10.1
7.3
2.2
7.8

SNOId TOTAL AVE

6.4
6.4
3.5
5.2

l0.g
15.5
14.8
5"3
3.8
T:8
7.1
7.6

t3:B
l?.4
9.3
8.7g" Ill.+

ll.96.3
10.2
10.7
9.3

10.75.4
3.8
9.9
8.97.r

1.5 T 1.52.5 2.50.5 0.5

13.5 13.5
oo5 0.5
1"8 l.g4.8 4.92.5 2.5TT0.5 0.5
TT2.8 2.8?7.2 27.2

0.5 0.56"4 6.40.5 0.50.3 0.33.6 3.60.8 0"8
TOTAL TOTAL TOTAL70.2 0.0 70.?

MEAN RAIN

2"5
5.6
6.4
5.8
7.3

12. 0
13.7
12.3
I2.5
12"88.6
9.?

16.9
6.4g.?

15. 0
13.4
15. 0
17.5
I 3.4
7.5

10.0
15.9
17.8
17.2
12.?l?.5ll.1
8.6
8.ó
9.5

ll.u

MAX MIN

5.0 0.09.4 1.7ll.l 1.713.3 -l "715.6 -1.120.0 3.920.6 6o7
?1 .7 ?.8?3.9 l.I23.3 2.214.4 ?.8
?L .7 -3. 3?4.4 9.4
å8:8 -1: ?24.4 5.6
1g .9 7.82?.? 7.8?4.4 10. ó15.ó Il.l10.ó 4.4
Iö.7 3.32l.I 10.6?3.3 L?.?20.0 14.+16.1 9.318,9 6.120.0 2.?13.9 3.312.? 5.015,6 3"3

TOT AL8.5 244 07

246"0

DATE

T

?
3
4
5
ó
7I
9

10
11
T2l3
l4ls
l6
t7
l8le
?0
2l
2?
?3
24
?5
26
¿7
¿B
29
30
31

lo.6 5+.6 ?.5 57.1

4.6

4.I

17 .7
NORVAL
WINNIPEG I7. I

ME AN



L78.

!T I ND- SUN.
SPEED SHINE
KM/HR HR

7.4 7.16.9 7.3I0.l 9.39.1 0"1
2l .7 0.98.3 ?.02.4 Ll.64.8 4.96.3 0.05.4 0.3?.5 5. 04.4 13.09.0 6.36.8 7 .63.3 I? "73.7 13.95"? I5.l2.4 I1.6lI.8 4.6I5.0 9.46.7 9.4
ll.5 0.05.5 14.05n9 lI.3I5.6 14.216.0 9.7
10.0 -15.412.8 5.55.4 T .65.6 6.7

MONTHLY METEOROL0GICAL SUMMARYT JUNF L975

AVE

PRECIPITATION

MM

MFAN RATN SNOId TOTAL

T

14.2
0.8
0.3
0.3

12.4
33.5

CMMM

T

14 "?0.8
0.3
0.3

12.4
33.5

TEI.4PER ATURE

c

16.7 l.l g.g
19.¿ 2.8 ll.115.6 7.9 ]1.716.l ó.1 1l.l10.6 8.3 9.513.3 6.1 9"720.0 0.0 10.0??.2 8.:t 15.316.l 10.6 13.417.?_ Il.l L4.2?0.0 7 .g 13. g?4.4 8.3 16.420.0 L2.? 16. IL7.? 5.6 ll.4I9.4 ?.9 I l. I2l.I 4.4 12.821.1 6.7 13"9?3.9 5.ó l4"g24.4 ll.1 17.8
?B .9 15,6 ?-2.3
26.7 1ó. I 21.4L7.? 15.6 16.425.Q L2.? lg.6?8.9 l1.l ?0.030.0 17.8 23.928.3 ?0.6 24.5?7.Ft I?.8 20.3
?7 .? 16 .7 22.0
27 "2 16.7 22.0?6.7 17 .2 ?_?-.0

3.0
25.4
15.0
73.4

MIN

TOT ALg.o 234.3

259. 0

1.. 0

4.3

MAX

?nA
6.9

DATE

3.0
25.4
15. 0
73 .4

TOTAL
192.5

1.0
4.3

t
2
3
4
5
(r

7I
9

IO
1t
t?
t3
It+
1sl6
t7
t8
t9
?()
7_1

2s
2tL
25
?-6
7-7
7g
29
30

80.3

TOTAL TOTAL
15.9 192.5 0.0

?.0
ó"9

0.016,5 80.3

r0.0

10.3

21.ß

22.7
N0Rr'tAL
Þ,INNIPFG

MEAN



r79.

IrJ I ND- SUN-
SPEED SHINEKMIIìR HR

MONTHLY METEOROLOGICAL SUMMARYT JULY 1975

ll.l
14.5l3. g
15, 0
13. 0II.6
1Io8
6.4

l4.l
13.9l4.l4.3
8.4

13.4
13. 9
6.3
8.3
8'4
9.3
4"2

14.4
?.2
ó.0

ll.7
13.4
11.5
14.5
10.0
11.4
l3. g
4.9

TOT AL
328.7

AVE

2,1
4.3
3.1
1"4
7.5
5.4

10.3
13. 7
I 3.5tl:å
5.1
?.4
t:8
4.2
5.?
7.3

L2.9
6.7
9'7
I"6
8.8
9n?
9.9

17.4
8.8

10"25.2
13.68.4

7.6

TEI'IPERATURE PRECTPITATION

Ml'1

SNOþ/ TOT AL

CM

0.3

MM

MEAN RAÏN

1.0

0.5 0.5I"8 1.91.8 1.82.0 2n0ó.1 6.13.0 3.0
0.5 0.5¿ì.9 g.g
0.8 0.9

3.3 3,3
TOTAL TOTAL TOTAL30.0 0"0 30.0

20.0
?0.9
?0.6
22.0
?2.8
??.2
20.3
15. 6
13.4
14.8I4.5
18.4
21.9
25.3
25.6
?6.1
¿5.3
20.9
18. o
15. g
?0.6
16.4
19.5
I8. 3
2l.L
?1.7
20.6
23. g
¿6. I
?8.6
?6.4

20.9

0"3

MIN

?1 .?- l2.u27.9 13.9
2u .9 l?.?30.6 13.3
29 .4 16. I?7.2 L7.2?6.7 l3. g
20.0 I I " IL7.g g.g
?0.6 g. g
I8.9 10.027.8 g.g
?9.4 14.4
31.7 18.93?.8 l g.3
33 

" 
9 18.330.0 20.6

25. ó 16. I22.? 15. 02l.l 10.ó
?5 "6 I5.6
?2 "? 10. ó2?.8 I ó. I23.3 13.3
28 . 3 I4.425.6 17.8?6.7 14.432.4 15.033.3 I8.9
35. 0 22.?29.¿' 23.3

1.0

311.0

MAX

DATE

I
?
3
4
5
6
7
8
I

l0
1t
T?
I3
l4l5
16
l7
l8
T9
20
?t
27
23
?4
?5
?^
27
2,1
2e
30
3t

19.7 80.3 0.0 80.3

l4, g

13.5

26.9
NORM AL
w INN I PE6 25.9

ME AN
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SUN-
SHINE

HR

t e75

hJ T ND-
SPEED
KMlHR

6.1 0.610.0 4 "gg. g 3.64.9 9.5
4 .7 13,413"l 13.88.9 3.9

15.3 9.0
I0.3 10.87.9 12.0?.7 ll.810.3 9"5
ll.9 12.?2.9 1n65.0 l2.I15.0 10.110.7 g. g
?.? 7.04.4 6.37.9 ?.96.? 0.49,9 5. 09.4 6.99.1 6.7

l4.g 4.28oB 2.36.7 2"?12"3 8.9
13. I 4.2
l2.I 9.3
6.5 4 "7

MONTHLY METE0ROLOGICAL SUI'IMARYT AUGUST

MEAN RA I N SNObI TOTAL AVE

PRECIPITATION

MM CM MM

4.8
1.3

T
25.4
1.0
2.5
8.4
0.9
0"5
3.3
0.3
Ì.3
1.5

TEMPERATURE

c

4.8
1.3

T
?-5.4

1.0
2.5
8.4
0.8
0.5
3.3
0.3
1.3
1.5

24.4 20.6 22.520.0 13.3 16.723.9 8.9 lft.4
20. 0 8.3 14.222.? 6. I 14.??5"0 8.9 17.02b.I lR.9 ?2-.5?2.L 17.2 19.7?2.9 11.1 17.023.3 l2.g l8.I?4.1 I?.8 18.É)??.8 I3.9 18.4?2.8 12.? 17.5
16. 1 I 3.9 15. 0?1.1 2.9 12.01ó.7 1.? 12.0
16.7 8.3 12"518.3 I.7 10.019.4 3n9 ll.718.9 8"9 13.9
L7 .? L?_.? 14.7?0.6 5.6 l3.I29.3 15. 0 21.726.7 16, 1 ?I.4
l-l .B l1.l 14.515.á 9.4 12.5lô.L 6. I 10.323.9 10.6 17.3
Ia.4 I3.:l 16.424.4 15.0 lg.723"9 16.1 20.0

I7. 0
0.3

el .6
1.0
5.6
?"0

T

MIN

TOT AL8.7 2L8.7

?76 "0

þAX

DATE

I7. 0
0.3

2l.ft
I.0
5.ó
2"0

T

TOTAL
1 I0.3

I
2
3
4
5
6
7I
9

10
1r
t2
13
7tLl5
t6
l7
18le
20
2l
2?
23
74
25
26
?.7
28
?a
30
31

73.7 000 73.7

TOTAL TOTAL
110.3 0.016.2

18. ó

11.0

12"2

MEaru 21.3
NORMAL
WI\JNIPEG 25.0
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SUN.
SHINE

HR

MONTHLY METEOROLOGICAL SUMMARYg SEPTEMTiFR I975
PRECIPITATION hIIND.

SPEEDMM CM MM KMIHR

6.9
4n0
5.3
7.4
0.9
0.0
4.7

10.5
t).4
0"0
2"20.I
7.6

I 0.09.2
I 0.0g.g
0.0
0.4
0.ó
3"È
2.99,6
9"6
9.4
9.?â.7
1.0
l"l4.4

MEAN RA I N SNOh' TOTAL AVE

I1n8ll.4
12. I8.0
6"2
7.6
8"7
6'7
9.4

lI.2
11.4
9.8
6"7
9.5
7.6
8"6

I8.9
T?.?9.6
T4.I
9"2g.l
7.2
8nZ

L?.6
l.0.94.2
3.0
7.8

17"0

4.6
T

6.1
27.?

0.3
8:å
0.3

4'6
T6'l

?-7.2

0.3
!.Ê5.J
0,3

T
1.0
8.6
?.5
0.5
0.3

1.5
1.0

TOTAL
ó0.0

TEMPERATURE

c

l5.fì ll.7 13.716.1 2.9 9.5
16.7 gn3 L2.520.0 6.7 1,3.414.4 7.9 ll.l11.7 4.4 g.l
14.+ 8.9 ll.716.7 0.0 gn4
20.0 8.3 14.2l5.o 9.3 ll.77.Â 3.:J 5.67.?- 1.1 4.?
ll.l -5"0 3.I26.1 3. 9 15. 0I2"? ó.1 9.217.8 ¿.2 10"02?.? ll.7 17.017.2 L?.2 14.713.3 5.6 9.56.1 5.0 5.6
!4.4 0.6 7 "5I7.e 5.0 ll.413.9 3.9 g. g
l8n9 -0.6 9.?
?_?.?_ ó.1 I4.?
22 .t4 6. I 14.5?2.8 5.1, 14.0l5.ft 7.ö lI.416.1 1.4 lo.3l.fj L.7 4.9

T
1.0
8.6
?.5
0,5
0.3

0.3
T

MAX MIN

TOTAL
9 .6 155. 7

183. 0

DA TE

1.5
1.0

TOTAL TOTAL
0.3 ó0.3

0.3 52"9

I
?-

3
4
5
6
7
I
9

lo
11
t2
13
l4l5
T6
l7
l8
L9
20
?L
2?
?.i
?4
25
26
?7
?c
79
30

L?.5 5?.6

10"45.I

5.6

15.8
NORM AL
t.INNIPEG 18.4

I.,1E A N
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Program Docu¡rentatlon for So11 Water a¡rd

Temperature Sfnulatloo ModeL

APPENDIX C



CC HFÀT À',¡Q '¿ÂIE;¡ Ï¡{ANSFER 
'.IODELcoHHoN/EvÀPDY/r¡Nt)( l55t rTtlÂf I l55l tTr.{lN ( 155} ri¡d( l55l rRNt{l ¡551 t

lpLÀrF I l65t TSTJNS I l55l ¡DÂYL | 155¡ THSIOP I l55l ¡Nt)ÁY t l55t ¡HS00 | t55) r
ITRÀNSTFOOTTI t IOI ¡ID€I¡SCDAILYT I IOI IJI
co¡rt oN/F tELt¡c/uFLUf II0l rSIN|(( I0I r'ÞPt I3?201 rÍIrlrSIf{t(TrÂCC0R
COr¡ri0N/SrJ;laLL/PrP(lol.FC(lOl¡T¡tICKNll0)rIÍTOfrlÊlN5t'ltl0lrl{rXJtl0lr

lxrN tt0l rLA¡Pll0l rPEf rPErA€rÂf
COh¡oN/BAStC/rut¡0f tñOll0¡.tMlNtl0lrÁSlO2(l0lrxOFG{l0lrXSOLl

I I 0t oCOnO I ln! TCONST I t 0t
CO¡xOI¡/V¡PIVFLUX t I ôl I IC I I 0¡ ¡oFLZ I I 0 I
COHIION/PE ¡à¡/¡CCPEf ¡ ÀCCPE T ACCPT I ACCAET T ACCÀF T ÂCCA T

coHr.oà¡/PRtN0/ovFLÚx ( lo) iltlFLux ( l0l .DELI.DNÀrrl¡ I l0¡ rzocoN0 ( l0l ¡zDCoN
lv lI0l rTOvAP I l0t TZOVLTJ I l0t rtrPV ( l0¡ rDOv I l0t rOSI¡lt( I l0l rlCSlNK f l0l r tC'
lAfRtlot rtCVAPRtl0l raCtJÞV(lol rÀCOoVll0t rOCO¡,Í)ll0) rl)C0Nvll0l rOYAP(10
tr

INTEGFx tPpT l24l r Tr¡T0T r I I¡.r IDO ( I 551 rf¡FLT
REAL U f l0! cT I l0l ¡TCN I l0l .LHFÂlirlvFLUt I ¡ lll .r¡CONI) ( I 0l
eEAL C t t 0t oZ I I 0t rrSôf I lol oORG t I 0l rSl02 t l0l ¡NCOI¡f ( I ol
f.EtL ONCOrtn t I 0l rùNC(INV I I 0 t rf)ñVAp ( I 0 | rDr¿VFLll ( I 0 ¡ rCO ( I 0 I
ÀCCUÍ3 0. 0
ACCDR to. 0
PEf¡0. O

PF ¡0.0
IRANs¡O.0
48.0. 0
Algo.0
ÂCCPEl¡0 c o
ICCÞF'O.0
ICCPT!o 

" 
0

^CC 
Â€ T¡0. 0

lcc^€'0.0
ACCATs0. 0

C READ NUHIIFR OF NOOES ÂNô D€LIÂ IIHF.
READ (5.80¡¡ xoOELT
rRITE (ôt801I ll¡0ELÏ

B0l FORHATlltol?rlXrI3l
JT¡3ó 00 /UEL I
FE^O l5iålll ITH¡CfNlll¡I¡lrel
rRITE(6r6ll) lTtt¡Crr'¡(Il¡lrl¡el

Alt FORHAT l9llrrF6¡ll I
REAO l5r8l0l lR00TnlIf rlrlr9lrTI)ENS
.RITE(6oBl0l (ROOÌOlll rl¡l¡91 TfDENS

â10 FORT,IAT t5Xrl0(llrFó¡21I
DO I Jrl ¡9
READ l5r80f¡l Z (Jl r8D (Jl ¡eSAf lJl rPLP tJl rOlìßlJl rSI02 lJl TCONST lJl ¡FC I

lJl
{R ITF (lrrß00 I 2 ( Jl rRO ( Jl r.SAf I Jl rPlP I Jl rOtìO I Jl tS JO? lJl TCONSI I J) rFC I

tJt
8O0 FORMAI ll?XtÍ5.lrlXrF{.?¡IXrF5.3r5llIrFf¡¡{ll
C CALCULATE VOLUI{E FRÀCIIOT{S.

Pre tJl rBD tJl rPrP lJl
PlJl!80 lJlóiSATl.rl
Fc lJl.f'ìO lJ) ÉFC lJl
PAT JO' t O¡ìtì t Jl / l. 3l / I I l. 0-ORC l.ll I l?..¡51
xSOL lJ¡ ¡ I 1.0-P I Jl t -xOtlG lJ)
XoRG lJl ¡ t,trTIo/ I l.0rRATlOl ¡ r ¡ 1.0-P lJl I
xsto? lJt sslo? lJl rtsol (Jl
Ir.tN tJr ÊxSoL lJt -¡SIOZ lJl

DAILYT IJI ÊO.N
DHFLUIIJI-0.0
DVFLII{lJlrO.0
uPv I Jl -0.0

. DovtJt_0¡0
ZDCñND I J, s0. 0
z0coNv lJ¡ ¿0.0
ZOVAP lJl r0.0

. ZDVLlrlJlã0.0
DNAOO(Jt Ê0.0
DSINX (Jl -0.0
acsIN|< (Jl ¡tì.o

^Crlff¡ 
lJl ¡0.0

ACVÀ9RlJl¡oo0
acrlPv (J1.0.0
acoovlJl'0.0
ocoNr¡ÍJ)so.ll
DCONVlJl.0.0
nvAptJl!0.0

I CONT ¡ NIJE
C PEAO FISCHIR ÀNl) POf{fFÈ PRECIpI fÂTll}l{ f)ÂTÀ.

L¡o
tl READ (5rtì04l lt¡PrlIPPf(JrlJ=1.241

þRITF lór500¡ tDPr (lPPllI¡ rI=l ¡2¡l
804 FOrìMAT ( I2r5Xr?ôl I Iq00 FOF|¡ôf lr0rr2IcI3r2¿lllrl4ll

lF(I0P.Eu.cal GoTo e
OO l0 I¡l r24
PPT (L r I I r ( IPPT ( I ) / I 0. 0 I Þ ( 2. 5¡r n,/ 3fr00. rr I

I O CONTINUE
L¡Lr ?+
GOTo I I

C REAO INTÏIÂL gAfER CONTENT PIIOFILF.
q REA[, l5rßr)51 IDt¡rlU(IlrI¡lrBl
805 FOR¡|ÀT (l?rllXrt¡(4XrF{olll

rRIfE (6r50ll lDrrlb¡¡¡¡l:lrel
501 FORT,IAT (.orr2IrI3r9(+XrF6¡?ll

DO 13 J¡lrö
Ull0-Jl=rl9-Jl

ti coNlINltE
llal.lHl3lrHl5l¡/2.0
URIfE (ór6Ál¡ IDUt lrlll rI¡lrlo)

tlól FoftMAT (2Xrllrl0({XrF6¡?l I
C ÊEAD 1H€ DAILV DAÏA.

L¡I
l5 REA0 (5r80ól I0DlLl rTtcAXlLl ¡l¡I{(Ll rSUNS(L) ¡rlNl)lL¡ rnÂVL(Ll rxSfopl

lLt rRNtl{L, rPLÂfElLl rN0AY(Ll rRso0(Ll rRH(t I
A0{5 FORT.IAT lI?r4Xr?FlolrF3.lrF4.?¡tX¡F3.1¡F5.1¡FÁr5rF5.?rI3r3X rF+.lr

lF4.l)
RSoo lLl.RSIOP lLl r l0.e5l.0r6lrrr ¡59¡5,L1 /DAYL lLl t ¡
A¡¡0,5018?-0. 0020752rNfìAV lt. ¡ r0. 000004ð3r lNr)aY lL ) rNDay tL I I
Bl !0. 3552ó.0. 00325l8INDAY lL I -0. 00000796r (NñaY (L ¡ rNnaY lL I I
RSURDCBR500 (Ll. ( A I rß¡ I I SUNS lLl /OÂYL (L I I ¡
RSURDC-R SUPDC/ I I +0. 0
RLNLIr0.00fr3?r I1.0.ô.0r lsuNs (t I /nay¡ ¡¡ ¡ t ¡ I ( ¡ o0.0- ( ( Tr.rax (L t.TMIN lL ¡

lt /?.o, I
IF(¡OOrLl.EO.99l GOT0 lf
LùL.l

F
@
(})



GOTO lc
lô Il¡H-¡

DO ¡A I¡lolt
oELZtIt:ZtIalt-Zt!t

ló coNr¡NUE
LAt0
L'l

c llrlT¡ÂL lEr'rpErtÂtrrRE pRoFlLF.
REAO l5e807l IoÌrrlHrlvrflr,trlllltrlrlrrl

807 FORr.lÀT t¿I2ol7Xr9ll¡rFa..lt¡
{elTF t¡(¡503t. JfiTTrJ¡¡IyrTltr tTllt ¡t¡lr¡il503 ForìtrÂT tr0rrixr¡ltrctZX.F6:?l; "- -'
sfoPFl¡Ttlt
STORFPsl ¡s¡
LÀ¡tA+l
¡F lLÀ.NFot 

' 
cofo ¡?

'flo l8 J¡lrr.t
TC lJt ¡T tJl
Xi tJ¡. lr (Jt /t oO. 0¡.Rf) lJ,

I fl coNf lr.¡uE
CÄLL'DAILY 

'LTL{sLA-21.
l?,ìEAo lqrd0Tt lDTlrI¡rIVrftxrtrlI)rI!lrill

IF I IDtT,FO.get StoP
IFITI¡l.EO.ol L¡Lol
JF ITIq.FO.O¡ CALL DAJLY (LT

C LOOP THPU THE HOUQ A},¡f) DEÞTH:
Dfl l9 I¡loJT
Tr.rTO ¡s ¡x16y. ¡¡¡ ¡
CÂLL VAPOR
CALL D¡FF
CALL TATER.
ACCUI't¡ÂCCt,HoSINKT
NVFLUX I l t !!¡FLUX I I t -VFLUX (?l
DO ?0 J¡Zr I I

C NET CONDUCT¡VE HEAT FLUX.
NcoNo lJl r rcoND rJr /DELZ rJ-r r t r rrc rJ-l t -rc rJt r - rcoNo rJ. t, /DELz rJr ¡. {lTCtJt-TctJ.ttt

C NEÍ CO}{V€CTTV€ HE¡T FLUX tN LIOUTO PHISEO
DNCONV tJr ¡ ( T9FLUX (Jt /DELTI r rrr-" tJ-t ¡ o2t3.Or t - r ryFLrrx (Jr t t /oELTr r t rcI (J1.273.0¡ t

c NEf CoNVECIIVF HEÂl FLUX ¡N VApoUn ÞHlsE.
fiNvÂp rJt. rvFLUx rJr r r (0.45rrrc(J-r r.2?3.0t t r5et.0, t -rvFLUrtJ.r r Õ t (10.45r (IC I Jt +?73.0t t.59?.Ot lC VOLt'HETRIC HEÂT CrCAç¡7Y.
COIJ, ¡0.46rXSOL (Jl.O.6rXORG(Jr.rr (Jt
C lJl r0.a6lxSOL (Jr.0.órXOpß ( JT.XHN (J,E HFAT BALÂNCE FOUAIION.
fcNrJtsr(flFLl/rHtcxÀ¡rJt¡!(NcoNor.ir+oNcoNv(Jt+DNVAP(Jrto(corJr.îcrJ

lrt,/ctJ,
C AOO COMPONENTS.
t0l ZDCoNDtJ¡TZDCOND(J¡rNCONÍ)lJt

zocoNv (Jl TZDCONV lJ.t i0NcoNv t.,l
ZDVÂP I JI ¡ZOVAP I J¡ .DNYTP ( JI
ONADT¡ I Jt ¡DNADD I Jt ô NCONO I Jt .fINCONV I Jl .DNVAp ( J!DVFLUX IJ' INVFLUX IJI IVFLUX IJI INELT
DCoND I J¡ ¡OCoNO tJt i tCoND t.t¡ /nE[ Z (J-l f t Õ I TC lJ-t I _TC (Jt t
DCONV tJl rt)CoNV lJt r (HFLUX lJt /oELTl rTC t.J-l ¡

ovÀp (rD EDvôp (.,ì rVFLU¡ | Jl r 10..çr ( fc I J-l ¡.?t1.ol +597.0 ¡

lF lvFLlr¡ t.J¡.GÏ.0.0t Golo 5o' 
tJÞv (.1) ¡Upv lJ¡.vFLlrx lJl rt)FLr
nôf n 2¡t

c0 nôV(J¡=DnVlJl.vFLUX(JlrrtFLl
2î CnNT I 

^¿UFfcr.¡ ( I I =TC I l' i lT I I ¡ -STOREI I /Jr
TCì{ lMl sTC lcl. lT lvl -STORF?¡ /Jl
DO ?l J¡lrtl
TC lJt rTCl¡l.tl
ferlJtal¡r¡l.r¡
DÂ ILYT I Jt =f'lA JLYT I Jl +TCñ¡ ( J,

pl Cnr{TINUF
l9 CO!.¡Î INt'E

sfñpFtEIctll
5loFF?=TC I r,l
¡FlIDTr.EC.3nr 60rO ?l

71

900
c0l
e0e
qo3
2¿

JF(1J.,r.LE.lr.OR.T¡r¡.GF. lÁt G0fO 2?
J9ITF l6rqO0l tfrTÍ.I¡trlYrTIu
IFITF ttl.9nll lTlIl.l¡lrF,
{PITF (r,¡9tì?l lf cÀ¡( I I I I¡l rr.l
UPJTF l6.cô3t lXrNlll rI¡lrul
FORyÀT I t-r.lX.4[4t
FOecÀT ( lOr.4X. lÏHFaSt.9f TXrf c.ll I
FOqHtl lr4r.4xillcÀt rr9(fxrFSrlll
FOR{Aï lr0rr4X..Xr^¡ rrglrSxrFrtróll
ûCCUI!n. n
GOtO l?
FÑII

H
@
F.



SUqROrlflô¡F {ÂTFP
COr¡MOr!,/FlEt-r)r'l¡FLtJrllo¡rStNr((ìlrt. PPÍ(:.t7201rÏJH.SINKÌtACCoR
cndvoN/sllrìÂLt./o¡p(l0l rFC(lfìl rlx¡ç¡¡¡l0l ¡f¡Tol¡lrlaNsNtlol.¡r.xú(10) 'I rs¡\¡t lnl oLÂcÞl l0l.PElipFraFrÂf
cn{Mor,¡/vâo/vFt.rrx I In } c Tc I I 0t .DFLZ I I0I
co".ryoÀ,¡¡lr'T,rlôrr),/rìvFLrrxIlotiDqFLUr(l0lrDF-LfrDNÀDntl0trloc(tNr)|l0trzoco¡{

IVII4Ir/r¡VÁo(I0'.Ul)VLt'(IOIrUpV|¡0t.DOV(I0I.OStf,¡KIIlrl;aCSINKII0lraCr
¡ÂTP(10).ÂcvÂpPtlolrÂctJpvll0l¡¡cDov(l0lr0c0rlltlor.rfìcoNl, ll0lrfìVaPtl0
It

INTFÊE¡i T'¡TOTr I IqTIIFL I
nO I J=l r{
IFLU¡ lJl ¡0.0
SIrIX(Jl=0.0
CôòrfINl,F
r)O ll J=2ort
lFlvFLilxlJl.F(Joor0l Gf)Io ll
lFtvFLilr lJl.6l.o.rtl GoTo l2

vÂÞoUe FLrrx fs ¡,EG^TlvFrI.F. ltDrÂRO
Xy ( J-l I r | | f HICKN I J-l I öxt t.J-l ) I . f vFLUx ( Jl óDFLTt I /TFTICK^¡ (.t-l I
GOfô I I

vÂeoua FLrrx lç eosITlvFi JoE. DouN¡ÀfrD.
xll (Jl ã ( lI H¡CKN (Jl ol¡ lJl l. lVFLltx l.r¡ IOELIl, /T{ICKN (Jt
r.Oì11Nttt
StNKI=l'.tl
PAtN =r¡F[TcPPf (LÂ.f¡H-l I
lF ( tIM.t.t.!.oe.TJq.riT.2t¡¡ Got0 ?

eÂLClrLÂTE ROOr UPfÁl(E ôNr) EVÂPORÂllON nll'IINO DAYLIGHI HotleS.
Trronu= ¡ 1v¡¡1-12400.o ¡ /'l?rô0.î-2. f 5
fìo ô .l=lr¡
ÂvH20! | xh (.ll -P¡p ( J¡ ) / (FC ( J) -PUP lJl I
lF ( ÂvH2n.GT.o.7cl, avH2t¡=0.7c1
IF(ôVH?O.Lf.n.4l AVH20:0.0
RTEMp=FIP (- ( (TC lJl -?0.01 Ð ITC(Jl -20.0t I /l 00.0¡
lF (RlFüÞ.1 Ì.0.o39IÂl RIqMP¡o.ô
s I '.JK 

( Jl =-t- Xo l -TNORSÞT¡,tORy,/2. o I r I .0/¡ro.0r lRÁNsN I Jl r t 0.l0.Fxf, ( 3. oora
I VH20l I Õ¡¿ f FFÞ
lFlJ.F(¡.¡l xFLllr(Jl=-ExPl-TdneMcTNORH/?.01.1.0/6(1.0r¡¡.¡6rFXP(ir0O

I ravH2f}l I úpF
lF (J.EiJ. I t AF=ÂF+fFl_lrx lJl
S I ô¡KTrS I t!Kf oS I ¡rK ( Jl
AT=41+SIÄlK(Jl
r)SIr¡K (.rl =r)s ¡',¡( (J¡ .SIr{( lJ,
c0Nl l ÀJUF

J=t
lF (eÂ INôlìlô fì.1,1 AEaÂE-rFLUx I I I
IF (eÂ JN.6f .o.ol rFLllX (l ¡-llalN
Xdt{ l.t, = ( (lHICKi't (Jl út¡ (Jt I ot¿FLl,X l.ll.5lñK IJD ¡ /THICKN (Jl
IF(Xt",llJt.t f .FCtJl I rioTt) 3
r¡FL lrl I.J o I I s I X r tl ( ,l l -tiC l.t l I .THI CKÀl ( J l
IsN lJt =FC Ll¡
JsJ.l
lFa.l.l:lJ.r{l ô¡lIo .i

' lrolo fr

JPLUs | -Jr I
fìO ? l¡JÞLt,St oM
XU"r I I I ¡ I ( THJCKNI I I rXr I Í I ¡.SINr I I I I /lHlCl(Nl ¡ ¡
Co^¿T t N(tF

ÂPPLY FC þOT}EL B€TTFEN FC ÂND SÂTNc AFTI¡ PLAÀ¡I I,PIAI(E.

î
l2
ll

ô
7

2i
\= ¡1

IF(rdNf¡'t.Gf.P(Nl I GoTo 2l
IF (Xd\,(r{-l I .rìl.FClN-l I I t}OlO 

"?r¡=N- l
IF(tt.Frl.ll (ìr¡fO ?l
cOTrl ¿4
rFl-rlX (ñl Erl.lr
GOTn 2ô
rFLIIX (Nl 3 ( X*i,¡ tN-l t -FC (N-¡ I t rYÉICKòr t¡{-l I
xwN(r,J-ll:F11"¡-ll
X 

'.¡N 
( lú | = I fH I CXN I \ ¡ r XsN ( N I . {FLUr I N I I / TH I CK N I N ¡

IFtxLt.l(Nt.Gt.P(Nt I Gofo 25
GOTO ?ô
ÞFLUI= lP | ¡Jl -XtrN (Nl t rT{ICKr.¡ | ^¡,Iu^l lNl=P(il¡
{FLUr (À¡¡ -PFLrlI lNt +CFLUt
IF luFLlrl (t¡l .LT.0.nl rFl-Ut lNl c¡ì.0
xdrt (N-l t r ( (THIcKÀl tÑ-l t rxrNlâ'l-ì , ¡ -LFLt¡l I /THIcKr\¡ tN-l ¡

GOTn 24
IrÀ, (.rr 3 I I fHlr'K¡¡ t.r¡ txr (.tl t.uFLrlx (.tl .s I.rF lJt I /T'tICXt ¡.¡¡
lr(x.il(Jt.ÈT.p(Jl ) coTl) r
colo 2 t
i¿FLlrx= lÞ (.,1-x 4N (Jt I Õ I HI cr¡'¡ lJ,
{-ÀilJl=ptJl
bFLltI ( J I êwFLllX ( Jl .riFLrlX
lF (LFLLTI (.rl.Ll.0.r)¡ PFLUr fJl =n.0
X{¡¡ ( J- I t - I I ttst¡ Cl(N I J-¡ I éXr4 ( J-| ¡, -kFLUi t /TH¡CXÀr ( J-| ¡

J=J-l
IF(J.¡JË.ll GOÏ0 x
lÉtfuN(J¡.Gl.Pt.J)l rìofrì l0
6OTn 2.ì
îeÂI^r= t r'¡ñ (,1-D lJl ¡ Èf ilC({1.1,
t¡Àr(Jt=e(.ll
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2l

77

7
c

q

c

¡rt

{atlF lhr/'nfll lìaâIÀ1.Ácct}e
Á0n Fôq,rtf (lrrr.ôÃrrqrllL lS ill9cP SÂfrJP¡IFf)...Át.lçU\rtFF

I âCcltútlt.âTFll qUNnfË ..F3.¿l
2l nrt 2é J=).4

D{FL r,X (Jl =lrtFLltX ( Jl odÉLllX (.ll
a1 C.lNfl^tl!F

ÉrFlllQrl
FNft

l.Ft...htrI

H
oo
('¡t



SIjIìROUTINE I)A¡LY ILI
coHrlo¡./ÊvÀÞoY/rINfltlSSlrrHAxllSSlrThlô¡ll55lrßlHll5Slrr¡Ni.l¡551.

IPLAIF I t55¡ TSUNS ( 155¡ rOÂYL t l55l rllSTOP ( lSqt rñOÀV t 15ål rRS00 | l55l ¡
llaANSrH00llr ( l0l ¡IoãNS¡tl¡lLVf I I 0l rJf
col¡ll0r't/sunaLL/P¡P (l0l rFC t l0l rIxlcl(Nl l0l rIrIoTrfilA¡sNl l0l rfirxtrl l0l r

IXHNI l0l rLArP I l4l ePFl¡P€rÂEr At
COL)40r{/pfr ¡ r¡lACCPEI ¡ ACCPF r ACGPT r ICCAËl r ¡CCrEr ACCAf
C0r.llroN/Pll¡tf¡/DVFLUI I l0l rlìtdFlUX I l0l ¡OELTr0t¡¡Or¡t l0l r20CONDl l0l TZDCO{

lV I l0l TTOVAP I l0l rZl)vLUl l0l rllPV I l0l rIìOv I l0l ¡OSINT ll0l TACqINK I l0l r rCr
I AfF t to¡ iaCvaPH | ¡ 0l raCuPv I l0l.r ÂCooY t l0t ¡DCoruO r l0l roCot{vl l0¡ 'ov^P 

( l0
tt
INTEcFÉi f{I0Tgl¡ELI
fIEÂL Lh
LA¡L¡r?à
l|.rIOI¡o
AF: T. AE. AT
 CCPE T¡ACCPETTPE T
ACCPE'I ACCÈE IPF
ACCPT¡ACCPT rlRAr¡S
ACCAET.ACCAEïrÀE f
ACCAE¡ACC ÂF ' ÀE
ACCAT.ÂCCat a A I
DO 3 J¡l ¡r
rCSl¡¿l( aJl ¡ACSl.¡x
ACbAfi lJl !ACrAltr
acva9R l¡J¡.Acvaplr
ACUPVIJI¡lCtrPvlJ
ACoOV(Jl.ÂCOovlJ

I C0NTlr{ut
¡RlfF t6r90?l PffrPErlR^NS¡¡FlrlFrAT Col

90? FoRl{¡f l.0tr{Irt pEf t¡fQ.J¡5I¡l p} .rF9¡1r5tr¡ pT .rFg.3¡
l5Xr I IET I rF9.3¡5Xr | 

^E 
!.F9.:rriX. I Af ¡ rF9¡ ìD

HRITE ltroq03l ICCPFI r ¡CCPE I ACCP f rlCCq€T¡ACC^F o ACC¡f
903 FORl4Ar (.00!ô¡rlACCpF_I rrFg.3rSfrtACCtf, rrF9.1r5¡rraCCpI r¡Feolo

l5I¡r¡çç¡¡¡ .oF9.lr5trr^CCAF, .FC.3r!ìIrl¡CCAf .rFv¡31
l,RlfE tó¡9051 {t)rFLlrttJl rJ¡2r¡f
URIIF(óre0ll lOvt'LllI lJl rJ¡?rt¡,
IRIfF lô¡.l0al lUPv lJl rJ¡2rxl
rRlÏ€ lô¡ß0ll lt)OY lJl rJ.2r¡.1
cRlÌF(ôr6051 (^CiAfHlJlrJ¡?rrl
URIfE lôrß01¡l IACVAPPI.¡¡¡¿r2¡xl
*RITF lôr¡1071 (ACllPY lJl rJc2rr¡l
URIIF lór80òl lACD0VlJ, ¡Jr2r{l

. uRlIf ló¡80t1 lACSlr.¡K¡¡¡ ¡¡rlr{l
cRIIE tô?810' locoNolJl rJr?rHl
rRIIE l6rßl I I tOCOñ¡V lJl rJr?rrl
rRIfF lór 3l ?¡ lDúAP lJl rJr2rÞl

å0{ FOR}1aT tlß¡¡ål3lrEe.2l I
90a FoRúAf 1.0.r1¡rlovlLuxtr¡ì¡rlrl¡xrFt{o5ll
C05 FORrlAl lr0rr3IrlfthFLUI.¡Btrrhl¡rrFtloill
805 FOR¡|AT .l.OteSXrtaC*^1H..ÈtI.SlaXrFit¡51 I
fl06 FOR|.Af lr0t¡3Xc.¡CVApRr¡Atr{l4trFH¡5ll
807 FoRr{Âf lroirSXrtaCuPú ¡r8.(rri(tt¡Fßo5ll
q08 FORI{Al l¡Orrlr..ACf¡r)V .¡{trrt(óIrFti¡5ll
Fn9 FORXÂT lr0.¡4Ir.ACSlr{K.r3trr9laXrFÉtjSll
,l¡O FORTAT lr0iraxrrOCONI).e¿tXrAlôI¡Få¡5ll
A¡¡ FonYÂf 1.0¡¡4XotUCONYr¡ÈXrfil4trFb¡5ll
Cl2 FORqAT lrOr¡Ò\rrOVÂp rrd{rAl+riFA.5rl

Jl ootIr,¡Í lJt
Jl oO¡FLtll lJl
JI 'DVFLU¡ I JI
.uÞvlJl
rltov lJ¡

Ah:¡0.0
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TFFÀxr t TH^x t L ¡ ¿9.0,r5.0 t . ì?. O'
TFPAN¡ t tIÈÁr tLl -f {Jrr lLl t c9.0/q.01
r,..rNo,/ l.ól
co¡¡sf2G-74.óR.0.åttlIFsA^rO.3..lFiAN.O.00l6herrsTÙP lLl rô¡ | lËrJHr2a.
pET' (CoNqT2i0.Oól lfFS00 lLit t0.00e4
tF(PqI.l I.0.01 e€Tr0.0001
T8 ANS ! 0.9rPF f
PE ÉPE I - Ik ANs
ÂDn.0 . o
fl0 I lalrq
f oÄNSr'l I I ) : I t O0TD ( I t,/Tl)FNS ¡. IkÂN5cTH I C(N I ¡ I
A0IlrAOlrif r{¡Nçrrl t I
DaILYT t I I snA¡LYl ( f I /lJIrzôl
corT J Nrtt
OUMHYU AI,N./TR ÂNS
¡RIIF tôrcnll ltìAlLYTlll¡Islr'rl
FORtqaf I r-t.{Ir I TtiE a¡¡r ¡ol7XrFq. I l//}
aro ? I¡i ru
feANSN I l t âf {ANSN | ¡ I /U{rrtFÌ
Í¡AfLyfllt¡0.0
ohFLltx t I ¡t0.¡
DvFLrrXrl¡lo.n
t,PVlIt¡0.0
l)OvlIlÊ0.o
?OCONùltl¡o¡0
?l)CONVll¡!0.0
?tlVAPlll¡0.0
Z0VLtllll'0r0
0Ntflfilll!0.0
DS¡}.¡Kl¡1t0.0
DCoNDlll¡0.0
DcoNvlIlr0.0
nVAP(l¡.0.0
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SUqROUTINE O'FF
C0MMON/8ASlC/ah(¡01 rBOll0lrIHINll0rrrsI02(l0lrxoe6tl.QlrXSOL(

I I0l rCOwO( l0l ¡CONSTIl0l
CoulrON/SUHâLt/puP I I 0 I rFC I I 0l rlHlCKN I l0 ) Tf HTOTTIRANSN t l0 t rHrII I l0t r

I XtúN ( l0l rLArp ( I 0) rp€TrpErÂErAT
TNTFGCP TMTOI
REÁL XSIO2TKtTINTKOFGTKAI,I.CON I l0l
CÂIar¡.23q
xs to?=0.2594
XqIN!0.51 30
KOFrì: I . ?915
DO I rl3 J=l rc
IFtXrlJ¡ôcF.e(J¡t GoTo 100
lF{rrtJt.GFoÞrPtJ¡ I GOTO l0l

SO¡L IS EEflEEri ¡rro A\¿0 ORY.
XÀJP=Þ(Jl-X}ltJ,
coNÂ JR=0. nAlq) ( xr t Jl /ete I Jl t-i (ca tR-0. îrì l5l
GôE0. n 13. ( xr{ ( Jl /Prp (Jl , r (cn¡¡sr lJt -0.013)
GOÍO 102.

soIL Is t¡tl¡EEN sAfuRÀTIoN ANf) Þgp.
XalR=o ¡¡¡ -¡¡ ¡¡¡
ClìtlÂJoE0.0Al5+CôI{
rìÂE0.313- lXAlR,/P lJ¡ I Õ0.29{
GOIn I rì2

soIL IS SôlUÞÀTFf)o
XÀ Iq=0.0
Coi.¡ÂI{=0.061c
GÂ=0.1?3
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C CÂLCULÂTE TH€HqÂL C()NNUCTIVIfY.
I 02 6C¡1. n-2.o.l.tÄ

XÂle=0.333o ( l?.Ol ll.0-0.q57rGÂl t + I 1.0/ I 1.0-0.957rGC1 I t
Co¡¡ lJl¡0.o0lrl{¡t(J¡r¡.62ô(51O2éXSlO2(JlrZ0.4.Kr'lft',1"X{lN(Jlrf.6

l.KoeGÕXORG lJl r0.Â.1Â IRrXa ¡orç¡À¡4¡¡, / I X. I Jl.xSI42rxSl02 ( Jl
I +Xtt¡lr¡ra¡¡ ¡Jl.KOR';oIORG (Jl eKÂI{ÖXAIFI ¡

103 coNllNuF
Do I 04 J¡2¡M
CnNO (Jl =SQI¡T ICON (J-l I |CON I Jl I

l 0¡ CnNTIt¡trE
RETURN
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