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1. INTRODUCTION 

For the product of any an alysis of environment-plant relation­

sh i ps t o have a mean i n gf ul i n t e r pr e tation , there are, in the opinion 

of t he au t hor , two impor t ant pr i nci p l e s that must form the basis of 

the ap pr oa ch employed . These are, first, that as f a r as possible the 

leaf , as the basic unit of net photosynthesis, transpiration, and 

sensible heat ex change, mus t be the f oc a l point of one's attention; 

an d s econd , tha t al l env i r onmental parameters mus t be considered i n 

terms of their r elationships wi t h one another, with t heir effec t s upon 

t he plant being expr es sed t hrough effects t hey exert up on factors t hat 

have direct mean i ng f or t he pl an t . 

The fi r s t of these pr i nci pl es i s e as i l y unde r s t ood; we ob t a i n t he 

r esults we seek for a l l of t he di f f eren t t ypes of leaves compos i ng 

the plant s we are s t udy ing and t hen compu t e a weighted average f or t he 

a ggrega t ion of leaves comp r i sing t he en t i re crop . The s e cond of t he 

pr i ncipl es i mplie s t hat we de t e r mine wha t fac tors di r e c t l y influence 

t he phenomena we are s tudyi n g , an d that we t hen cons ider a l l of t he 

many f ac t or - fac t or and f actor-pl an t r e l at ionshi ps of the dynamic pl an t ­

env i ronment system t o a r r ive a t specifica tions of thes e bas i c factors 

which wi l l t hen determi ne t he r ates of t he processes in que s tion . 

I n t he f ol l owing page s there will be deve l oped a met hod f or t he 

study of env i r onment- p l an t r elationships which is based upon t hese 

t wo princi pl es. In par t icul ar, i t wi l l be a me t ho d fo r t he ca l culat ion 
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of net crop photosynthesis, which will, as a result of the calculations 

involved, also give the rates of latent and sensible heat transfer from 

the crop. The first step of this analysis will be to determine the 

factors having direct meaning for the processes of net photosynthate 

production, transpiration, and sensible heat exchange. Then the 

mechani cs of s pecifyi n g val ues of these f actors i n light of a l l t he 

i nterrelationshi ps among t he many env i r onmen t al parameter s wil l be 

pres ented. Finally , the ca l cul a ted values of these f actors will be 

used to deter mi ne t he r a tes of the pr ocesse s in que s tion , namely, net 

phot osynthe s i s , t r ans p i rat i on , and s ens ib le heat exchan ge . 
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2 . THE HIERARCHY OF ENVIRONMENTAL PARAMETERS 

It is the conclusion of mere ar mchai r r eflec t ion t ha t not a l l 

environmental paramete rs bear equivalen t re l a tionships to t he i n ternal 

affairs of a plant. Take , f or i nstance, the parameter of wind s peed, 

a factor of ma jor importance in many pl ant pr oc e s s es , and cons i de r i t s 

effects upon one of these: photosynthes i s. It i s co mmon knowl edge 

in t he realms of t he pl an t sciences that wi nd can affect the phot o­

syn t hes i s rate through i t s inf luence upon the canopy level concen t ra­

tion of carbon dioxi de i n t he air . This is due t o the r ole wind speed 

play s in the turbulent exchange of CO2 be t ween the f ai r l y cons t ant 

concen t r a t i on of t he free a t mosphere and t he f l uct ua t i n g concen trat i on 

of the e f f ec t i ve canopy exchange sur f ace . I t is a lso be comi ng f air ly 

well known (see , f or exampl e , Ga t es , 1965 ; Idso , Bake r , and Ga t es , 

1966; Idso and Baker , 1967a ; and Idso and Baker , 1 968c ) t hat wi nd can 

i nfluence ne t ph otosyn thesis through its r ol e in sens i ble and l aten t 

hea t exchange from the plan t , whe reby l ea f temperature i s a l tered 

and r es pir a tion ei ther i ncr eas ed or de cr e as ed . It i s als o ev i den t 

that wi nd plays a r ol e i n the app arent photosynthe t ic effi ciency of 

light utili za t ion by plan t s , t hr ough i t s i nfluence on the or i en t ation 

of the canopy l eaves. 

I t is f a i r ly obvious fr om these considerations t ha t a l t hough wi nd 

can influence ne t photosynthesis in a var ie t y of way s , i t does s o i n­

di r e c t ly i n a l l i ns t ance s . In the first cas e men t ioned i t oper ates 
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through the canopy level concentration of carbon dioxide, in the 

second through the parameter leaf temperature, and in the third through 

the effects of light intensity, all of which do directly influence net 

photosynthesis. The most direct effect of wind conceivable would 

probably be the uprooting of a plant or the breaking of its stems or 

br anches; and even t h i s woul d not have a direct effect on photos yn t he s i s . 

Its only effect would be t o r emove the possibili t y of supplyi ng water 

and nutr ients t o the l e ave s from the soil. Thus, a hierarchy of en­

vi ronmen tal parame t er s begins to pre s ent itsel f t o the mind, where i n 

wi nd mus t occupy a secondar y positi on with r e sp e c t to l eaf t empe r a t ure, 

l i ght in t ensi t y, and t he car bon dioxide co ncen t r a t ion of t he canopy 

l eve l air. 

Now ther e are a few other fac tor s tha t mus t be ment ioned as hav ing 

a direc t ef f ect upon pho tosyn t hes is t oo . The s e are the l eve l of ess en­

tial nutrients in t he so i l and the moi sture r egimes of both so i l an d 

a t m?sphere . All o ther f ac t or s of t he envi r onmen t, howeve r , (excepting 

l ands lide s , fi r e , hai l , destruct ion by man and an i mals, e tc . ) are 

ei t he r secondary or te r t iar y f actors, mak i n g t heir i nf l uence fe l t t hrough 

t heir operations upon one or more of t he previ ously mentioned f ive bas ic 

f ac t or s . 

As a means of r e info r c i n g thes e i dea s and i ntrodu ci ng more of the 

secondar y an d t ert iar y fac t or s of t he env i ronmen t , f i gu r e I i s presen t ed . 

I n t he cente r of t his figur e are represent ed the pho tosynthe tic and 

r e spira t ory processes of the pl an t , and point i ng t o these proces s e s are 

arrows f r om four of t he f ive basic fac t or s which dire ctly af fe c t t hem. 
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(The fi fth f actor, l evel of essential nutrients in the s oi l , is not 

dealt with here in order to preserve the essentially climatic na t ure 

of the an alysis. ) As i s indicated by the arrows, the effects of the se 

f our factors upon net pho t os yn t hes is mus t be obtained experi ment all y; 

thus they a r e known in t he f orm of co r re l a t ions and not ma thema t i cal 

expressions. Al so , t here i s one a r row leaving the photosynthetic and 

respiratory processes and returning to the basic fac t or , CO 2 con cen ­

tration. This represents an ef fe c t of the plan t upon t h i s fa ct or. In 

parti cular, it is t he loweri ng of t he car bon di oxi de concentration of 

t he canopy l evel a i r as the pl an t utili zes CO2 in photos yn thesis . 

Focus i ng our a tten t i on now upon t hos e fact or s repres ented as 

inf l uencing the f our bas i c fac tor s of l i gh t i n t ens ity, l e a f t emperature, 

leaf water avai l ab i li t y, and CO2 con cen t r a t i on , we ar e conf r on ted wi t h 

t wo general types of pa r ameter s . Fi r s t t here is t he compone n t pr imary 

factor. Thi s i s a f actor , s uch as i ncoming dire c t short wave r adi a­

t i on , whi ch i s ac t ually a part or f r action of one of t he f our bas i c 

factors, in this i ns tance light intens ity . Othe r fac t or s of t his t ype 

r epresented i n f i gur e 1 are t he remainder of the shor t wave radiant 

ene rgy f l uxes and t he t hree componen t s of t he l eaf wate r avai labili ty 

f ac t or. 

The other type of par ame te r manif est he r e i s t he secondary f ac t or , 

which is not a componen t of one of t he bas i c fac tor s bu t wh i ch ins t ead 

plays a direct r ol e i n de t e rmi n i ng t he va l ue of one or mor e of t hem. 

The bas ic factor mo s t i nvolved i n thi s r e l at ions hip is l eaf temperatur e , 

t o which five a r row s from s econdar y f actor s conve r ge . 
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Tertiary factors, as could be surmised at this point, are those 

factors of the environment which operate upon secondary factors in an 

analogous manner to their operation upon the four basic factors. The 

letters A, B, C, and D of figure 1 represent some of this group. In 

particular, we may say 

A = latitude, slope and aspect of ground, cloud cover, dust 

and atmospheric pollutants; reflectance of ground and 

nearby objects. 

B	 cloud cover, temperature of ground and nearby objects, 

water vapor, and low level atmospheric ozone. 

C	 precipitation, height of water table, soi l moisture 

content, and thus soil physical properties such as 

structure, texture, etc. 

D = soil chemi ca l p r opertie s : clay mi ne rals, base exchange 

pr oper t ies, pH, anions , organic compounds, e tc . 

Not all env i ronmen tal parameters are eas i ly pu t i n t o one of 

the se ca tegor i es , however . For i ns t ance , i t is s een t hat relat i ve 

humidi t y i s a componen t pri mary f actor with res pec t t o leaf wa t e r 

av ai labi l i ty and a t ert i a r y f actor with r espe c t t o l e a f t empera t ur e . 

Even more comp l icated i s t he cas e of air temp e rat ure whi ch ac ts upon 

l ea f temperatur e bot h as a seconda ry f actor and as a t er t i ary f actor . 

I t can also be s een t hat the bas ic factor l eaf temperatu r e simul­

t aneo us l y ac ts as a t er t i ar y factor with r espect to t he l ea f - air vapo r 

pres s ure defi ci t . 
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Finally, it must be noted that figure 1 is not complete. For 

one thing, the effect of wind upon the photosynthetic efficiency of 

light utilization by plants is not indicated, due to the unusual 

causative mechanism involved. Another omission is that of the effect 

of soil moisture tension upon transpiration, which mayor may not be 

i mportant (I dso , 1967 ) ; and i t must be admitted that t he re are 

pr obab l y other i n t e r act ions and fact ors not conceived by anyone , 

which i n t he f ut ure may yet be di s cover ed . Howeve r, f i gure 1 doe s 

provide a good skel e t a l f ramewor k upo n whi ch t o bui ld un t i l s ome of 

the more e lusive f ac t or s and in t e rrela t ionships of t he env ironmen t 

can be be t t e r unde r s tood . 

Be fo r e l eaving t h is sec t i on we shoul d pe r haps gi ve some j us t i f i ­

cat i on f or our cho i ce of t he f our basic fac t or s used . Actual l y , 

howeve r , t he r e i s no cho i ce i nvolved . For i f one cons i de rs the 

na t ur e s of the pho t osyn the t i c and res pi r a t or y pr ocesses , he is fai r l y 

f orced t o concede the f i r s t-order effects of t hese four facto rs . Since 

ne t phot os yn t hesis i s in e ssence a phot ochemi cal reac t ion whereby car­

bon di oxide and wate r i n t he pre s ence of v i s ib l e radiation and i n 

as sociat ion wi t h chlorophy l l in green pl an t s are combi ned t o f orm 

or ganic compounds, t he r eac t i on mus t be dire c t l y gove r ned by t he s uppl y 

of r eac t an t s (C0 2 and wate r ) , t he amoun t and type of i nci den t shor t wave 

r adi ation, an d the t empe r a tur e of t he r eaction s i te . Thus , no ot he r 

f a c t or s , excep t ing t he l eve l of certai n essent i al nu t r i en t s , have a 

dire c t or pr i mar y ef f ec t upon net ph otosyn thes is . The y mus t i ns t e ad 
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exert their influence through the hierarchy of environmental parameters 

decreed by the very nature of this photochemical process. 
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3.	 PHYSI CAL PROCESSES AND PLANT PROPERTIES 

Bes ides br i ngi ng s ome order t o the r e lat i onsh i ps among various 

env i ronmen t a l par ame t e r s and t he ways by which they i nfluence net 

photosynthesis, figure 1 performs two other utilitarian functions. 

It indicates by word the actual physical processes by which some of 

these relationships are sustained, and it notes by number the places 

in the plant-environment system where properties of the plant act as 

coupling devices between the environment and the plant. The identifi ­

cation of these properties is given below: 

1 absorptance, reflectance, and transmittance of plant 

leaves to direct and diffuse solar radiation, leaf 

distribution (of inclinations) function, leaf area 

index, canopy density, plant height, and percent cover 

of ground. 

2 same as 1 . 

3	 same as 1 but plant spectral properties now have 

reference to long wave radiation. 

4	 leaf convection coefficient: thus, leaf size, leaf 

shape, leaf hairs, etc.; also, crop density (affects 

wind speed). 

5	 same as 4. 

6 = total leaf diffusion resistance to transpiration: thus, 

diffusion resistances of cuticle, stomata, substomatal 

cavity, and cell wall. 
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7 = same as 6. 

8 resistances of various plant parts (surfaces of root 

hairs, cortex, endodermis, vessels and tracheids in 

xy l em, l eaf veins) to water flow. 

9 permeability of different plant cell membranes. 

10 pl an t he i gh t. 

11 correla t i on be t ween t he f our bas ic fa c t or s and the 

phot osyn t he t i c and r e s pirat or y pr oc e s ses, 

I mpl i c i t i n t he principle of cons i de r i ng t he r e l a t i onsh i ps amon g 

t he many environmen t al parame t e r s i s t he un derstandi ng t hat , wheneve r 

pos s i bl e , t he actual physica l pr oces ses by whi ch t hese par ame ter s a re 

linked shou ld be desc r ibed anal yt i ca l ly. Th i s procedure , coup l ed wi t h 

t hos e a l r e ady s e t f or t h fo r the gene r a l an alys i s , s er ve s t o pl ac e t he 

me thod soon t o be de veloped in a pos i t i on whereby we can expect to 

der i ve r e asons f or calculat ed plant r e s ponses be i n g as t hey are, a 

bene f i t no t always r eaped from ana l ys e s bas ed s ole l y on co r relations . 

Also , plan t propert i e s become much mor e meaningfu l i n such a context , 

and a r e a l understandi ng of c l i matical l y modif ied or e lici ted b i ol ogi ca l 

act i vi t i e s may be achi eved . 
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4. SPECIFICATI ON OF THE FOUR BASI C FACTORS 

With t he pre cedi ng three secti ons serv ing to introduce the 

pr i nciples upon which the holocoeno t i c ana l ys i s of envir onmen t - plan t 

relationships is based, we will proceed now to outline in some detail 

the mechanics of specifying the four basic factors necessary to de­

termine net photosynthetic rates. 

4.1. Calculation of Light Intensity 

The chief problem in specifying the light intensities of the 

variously oriented leaves of a plant canopy lies in determining what 

fractions of the leaves receive direct sunlight at various angles of 

incidence. De Wit (1965) developed a method for calculating the 

cumul a t ive frequency of ligh t i nte r cep t i on by a plant canopy as a 

f un c t ion of angle of incidence (actual ly as a function of the s i ne of 

the an gl e of i ncidence ) . Since it i s a r e l a t i ve l y simple pr ocess t o 

t ransfor m t he s e value s i n t o the ones we s eek, a de ta i led derivation 

and redevelopment of his method (more de tai l ed t han h is own develop­

ment , in f ac t, which i s r a t he r difficul t t o f ollow a t t i mes ) wi l l be 

pres en t ed . 

4.1.1. I n t r oduc t i on of Leaf Dis tr i bution Functions 

The basic postulate upon whi ch de Wit begins t o bui l d i s that 

t he leaves of a canopy "h ave not a pre fer r ed azi muth direc t i on." 

This pos tula t e has been experimental ly shown to be sound for several 
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plants, both by de Wit and by Nichiporovich (1961). This being so, 

de Wit indicates that it is sufficient to characterize the orientations 

of the leaves of a canopy by the frequency distribution of their 

inclinations from the horizontal. In this connection he found it 

convenient to distinguish four types of canopies: planophile canopies, 

where horizontal leaves a re most f requent; erectophil e canopi es , whe r e 

ve r t ical leaves are most f r e quen t ; plagiophile canopies, where leaves 

at some oblique inclination are most fre quent; and ext r emophi l e 

canopi es , where l eaves are l east frequent at ob l i que inclinations. 

Fi gure 2 shows t he cumul a t i ve f r equency of occurrence of l e af i ncl i na t i on 

as a f unction of l ea f inclina t i on for these f ou r char acteris t ic type s 

of canopies . Also shown is a theoretica l e r ec tophi l e leaf di s t r i bu t ion 

fun ction obtained by supposing that the r e l a t i ve f requenc y of l ea f in­

cl i na t i ons i s t he s ame as the relative frequency of the inclinat i ons of 

t he s ur fac e e l ements of a sphe re . I t s v i rtue lie s in the fac t that re­

sul t s of light intercep t i on ca lcula tions made fo r this lea f di s t ribu t i on 

are independent of t he inc l i nat i on or alti t ude angle of t he sun . According 

t o Ni ch ipor ov ich (1 961) [d e Wi t , 196 5 ] , the l eaves of gr a s s es, small 

grains, and cor n man ifes t t his s pheri cal di s t ribution ; bu t de Wit ' s 

meas uremen ts on l y part l y confir m t hi s a f f i r mat ion, a s i s ev i denced by his 

meas ur ed leaf dis t ribution f unct i on for co rn , a lso s hown i n fi gure 2 . 

4 . 1. 2. Deriva t ion of the Light Di stribution Functi on 

We shal l now direct our a t tention t o f i gure 3 and de r i ve f r om 

r elations i n evi dence there t he e qua t i on for t he ca l cu la t ion of de Wi t ' s 
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"light distribution function." Part A of figure 3 is precisely as 

drawn by de Wit; but part B is a mirror image of his reorientation of 

part A and has two dotted lines as additions. It is felt these changes 

make the following derivations more clear. As to the meanings of the 

figures themselves, part A represents a leaf plane of given orientation 

wi t h res pect to the soil s ur f ace, and the line TS a r ay of the sun . 

Par t B i s the same f i gur e seen fr om a di f fe r ent point of v i ew. The 

an gle s IS, I L, DA, and LS are , r e spectively, the Inclination of the 

Sun , t he I ncl ination of the Leaf, the Di f f e r en ce between the Azimut hs 

of t he Le af and t he Sun, and t he angle be t ween t he Leaf and the rays 

of t he Sun . 

We be gin t he derivat ions by noting that 

TSh TS' COS ( I S) , 

a Sh TSh ' SIN (DA) , 

and 

OR = OSh' SI N(IL), 

t hus making OR als o eq uivalen t t o 

OR TS· (COS(IS) ·SI N(I L) · SIN(DA) ) . 

We next no te t ha t 

SSh = TS' SIN(IS ) 

and that 

PS = SSh ·SIN (I Q) , 

thus maki ng 

PS = TS·(S I N(IS)·SIN(IQ) ) . 

However, since i t i s eviden t that SIN (I Q) = COS(IL), we may a l so wri te 

PS = TS· (SIN(IS )·COS( I L) ) . 
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Final l y , since OR = SLP and SSL = SLP + PS, we have 

SSL = TS' (SIN(IS)'COS (IL) + COS(I S) 'SIN(IL) ' SIN(DA)) , 

A second way of expressing SSL which is evident f r om f i gur e 3 is 

SSL = TS' SI N(LS) , 

Combi ni ng this equat i on with t he previ ous one fo r SSL and solving fo r 

SIN(LS) we get 

SI N(LS) A + B' SI N(DA) [1] 

wher e 

A SI N(I S) 'COS( IL) 

B = COS( I S)'S I N(I L), 

Now the l igh t distribution func t i on S (I ) fo r a gi ven v a l ue of 

I S and I L is wha t de Wi t calls t he " probabil i t y that a light ray is 

i nte r cepted by a leaf wi t h a sine of its angle to t he light equal t o 

or smal l er than SI N(LS)," Si nce t he amount of light inter cept ed by 

t he leaves in a smal l a zimuth interval is propor t ional t o the s i ze 

d (DDA) of t h i s i n terva l an d s i nce this amount of intercepted l i gh t 

i s a l s o pr opor t ional to t he proj e ction of the leaf sur f ace e l ements 

i n the dir ec tion of t he s un, t ha t i s wi t h SI N(LS) , t he l i ght 

distri bu t ion f unct i on SCI) , f or I = SI N(LS) , i s 

DAO DA 

SCI) (- S SIN(LS) 'd (DDA) + S SI N(LS) ' d (DDA) )' W [2] 

n DAO 
2 

where W i s a propor tionality cons tan t , 
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1 

The r eason f or doing this inte gration i n two par ts is to distinguish 

between light falli n g on t he upper s ide s and on t he underside s of the 

l eaves . Si nce l i gh t i s parall e l t o a leaf when SIN(L S) = 0t t he 

boundary angle DAO i s defined as DAO = ARCS IN( -A/B) f or IS < I L. Since 

no l ight f a l l s on the undersides of the leaves if IS ~ IL t the boundary 

angle in this case is defined as DAO =-~ . 

To determine the value of Wt we note that if the integrat ion is 

carried out to the maximum value of DA, that iS~t we must have 

SCI) = 1, or 

7rDAO 
2(- s SIN(LS) 'd(DDA)+- S SIN(LS)·d(DDA»·W. 

DAO 

Evaluating the first of these integrals, we have 

DAO DAO 

S SIN(LS)'d(DDA) = - S(A + B·SIN(DDA».d(DDA) 

7r 
-2: 

DAO DAO 

= - (A'DDA/ ) - (-B'COS(DDA~ ) 

7r 7r 

- 2" -2 

7r 7r 
- A'DAO - A·- + B.COS(DAO) - B' cos ( -)

2 2 

1T 
= - A·(DAO +2) + B.COS(DAO); 
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and evaluating the second integral, we have 

'IT 'IT 
2 2
 

S1N(LS)·d(DDA) s (A + B.S1N(DDA»·d(DDA)
 

DAO	 DAO 

'IT 'IT
 

2 2
 

A.DDA/ - B·COS(DDA) I
 
DAO DAO
 

'IT	 'IT 
A· (2 - DAO) - B.(COS(2) - COS (DAO » 

A· (7
'IT 

- DAO ) + B· COS(DAO) . 

Our i nitial expr ess ion thus r educes t o 

1 = (-2.A·DAO + 2. B·COS (DAO» · W. 

The pr opor t i ona l i ty constan t W i s t hen given by 

W= (2.B .COS(DAO) -	 2 .A·DAO) -1 
[ 3] 

Now, f or DA < DAO, t he light di s t r i bution f unc tion S(1) wi l l 

be given by t he inte gral 

DA 

S (1) = ( - S (A +	 B·S1N(DDA» . d (DDA» ·W. 

'IT 
- 2 

Evaluating this expression we get 

DA DA 

S(1) = (-A.DDA! + B· COS (DDA)/ ) ·W 

'IT 
-2 -2	 

'IT 

16 



n n
SCI) (-A·DA - A.Z + B'COS(DA) - B'COS(-Z»'W 

n 
SCI) (B.COS(DA) - A·(Z+ DA»'W [4] 

For DA ~ DAO, the light distri.bution function muSt be evaluated 

from the sum of the two integrals 

DAO DA 

S (I) (- s (A + B'SIN(DDA»'d(DDA) + S (A + B· SI N(DDA» . d (DDA) ) .W 

DAO 

The first of these integrals results in the same expression as was 

obtained for the previous integral, except now DA is replaced by DAO. 

The second integral results in the expression 

DA DA 

- B. COS(DDA)I ) 'W
 

DAO DAO
 

= (A.DA - A·DAO - B.COS(DA) + B.COS(DAO».W. 

Combining these results together, we get for the light distribution 

function for DA ~ DAO, 

n
SCI) = (B·COS(DAO) - A·(Z + DAO) - A{pAO - DA) - B·COS(DA) 

+ B.COS(DAO»·W 

or 
n 

S ( I) (B. (2· COS (DAO) - COS(DA» - A· (2· DAO + 2 - DA» .W [ 5 ] 
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4.1.3. Calculation of Crop Light Distribution Functions 

The first step in the calculation of the light distribution function 

for a crop of arbitrary leaf distribution function for a given set of sun 

inclinations entails calculating such distribution functions for all 81 

possible combinations of sun and leaf inclinations in increments of 10 

degrees , t hat i s,S, 15 , ••• , 85 degrees. (Dividing l eaf and sun incl i na­

tions into 10 de gree groups pr ovides s uf f ici en t accuracy for most applica­

tions. ) The calculating procedure is given in PROGRAM I of s e c t ion 7. 

Fi r s t , a single combinat ion of one value of I S and one va l ue of I L is read 

into the computer. From t hese values, after conve r t i n g them t o radi ans , 

t he va l ue s of A an d B as de f i ned in s e c t ion 4.1.2 are a r rived at , as wel l 

as t he ar gumen t of the ARCSIN f un c t i on f or de t e rmi n i ng the bounda r y ang le 

DAD. A test of thi s argumen t i s then pe r fo r med . I f it i s found t o be 

smaller t han mi nus one , no l i ght fal l s on the unders i des of t he l eave s , 

n 
and DAD i s set equal t o -2; otherwise , i t assumes the v a l ue of t he 

ARCSI N(-A/ B). At statemen t number 4 t he propo r tional i ty cons t an t W i s 

then calcul ated . 

The next s e t of ca l cul a t ions, commenci n g at the succeeding line 

and end i ng at statemen t number 5, r e sult s in t he de ter mi na t ion of the 

l i ght di s t r i bution fun c t i on fo r thi s combina tion of I S and I L. At 

f irst a value of SIN(LS) is generated, and f rom it and t he values of 

A and B is ca l culated a va lue of SI N(DA). Th i s numbe r i s then examined 

and i f f ound les s than min us one , wh i ch of course is not a l l owable , 

S(I) is s e t equal t o zero and the pr oce ss r e pea ted f or a newly generated 

value of SIN(LS) ; i f i t i s found t o be gr ea t er than pl us one, S( I) i s 
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set equal to one and the process similarly repeated. For any value 

of SIN(DA) between plus and minus one, however, the value of DA is 

determined, checked for size as compared with DAO, and then used in 

the appropriate formula to ca l cul a t e SCI). The entire process repeats 

19 times until values of SCI) have been obtained for I = SIN(LS) = 

- 0. 90, -0.80, "', 0. 00, ... , +0. 80, + 0 . 90 . 

Since i t has been shown tha t it i s not f easible to di s t i ngui s h 

be t ween the upper and unders ides of leaves (Moss, 1964; de Wit, 1965), 

the next three lines of the progr am elimina t e this dis tinction by sub ­

trac t i ng the cumul a tive f requency for SI N(LS) = -0.90 fr om that f or 

SI N(LS) = +0.90 and en t e ring t he resul t on t he or di na te of SIN (LS) = 

+0. 90, etc. Fina lly, the r esults a re or de r ed a ccor di ng to increasing 

va lues of SIN (LS) , pun ched on cards, an d pr i n ted out . Then t he enti r e 

process of the whole program i s r e pe ated f or a new combinati on of IS 

and IL , comi ng t o a s t op when a l l 81 combinat ions have fina l l y been 

t r e a t ed . 

PROGRAM II of sect i on 7 now car r ies ou t the calcu l a t i on of the 

ligh t di stribut ion f unction fo r any arb i t rary leaf dis t r ibut i on funct i on 

f or s un i nclinat i ons IS of 5, 15, •• • , 85 degrees . Beginni ng a t s t ate­

ment number 100 , t he n i ne l i gh t d i stribut ion fun ct i ons f or one inclina t i on 

of the s un and nine l e a f i nclinations a re r ead . At s tat emen t number 1 

a tenth va l ue i s added to each of t he f unc t ions to de f ine t he m a l l the 

way out t o SI N(LS ) = 1 . 0 . The DO LOOP t e r minat ing a t s t a t emen t number 2 

next generates the 10 numbers 0 .05 , 0 .15 , "', 0.95 us ed in ca l cula ting 

t he mean areas of the pro j ection of one un i t l e af area of each l e af 
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class in the direction of the sun, which latter calculation is carried 

out by the DO LOOP terminating at statement number 3. 

Upon completion of these calculations, the leaf distribution 

function for the crop in question is read. From this information a 

weighted average of the mean area of the projection of one unit leaf 

area for the crop as a whol e i n t he d i r e c t i on of t he sun is ob t a i ned 

a t s t a tement number 6 . The n a we i ghted ave r a ge f or t he cr op as a 

whol e of t he light distribution function is ob tained f r om t he DO LOOP 

t e rminatin g a t statement number 7. This f un c tion i s t hen pun ched on 

a ca rd and pr i n t ed out on paper. As a final s tep , no t a par t of thi s 

ca l cul a t i on bu t us e f u l la t e r and mos t easi l y de t e r mi ned at t h i s s t age , 

the mean a rea of t he project i on of one un i t l e a f area i n t he direction 

of the sun f or t he crop as a whol e i s ob tained from t he l i gh t distri­

but i on functi on fo r t he crop as a whol e . It t oo is punched on a 

card an d pr i nted . 

This en t i re process can be carried ou t nine t imes by inse r t ing 

the pr oper co de cards be t ween t he di f f e r en t s e t s of data fo r the nine 

sun i n cl ina t i ons in l a-de gree i ncremen t s of 5 , 15, •.• , 85 de gr ees . 

A few examp les of the r es ults ob tained by this p roces s f or a planophile 

canopy and a corn crop as de s cr i bed by the l eaf dis t r ibution func tions 

of f igur e 2 are shown i n Fi g . 4. The differences a r e qui t e s ignif ican t 

and, at l east qualitat i vely, eas i l y unde r s t ood . 
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4.1.4.	 Calculation of the Fractions of Fully Sunlit Leaves 

Receiving Light Within Various SIN(LS) Intervals 

The calculations of the previous section result in a light distri ­

bution function which represents the cumulative frequency (fraction) 

of intercepted light. For our purposes, however, it is desirable to 

ob t a i n , not the fraction of light, but t he f r ac tions of leaves whi ch 

receive the l i ght within t he various SIN(LS) i n tervals. Thus , s ome 

ope r a t ions have t o be pe rformed upon t he light di s t r i bu t i on function 

i n order to extract t h i s i rifo r mat ion from i t. 

For a gi ven incl ination of t he s un we know t he ligh t dis t r i bution 

fun cti on f or the cr op i n t he f orm 0(1) ,0 (2), ... , 0 ( 10 ) , wher e O(J) 

are t he cumulative frequen cies ( f r ac t ions) of i n t ercepted light a t 

va l ues of SI N(LS) = 0 . 1 , 0 .2, "', 1. 0. Thus, we know t ha t l eaves 

i n cl as s 1 (SIN (LS) be t ween 0 . 0 and 0 . 1) i n t ercept 0(1) /(0( 10) - 0(9 » 

times a s mu ch l i ght as t hos e in c l a s s 10 (SI N(LS) be tween 0 .9 and 1 . 0) , 

and t ha t l e aves i n c l ass 2 inte r cep t (0 (2) - 0 (1 » / (0 (10) - 0( 9» time s 

as much l i gh t as those i n c l as s 10 , etc. 

Now each l eaf in cl as s 1 i n t e r cep t s only 0. 05 / 0 . 95 times a s much 

light a s one i n c las s 10 , and each l e af i n c las s 2 i n t ercepts on l y 0 . 15/ 

0 . 95 t imes as mu ch ligh t as one in class 10, et c . Thus , t he numb er of 

l eaves i n class 1 compar ed t o t hos e in cl as s 10 is (9 . 95/ 0 . 95) ' 

(0 (1)/(0( 10) - 0 (9» ) , t he number i n cl as s 2 compar ed t o t hos e i n 

c l a s s 10 i s 

(0 . 95/0 . 15)' ( (0(2) - 0 (1»/ (0(10 ) - 0 (9» ) , etc . 
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If we now replace the numbers 0,05.0,15 • . ",0,95 by the symbols 

SN(l), SN(2), "" SN(lO), we can wr ite the generalized formula for 

the fraction of the total number of leaves in class 1 as 

SN (10) o(1) 
SN(l) (0(10)-0(9))FR(l) 

SN(lO) 0(1) SN(10) (0 (2) -0 (1)) SN(10) (0(10)-0(9)) 
SN(l) '(0(10)-0(9))+SN(2) '(0(10)-0(9))+ +SN(10) " (0(10)-0(9)) 

and the fraction of the total number of leaves in class 2 as 

SN(lO) (0(2)-0(1))
 
SN(2) , (0(10)-0(9))


FR( 2) 
SN(10) 0(1) SN(10) (0(2)-0(1)) SN(lO) (0(10)-0(9)) 
SN(l) '(0(10)-0(9))+SN(2) '(0(10 )-0(9))+ +SN(10 )'(0(10)-0(9)) 

etc, 

Observi ng now t hat t he factor SN(10)/(0(10 )-0(9)) appears i n every 

term of t he numerator and denominator o f these fractions, we can cancel 

i t ou t , Then , def ining 

R(J) = (O(J ) - O(J - l ))/SN(J ) 

and 

10 
SR = :E R(J) 

J =l 

where 0 (0) is s e t equal t o ze r o , we can expres s t he f r ac t i on of t he 

to tal number of l eaves in any c l ass J by the gene r a l f ormul a 

FR(J) = R(J) /SR , 

PROGRAM I I I of s e ct ion 7 embodies t he s e cons i de r a t i ons, Afte r 

de f i ning t he s e t of SN(J) v a l ues and r eading i n t he l igh t dis t r ibut ion 

f unc t ions fo r i nclinat ions of the sun of 5 , 15 , " " 85 degr ees, t he 

R(J) val ues for each of t hes e s un i ncl inat ions a r e ob t a ined a t s tateme nt 

number 300 , At s tatement numb er 400 the SR value fo r each inclina t i on 

22 



is calculated. Then the sought after fractions of leaves receiving 

direct light within various SIN(LS) intervals are determined, also for 

the 9 different sun inclinations. These results are both punched on 

cards and printed out on paper. Results for a planophile canopy and 

a corn crop are presented in table I. 

4 . 1 .5 . Calcula tion of the Fr ac t i on of Leaves i n Ea ch Canopy Laye r 

Re ceivi ng Diffuse Li ght Onl y and t he Frac t i ons Receiv i ng 

Di r ect Ligh t Wi thin Various SIN(LS) In t erva l s 

Up t o t his point we have been concerned with wha t in essence is 

t he uppe r mos t l ayer of l eaves i n the plant canopy . We mus t now, however , 

extend our ana l ys i s t o i nclude t he in t e r i or canop y l eaves too . Compli­

ca tions ar i se here becaus e there are now i n t e r ac t i ons among the much 

mo re numerous leaves. These i nte rac t i ons a re caused by the phenomen a of 

abs or ption, transmi ssion , and r efl e c t i on of l i ght by l eaves, t he most 

obvious expres sion of whi ch is t he ex t inc tion of s hort wave radi a tion 

wi thi n the canopy, or i t s conv e r s e , t he penet r a t ion of ligh t. 

Bes i des being depende nt upon t he spec t r a l prope r t ies of t he l eaves , 

the pene tra tion of l i gh t into a canopy depends on canopy densi t y (S) , 

t he l ea f area index (LAI) , and t he l ea f distribu t ion fun c t ion . Of 

t hes e three fac t ors , perhap s on l y canopy densi ty may r equire furthe r 

eluci dat i on . Thi s par ame t e r was us e d by Mons i and Saeki (1953 ) i n 

ca lculating t he penet ra tion of l i gh t i nto canopi es consis ting of layers 

of horizontal leaves whi ch do no t r e f l e c t or transmi t l i ght. As de Wit 
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(1965) recounts it~ 

They supposed that the area of the leaves in each 

layer is 8(0 < 8 < 1) times the area of the soil. 

The fraction of light from the vertical direction 

penetrating through the first layer is then (1-8) 

and the fra c t i on of l i gh t penetra ting through the 

N
Nth l ayer (1- 8) • When the leaf ar e a index i s 

LAI the light that pene t r a t e s th rough the canopy 

i s 

I = 10 ' (1 _8 )LAI / 8 

in which 10 i s the amoun t of l i gh t arrivi ng f r om 

t he ver t i ca l di r ec t ion a t t he canopy . 

In the ex t reme si t ua tion when 8 = I , t he leaves a r e a r r ange d 

in clos ed layer s of LAI = 1 , and no light penetra t es t o t he secon d 

l ay er of l e aves . At the other ex t r eme, when 8 = 0 , one has t he case 

of i n f ini t ely smal l l e aves distributed a t r andom in t he s pace above 

t he s oi l . App a r en t l y t hen 8 is charac t eristi c of the ex t en t t o 

which the l e aves ar e systemati cal l y arr anged i n t hi s s pace . 

I n his own ana l ys is, de Wit (196 5) ex tend e d t he ideas of Mons i 

and 8aek i t o i nclude , not onl y canopi e s wi t h hori zontal l eaves, but 

also canop i es wi t h a r bi t r a ry l e a f di st ribu tions. He be gan h is an a l ysis 

of t hi s p r obl em as fo l l ows: 

At f i rs t t he penetr a t ion of di r e c t l i gh t a t an 

i nclina t i on 18 is cons i dere d . In any canop y t he 

effect of a sys t ema t i c dis tributi on of the l eaves 

in t he space above t he so i l can be character i zed 
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by a canopy density S between 0 and 1. Moreover, 

the interception of light by leaves is propor­

tional to the projection of one unit leaf area 

in the direction of the light (OP(IS)), [OPG(K) of 

PROGRAM III], divided by the projection of one 

unit so il area in the same direction. The 

latt er proj e c t ion i s o f cours e equal t o t he sine 

of IS an d the value of OP(IS) can be computed 

from the ligh t di s t r i bu t i on f un c t i on a t t he inclina­

t i on IS , as discus s ed in [the s ection on crop light 

dis t r i bu tion f unc t i ons ] . Henc e the light t ha t 

pene t r ates int o t he canopy [as a funct ion of LAI/ S] 

i s 

I = IO '( l - S 'OP(I S)/SIN(IS) )LAI / S [ 6 ] 

I n PROGRAM IV we make some calculations based upon this equation . 

Fi rs t , we calculate the se t of nu mbers 

X(K, I ) = (l-S' OP (IS)/S IN( IS))I [ 7] 

wher e I var ies i n i n t eger steps fr om 1 t o LAI/S = 3.5/0 . 1 = 35 (for a 

case t o be conside r ed l a t e r ) and refers to the di f f eren t canopy l ayers , 

and K varies f rom 1 to 9 as the i n cl i na t i on of t he sun goes f r om 5 t o 

85 degr ees . Since equation [6 ] descr i bes t he pene t r a t ion of l ight 

i n to the canopy, t hes e X(K, I ) values t hus r ep r esent the frac t i ons 

of direct light not intercepted by each canopy layer I. This being 

so, it is readily seen that X(K, I-I) is the fraction of leaves in 
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layer I receiving direct sunlight (plus skylight too, of course); 

for the fraction X(K, I-I) of light not intercepted by layer I-I 

must impinge upon the fraction X(K, I-I) of the total area of layer 

I, and if it is assumed that the leaves are randomly distributed 

throughout the planar extent of their respective layers, the f r a ct i on 

X(K, I-I) of t he l eaves of l ay er I must be illumi nated t oo. 

The final cal cul a t ions of this sect i on are now quite eas y; f or 

the fraction of l eave s i n any layer I r eceivi ng di f fus e l ight onl y i s 

DF(K,I) = 1 - X(K, I-I ) [8] 

an d t he fracti ons of l e ave s i n e ach l ayer whi ch i n addi t ion to 

di f f use l i gh t a lso r e ce i ve di r ect ligh t wi thin speci fi ed SIN (LS) 

in t e r val s are 

DS(K,I, J ) = FR(K,J) ' X(K, I - I ), 

as s uming a leaf dis t ribut i on f unction i nva r i ant with dep t h i n t he 

plan t canopy. The ca l cul a t ions of DF (K, I ) are comple ted a t s t a tement 

numbe r 1 of PROGRAM I V; an d t he calcul a t ions of DS(K, I , J) ar e complet ed 

a t s tatement numbe r 250 . Both sets of numbe r s are pun ch ed on car ds 

and printe d ou t on paper. Due to t he l arge number o f answer s i nvolved 

(35 canopy l ayer s x 11 l ea f c las ses x 9 s un i nclina t i on s = 3 ,465 resul ts ), 

resul t s of t he s e calcul a tions wi ll no t be shown . They can be found , 

however, in t he Ph. D. thesis by I ds o (1 967). 

4 .1.6. Cal cu l a t ion of t he Act ua l I n t ensi t i es of Ligh t Incident 

Upon t he Eleven Leaf Cl as s e s Into Whi ch Each Can opy Laye r 

i s Divided 

At this po in t we have div i ded each canopy l ayer i n to 11 classes, 

one whi ch r eceives di f fus e l i gh t on ly and 10 o t her s whi ch , in 
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addition, re ce ive di rec t s unl i gh t a t values of SI N(LS) between 

0.0 and 0 . 1 , 0. 1 and 0 . 2 , ••. , 0. 9 and 1.0. We ha ve also calcula t ed 

t he f rac t ions of leaves i n each of t hese c l as ses fo r e a ch l ayer fo r 

ni ne inclina t i ons of the s un . Our goal now i s to calcul a t e the ac t ua l 

i n t ens i t i es of light incident upon each of these f rac t i ons as a f un c t i on 

of t i me t hroughout t he day . 

4.1 . 6 .1. Ca l cul a t i on of t he Sol a r Ti me 

Since we need some ac t ua l s olar r ad i ation da t a t o a ch ieve t he 

ob jec t ives of th i s s e c t i on , i t i s ne ces s a ry tha t we know the t i mes a t 

which t he s un inclinations IS = 5 , 15 , • • • , 85 deg r ees occur i n order 

t o dete rmine t he corr e c t so l a r r ad i a tion da ta t o use. Fr om t he r e lat ion 

SIN (IS ) = COS(L) ' COS(H)' CO S(D) + SI N(L).SIN(D) [10 ] 

wher e IS incli nation or alti tude ang le of the s un 

L l a t itude of pos i t ion on ear th
 

D declination of s un for spe cified da t e
 

H hour angle
 

as wr i t t en by Thr e lkeld (1962), i t is r eadily seen tha t we can cal culate 

t he s ol a r time in ho urs befor e and after s olar noon by t he fo rmula 

T(K) = 1- [ARCCOS(SI N(I S) - SIN (L) .SIN(D)j] [11] 15 COS( L) ' COS(D) 

PROGRAM V of sect ion 7 ca r r i es out t his calcul a t ion . Before i t is 

used , however, eq uat ion [10] i s so l ved f or I S when H = O. Thi s gi ves 

t he al ti t ud e angle of t he s un a t so lar noon. From t he r es ul t of 

t hi s ca lcula t i on one knows t he upper l i mi t of K to use i n PROGRAM V. 

For t he il l ustrative case fo r which we will apply t he ho locoe not ic 

method i n th i s bulletin (a co rn crop growing a t Ithaca , New Yor k , on 
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August 1, 1961), the value of IS at noon is just over 65 degrees. 

Thus, the upper limit of K is 7. The results of utilizing 

PROGRAM V under these conditions are the calculated hours before and 

after solar noon of 6.656, 5.738, 4.827, 3.922, 2.996, 1.987, 0.483 

for the sun inclinations 5,15, .•. ,65 degrees. 

4 . 1 . 6 . 2 .	 Ca l cul a t i on of t he I n tensities o f t he Sca t t e r ed Light 

Source s at Ea ch Canopy Layer 

Si nce l igh t is bo th r e f le c t ed and transmitted by the l eaves of 

each can opy layer (s cat t ere d , i n s hor t ) , we mus t cal cul a t e t he 

i n t ensities of t his light or igi na t i ng a t each l aye r . The f i r s t s t ep 

of t hi s t ask i s to calcul a te t he i nci dent diffuse l i gh t in t e r cepted 

a t ea ch canopy laye r . I t i s based upon t h e same general prin cip les 

us ed i n the calculation of t he pene tra t i on of di rec t sunl ight . The 

sky vault is di vide d in to zones of 10 degrees wi dth, center ed a t 

i ncl inat i ons of 5 , 15 , • • • , 85 degr ee s . Then , f r om t abl e I I (d e Wit , 

1965), whi ch gives th e r e l a t i ve con t r i but i ons to t h e i l l umi nance of a 

ho r izontal su r f a ce of 10-degr ee zones o f a sky of un i f orm br i gh t ne s s, 

the pene t r a t ion of dif f use l i ght f rom t hese s e c t ions i s de te rmine d 

as f r actions of t ha t i n cident upon a horizontal s urface above the 

cr op . These r es ul t s are adde d toge t her t o give t he penet r a t i on of 

di f f us e light f rom the en t i r e s ky . 

Maki ng us e now of t he r es ul t s o f PROGRAM V, the ac tual i n t ens i t i es 

of di ff use l i ght i nciden t up on a hor i zon t al s ur f ac e above the cr op a t 

t he t i mes of t he sun incl ina t i on 5, 15 , • . • , 65 degrees (fo r t he Augu s t 1 

s itua t i on at I t haca ) ar e fed i nto PROGRAM VI , which ca r r i es ou t t he 

ca lcul a tions a t hand. Th ese r adi a t i on da t a , as wel l as t he dire c t 

28 



s ol ar r adia t i on data soon t o be us e d, we r e ob t ained f rom Lemon a nd 

Wright (1 96 6b), Allen , Yocum, and Lemon (19 64 ) , and Threlkeld (1962). 

They are liste d f or re f er ence in t abl e I I I . Besides pun cmmng and 

pr i n ting ou t the fina l r es ults o f this pr ogr am, which a r e the pro­

duct s of t hes e diffuse i n tens i ties and t he fr act i ons of di f f us e l i ght 

penetrating to the various depths in the plant canopy, the fractions 

themselves (Z(I» are also printed out, as they will be used a little 

later in another calculation. 

The results of these calculations have two interpretations. 

First, they represent the actual total intensity of diffuse l ight 

arriving at the various canopy layers; and s e condl y , because of the 

diffuse nature of the light, they also represent the actual intensities 

of diffuse light incident upon the leaves of the various layers . 

The f i r s t of these i n t e r pr e t at i ons wi ll be us ed i n t he basic calcula tion 

of this section , and t he second will be used later . 

PROGRAM VI I completes the calcula t ion of t he i n t ens i t i es of the 

sca t t e r ed light sources at each canopy l aye r . At f i rs t t he f ract ions 

of dire c t l igh t passing through e ach l aye r as calcul a ted by PROGRAM I V 

ar e r ead . These a re then t r ans f ormed i nto f ractions of di r e c t l i ght 

i ntercep ted by e a ch layer and ex t ended to cover the a fte rnoon a s we l l 

as the mor n i ng hours. The ac t ual intens ities of direct s ol a r 

r adi a t i on inci dent upon a ho r izontal s ur f a ce above t he crop are nex t 

r ead , and this i n f or mat i on used i n conj unct ion with the previously 

calcul a t e d f ractions to calculate the actual amounts of direc t l i gh t 
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intercepted by each layer. After this, the intensities of diffuse 

light incident upon each layer as computed from PROGRAM VI are 

read, and a similar set of values for diffuse light is calculated. 

Finally, the scattering coefficients (reflectance and transmittance) 

for direct and diffuse light plus twice the reflectance of the 

soil surface are read; and the actual intensities of the scattered 

light sources at each layer are at last obtained. (The reason for 

using twice the reflectance of the soil surface will be made clear 

in the following section.) 

4.1.6.3.	 Calculation of the Contribution to the Total Illuminance 

of the Several Canopy Layers of the Ligh t Scattered by 

Each Layer. 

We consider now a canopy 1ayer I. If ST(I) is th e strength 

of t he sca t t er ed ligh t s ource a t t ha t l ayer and i f Z(I) is t he 

f r a ction of diffuse l i gh t i nciden t upon a l ayer due t o ano t her l aye r 

I dep t hs away ( as sume d eq ua l t o the Z(I) ca l cul a ted i n PROGRAM VI) , 

we can draw t he f ollowing concl us ions. Fi r s t of all , since t he trans ­

mi t t e d and refle c t ed l i ght a r e pr a c t i cally i deally s ca t tered 

(Rabinowi t ch, 1951) , hal f of the l i gh t sca t te r e d a t a l aye r goes up 

and t he ot her half down , t hus maki ng i t po s sible t o expres s t he 

con t r i bu t ion of l aye r 1 to the i llumi nance of l aye r I as 

(0.5)·ST(1)·Z(I-l). 

Similarly, the contribution from layer 2 may be written as 

(0.5)·ST(2)·Z(I-2) 

the contribution from layer 1-1 as 

(0.5)·ST(I-l)·Z(1), 
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the contribution from layer I + 1 as 

(0.5).ST(I+l).Z(1), 

the contribution from layer NMAX as 

(0.5)·ST(NMAX)·Z(NMAX-I) , 

and the contribution from layer NMAX + 1, the soil sur~ace, as 

(0 . 5) · ST(NMAX + l)· Z(NMAX + I-I ).
 

(The us e of t he fa c t or 0 . 5 he r e i s what ne cessita t e d our using t wi ce
 

the r e f l ect ance of the s oi l s ur f a ce in ca l culating it s s ca t t eri ng
 

s t r ength i n t he previ ous s e cti on. )
 

Wri ting t hes e expr es s ions i n s umma t ion f orm, we may say that 

t he t otal illumi nan ce of a l ayer I due t o s ca t t ered l i ght f r om al l 

ot her l ayers L i s 

1=1 NMAX+l 
8 (1 ) = r (0 . 5) '8T(L) . Z(I - L) +1; (0 . 5) ' 8T(L) · Z(L-I ) [12] 

L=l L=I+l 

This equa t i on s erves as t he bas i s fo r PROGRAM VII I . It is used 

fir s t t o calculate the i l l umi nance of t he sever al canopy l aye r s due 

t o scat tered l i gh t orig inating from t he s ca t ter ed ligh t s ou r ces 

de t e rmi ned by PROGRAM VI I . On ce t his s t ep i s complete d a t s t a t emen t 

number 5 , s e condary s our ce s created by this scat ter ed light a re 

compu t ed a t s ta t emen t numbe r 6. The process i s t hen r epea ted, wi t h 

t he il l umina t i ons due t o t hes e s e condary so urce s be i ng all ob t a i ned 

by s t a tement numb er 9 . Two o f t hes e cycles a re s uf f i c i en t to 

account for practically all of the scattered light, and thus their 

separate contributions are combined at statement number 10 and the 

results thereafter punched and printed out on paper. 
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4.1.6.4. Completion of the Light Calculations. 

PROGRAM IX of section 7 finishes the specifications of the light 

regimes of the various leaf classes within the s ever a l crop layers. 

It essentially puts together the results of several preceding pro­

grams, giving the actual intensities of diffuse light incident upon 

thos e leaves which r eceive diffuse light onl y and the i n t en s i t i e s of 

total short wave radi a t ion i n ci dent upon t he leaves r e ce iving direc t 

light also. Because of t he increasing sizes of some of our fi e l ds , 

howeve r , i t is writ t en in a s omewhat differen t f orm f rom most of our 

ea r l i e r prog r ams . I n s t ead o f making cal culat i ons at each s tep f or each 

of the di f fe r en t sun in clinations, t he data are now f ed into t he 

comp ut e r t o be an aly zed in t he ir entire t y fo r f i rs t on e i nclination, 

then a s e cond , t hen a t h i r d, e t c . Th i s pro cedur e i s made po s s i ble by 

t he l arge DO LOOP termi nati ng at s t atemen t number 88 . 

Imme di a t e l y af t e r r e adi ng t he numbe r of canopy l ayer s and 

commenci n g t he l arge DO LOOP f or ea ch s un i n clinat i on , t h e intensi t i es 

of i nc i den t dif f use l i ght an d sca t t e r ed l i gh t r e ce i ved by the l eaves 

of ea ch layer are r e ad . These di f fu s e componen ts a r e adde d t ogethe r 

a t s t a t emen t numbe r 1 to give t he t ota l i n t ensities of dif f use ligh t 

r e ce ived by t he l eaves of each laye r . A v al ue of di rec t s unl i ght a s 

r e cei v ed a t a horizon tal s ur f ace abo ve t he crop f or t he t ime o f t he 

s un i ncl inati on in que s t i on i s then r e ad, f ol l owe d by thi s latter 

i n cl i na t ion i t s e l f . Th e s un incl i n a tion i n degrees is conv er t e d 

t o radi an s an d us ed t o ca l cula t e t he i n t ens i t y of t he di r ec t s olar 

beam as r ece i ved on a surface perpen dicular t o t he beam. This 
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procedure final l y allows the calculation of the i n t ens i t i es of direct 

light r eceived by the leaves which receive this light wi t hi n the 

various SIN(LS) intervals. At statement number 2 these values are 

determined and added to those representing the receipt of dif fuse 

light to give the total intensities of light received by t hese leaves . 

The r es ul ts are thereaft e r punched on cards and pr i n t ed out on pape r . 

Again , du e to t he l a r ge number of r es ul t s obta ined , t hei r enumer a t i on 

here i s omi t t e d , and anyone espe ciall y i nteres ted in them i s re f erred 

t o Ids o (1967). 

4 .2 . Cal cul ati on of Le a f Temperatur e 

The ca l cul a t i on of the temperatures of the l eaves wi thin t he 

vari ous l ea f clas s es , whos e relat i ve sizes we r e determi ne d i n section 

4 . 1 .5, i s based upon an en ergy balance at t he surfaces of t hes e 

l e aves . Thus, to carry out t his cal cul a t i on it i s ne ces s a r y to know 

t he r adi an t heat loads on the l e ave s of the various clas s es . We in 

es sence have the components of the heat loads due to short-wave r adi a­

t ion already determined , wai ting only t o be multiplied by the prop e r 

absorptances. However, the long -wave components have yet to be 

obtained , and we must deal now wi th thi s t opi c . 

4 .2 . 1. Calculation of Long- Wave Radiant Energy Regimes 

All l eaves of the s ever al canopy l ayer s are conceived of as 

r ece iving long-wave radi ant energy from two majo r sources . These 

are , f i r st , other l e aves and t h e underlying so i l surface, which emit 

thermal r adi a t i on f luxes of about equal magnitude, and , second , the 

atmosphe r e . Since all of these radi ant energy f l uxes a r e diffuse, 
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it suffices to determine their contributions at a horizontal surface. 

Leaf inclination need not be considered directly, for the amount of 

sky which the uppers ide of an inclined leaf does not see will be 

precisely compensated for by the underside of the same leaf, and 

similarly with respect to the ground. This identical principle was 

taci tly assumed i n the eval ua t ion of the di f f use short- wave radi ati on 

con tribu t i ons to the light i n t ensity r eceived by a lea f, and a 

pict o r i al e l uc i da t i on of it is given here in f i gure 5 . 

The ma j or pr ob lem of t his s ection, t hen , is t o de t e r mi ne the 

r e l a t i ve por t i ons of t he upper hemispher i c view of a hori zon tal l eaf 

occupi ed by o t he r leave s and the s ky . Here t oo ou r wor k is not as 

dif f i cult as it first app ears , for we i n essence have already calcu­

l a ted the s e va lues when we determined the pene trati on of di f fuse 

sky l igh t (ind epe ndent of s ca t t e ring) in to t he plan t canopy . The fraction 

of diffus e skylight passing t h rough or i n ciden t upon t he va r i ous canopy 

l ayer s as given by t he ap pl i ca t i on of PROGRAM VI are exac t l y the 

f r ac t i ons t o be us ed fo r t he amo un t o f upper hemi sphe r i c l ong-wave 

radi a t ion a ttribu t abl e t o the a t mos phe r e , wi th the r emai n i ng por tions 

be i ng due t o o ther l eaves . Thi s , a gain , i s a di r e ct r es ult of t he 

di f f use na ture s an d s imi l ar spatial or igi ns of t hes e two f l uxes . 

Wi t h thes e frac t i ons at hand, t he onl y r emaining problem is t o 

specify values fo r t he the rmal r adiant ene r gy f l uxe s from atmos phere 

and o t her leave s as r eceived a t a hor izontal surface . I n t he case 

used to i llus tra t e t he method , t he t hermal r adiation or igi na t ing f rom 

t he s oi l and f r om other l e aves was app roxi mated by calcula t i ng the 
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black body radiation at the temperature of the air just above the crop 

and reducing these values by 3 percent to account for leaf and soil 

emittances of about 0.97. These values as calculated for times of the 

sun inclinations IS = 5, 15, ••• , 65 degrees for the air temperature 

data of Ithaca, New York, on August 1, 1961, appear in table IV. Also 

given there are values for long-wave thermal radiation from the 

atmosphere for these same times. Since no data were available for this 

parameter, its values were calculated by performing an energy balance 

at an imaginary plane just above the crop. The concept used here is 

that atmospheric thermal radiation may be expressed as 

[13] 

where RN = net radiation of all wavelengths 

Rc long-wave thermal radiation from the crop 

RI i ncomi ng short-wave r adiat i on 

rRI = r e f l e c t ed sho r t-wave r adi a t i on. 

Since al l of t hese componen t ene rgy f l uxes were no t available for t he 

day and pl ac e i n que s t ion ei ther , v al ues for a s imilar day and crop 

a t t he same place a year la t e r as measur ed by Br own ( 1962 ) were used . 

Even so, the r e s ul t s as shown in t ab le I V ar e though t to very closel y 

approxima te t hose of the day in ques tion . 

Si nce t he mechanics of t he final ca l culati ons of this sec t ion 

are combined wi t h thos e of t he f ollowing sect i on , t he des cription 

of the Fortran program which carries them out will be deferred until 

we have covered the preliminary groundwork of that section too. We 

thus move next to the •.• 
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4.2.2. Calculation of Radiant Heat Loads 

At this stage we know the intensities of all the various 

radiant energy fluxes incident upon the 11 different leaf classes 

of each canopy layer (of which there are 35 for the case we are 

illustrating). To determine the heat loads arising from these fluxes t 

it is necessary to know the absorptances of the plant leaves for each 

of them. Since the total absorptance of a surface for a certain 

incident radiant energy flux is given by 

00 

00 
[14] 

whe r e ~ = to t a l abs orptan ce of the absorb ing surface 

ax = sp ectral abso r pt ance of the absorbing surface 

HX = s pe c t r al dis t ribution of incident r ad l a t Lon , 

it i s possib l e t o comput e t he s e v al ue s i f the s pec t r al dis tribu tions 

of incident radia tion and l e a f absorpt an ce are known . Pi c torial 

r epr esentations of the fir s t of t hese are gi ven by Gates (1965) f or 

a vari e t y of natur al env i ronmen t al s our ces, an d graphs of the second 

a re gi ven f or cor n by Yocum, Allen, and Lemon (1964) . Using these 

da ta in a graphi cal s olution o f the integrations contained in [1 4] , 

the val ues shown i n tabl e V ar e ob t a i ne d . Similarly obtained values 

f or t he t otal refl e c tance and transmittan ce o f a corn l eaf are al s o 

lis t ed t he r e. 
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With this information we can now proceed wi t h the description 

of PRO GRAM X whi ch ca r r i es ou t t he actual ca l cul a tions of the heat 

l oads of the 385 lea f cl as s e s ( 35 laye rs x 11 clas s es) that we a re 

conce r ned wi t h f or t he 14 dif fe r en t t i me s dur i ng the day when sun 

inclinations I S = 5 , 15, ••• , 65 degrees occur. First of all, it 

is noted that the large DO LOOP terminating at statement number 12 

sets up the computer to make 14 sets of calculations for the 14 

different times of day. After initiating this step, the absorptances 

of a corn leaf to diffuse short-wave radiation, direct short-wave 

radiation, and long-wave thermal radiation are read. After next 

reading the intensities of diffuse short-wave radiation incident on 

leaves of the several layers, the first of these absorptances is 

used at statement number 1 to calculate the heat load component 

due t o t h is di f fu s e sho r t - wave radiant energy flux . At sta t emen t 

number 2 t he in tensities of total sho rt- wave r ad i a t i on i n ci dent upon 

the vari ous l e a f classes a r e r e ad ; and at s t a t emen t numb er 3 , upon 

subtracting from them the co rresponding diff use components , the 

second of t he ab s or p t an ces i s used t o giv~ t he heat l oad compone n t s 

due t o di r e c t s hor t -wave rad iation. For those leaves t ha t r ece i ve 

bo th of t he s e types of short-wave r adia t i on, t he i r combined hea t 

l oad effects a r e eval uated next at statem en t number 4 . 

Upon f inishing with the short-wave r adi a t i on cont ributions , 

values of l ong- wave t he rmal radia tion f rom o ther leaves and t he 

a t mosphe r e a re read , along wi t h the f r a c t i ons of t he upper hemi sph e r ic 

vi ew of a horizontal leaf occupied by sky and not by other leaves. 
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Thes e values are al l used a t statement number 5, t ogether with 

the abs orp t ance of co r n l eaves f or long-wave thermal radiation, to 

obtain the contributions to the v ar ious lea f heat loads of these 

ene r gy fluxes. The results are ad ded to the di f f us e short-wave 

con t ribut i ons at stat ement numbe r 6 to obtain the f i nal hea t loads 

of t hose leaves that r eceive only diffuse sho r t - wave r adi a t i on , 

and at statement number 7 they are added t o the total short-wave 

contributions t o obtain the final heat loads of thos e leaves that 

receive di r e ct shor t - wave radiation a l so. Following th is, both 

s e t s of results a r e punche d on cards and prin ted ou t on pap e r . 

The entire proce s s t hen repeats until all 14 dif f e r en t times of 

the day have been s i mila r l y trea t ed. Again, t he r esults a r e too 

numerous t o l i st . 

4.2.3. Completion of Leaf Temperature Calculations 

Having specified all the necessary leaf heat loads, it is now 

possible to complete the leaf temperature calculations. The method 

used is a relaxation technique commonly used in the solution of many 

heat transfer problems. It is applied here as follows: 

Firs t , for each leaf class an "unbalanced energy balance 

equation" is written: 

A = HL - RR - SH - LH [ 15] 

whe r e HL one -half o f one of t he previous l y calcu l a t ed leaf heat loads 

RR = average r ate of en e rgy diss i pat i on from one leaf s ur f ace by 

r e r adi ation 
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SH average rate of energy dissipation from one leaf surface 

by convection 

LH average rate of energy dissipation from one leaf surface 

by transpiration 

and where A is then seen to be a sort of residue t the result of the 

unbalance. 

Now the terms RR t SH t and LH all have a leaf temperature dependence 

which can be brought out by writing them more explicitly. Thus t it is 

useful to write 

4
RR = EoT [16 ]

L 

1/4 
SH 6.0 x 10-3 (AT) AT [ l7a]Ll 

for free or natural convection and 

1/2 
SH 5.7 x 10-3 (~) AT [ l7b] 

1 

for forced convection t and 

[ 18] 

where E emittance of leaf for long-wave thermal radiation t 

about 0.97 

o Stefan-Boltzmann constant t 8.12 x 
-11

10 
2 . 0 4

cal/cm /mln/ K 

leaf temperature t 
o

K 

AT temperature difference between the plant leaf and the 

Ll = characteristic dimension of leaf, em 

v wind speed t em/sec 39 



s atur a t i on water vapo r density of the air next to 

the mesophyl l cell walls at the t emperature of the 

l eaf, gm/ cm3 

sf A, TA = s a t ur a t ion water vapor dens ity of the f r ee ai r at the 

3t empera t ur e of the air , gm/cm

r . h. r ela t i ve humi di t y of th e free air, expr es s ed as a frac tion 

L2	 = lat en t he at of vaporization, 597 cal / gm at OoC and 572 

o
cal / gm at 50 C 

R = t o t al trans pi r ati on resistance of the diffus i on pathway, 

mi n/em. 

Equa t i on [16] i s the f amil i ar St efan-Bol t zmann r adiati on law, eq ua t i ons 

[ 17a , l 7b] a re the eq ua tions f or s ensib l e h ea t l os s by conve c t i on from 

f lat pl a tes as wr i t t en by Gates (1 965 ) , and eq ua t ion [18] i s the 

rela t ion descr i bing la t en t heat l os s by t rans pi rat i on as wri tten by 

Lee and Gates (1964). Al though [1 7a , l 7b] a re wr i tten f or flat pl a tes , 

an ana l ys i s by I ds o (19 67) i ndica t e s t hat they can be us ed to good 

approxima t ion f or all of t he var ious ly i nclined l eaves we are cons ider­

ing . Our i n comple t e knowledge about t he effe c t s of l eaf groupi ngs on 

branches and t he effec ts of f lutter i ng prohi b i t s us a t pr es en t f rom 

maki ng any mor e de tailed descrip t i ons o f t he pr ocesses t han t hese. 

In l i ght of t he s e r el a t i ons hi ps, us e o f the relaxation technique 

begi ns by as s uming a certain leaf tempera t ur e wi t h r espect to air 

temper a t ur e , con t inues by calculati ng rate s of en e r gy dis s i pa t i on 

f r om equations [1 6 , 17 , 18 ] , and termi nates a f i rs t cy c l e by then 

cal cul at ing a r es i due "A" f rom equat ion [ 15]. A t es t is made of thi s 
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residue for both size and s i gn . If t oo large positively, the leaf 

temperature is increased by a s pe ci f i ed increment and a new residue 

is ca l culated. I f too large negatively, the leaf temperature is 

decreased by a specified i n cr emen t . When, after the necessary number 

o f such cycl e s , the r esidue falls wi t hin a certain allowable small 

size range, the process i s terminated. The leaf temperature respon­

sible f or this acceptable residue is then regarded as the final 

answ er. 

Be fo re we can use this pr oce dur e to solve for the desired leaf 

temperatures, however, we need some more information. In particular, 

we need a speci f i ca t i on of t he verti cal p r of i l e s i n t he pl ant 

canopy of t he envi r onmenta l pa r ame t e r s air temperature, wi nd speed , 

and rela tive humidity for t he 14 di f f erent times of day we are 

considering . We a l s o ne ed a s i mi l a r s peci f i ca tion of t he plant 's 

t r anspirati on r es i s t an ce , and we need to know an array of saturated 

wa t e r vapor de ns ities f or a l l 500 pos s ib l e air t emp eratures be twe en 

a and 50
0e 

in increments of O. l oe . 

Si n ce t he on l y avail able air temperature data f or t he illustrative 

cas e of Augus t 1 , 1961 , a t I t haca , New Yor k , were t hos e i mmediately 

above t he cr op , t he varia t i ons wi t hi n the plant canopy were cons tructed, 

us i ng thes e va l ue s as bas es , f rom tempe r a t ur e p r o f i l es meas ur ed by 

Brown (1962) on a s imilar day the f ollowing year. In t he case of 

r e lat i ve humi di t y , no da ta at al l wer e ava i l abl e , and the actual 

p r ofi les of thi s parame t e r as me as ur ed by Brown were ap plied directly 

wi t hout al terati on . Wi nd speed pro f i les , however , had been ve ry 
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carefully de t ermi ned by Wrigh t and Lemon (19 66a); therefore, these much 

more difficultly ob t a ined pr ofi l es were dete rmined qui t e accur ately. 

Tr anspir at ion res is t an ce pr ofi l e s wer e obta i ned fr om a comb i na t i on 

of t wo s our ces . Spatial and t i me vari a t i ons ca l cula t ed by Impens, 

e t al. (1 967) ( admitted by them to be t oo large i n absol ute magnitude) 

were r educed t o charac t eri s t i ca l ly obse rved values fo r cor n , 

exempl i f i ed by t he me asurements of El-Shar kawy and Heske th (1965). 

The s e value s and thos e f or the three env ironmental parameter s just 

deal t wi t h can be f ound i n thei r en t i r e ty f or al l 14 per i ods of t he 

day and f or a l l 35 canop y laye r s i n the Ph . D. thesis by I dso (196 7). 

Finally, the 500 sa t ur a t ed water vapo r de ns i t i es r equired wer e 

ob t ai ned f rom a t abl e i n Lis t (1 958). 

With t his groundwork comple t ed, we can now go di re c t l y to t he 

des cription of PROGRAM XI which carri es ou t t he l e a f t emper ature 

calcul a t i ons . Af t e r r eadi ng t he numbe r of canopy l ayers, t he en t ire 

500 val ues in the s aturated wa t e r vapor densi t y a r r ay are read a t 

sta temen t numbe r 1 . I mmedi a t e l y fo l lowi ng t h i s s tep is the beginning 

of a large DO LOOP terminating a t s t a t ement numbe r 789. Thi s loop 

se t s up t he compu ter t o perfo rm the lea f t emper a t ur e cal cu l a tions 

f or the 14 different t imes of th e day when sun i n cl i na t i ons of 5 , 15, 

•• • , 65 de grees occur . Followi ng th i s , t he a i r t emper a t ur es a t the 
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s everal canopy layers a re read; and the first inner DO LOOP within 

the larger one j us t mentioned then gene r ates two indices from 

e a ch o f these layer a i r tempe r atures an d uses them t o cal l f or t h 

f r om the arr ay of s a turat ed wat e r vapo r de ns i t i es the v al ues neede d 

t o s pe ci fy t hi s pa ramete r throughout t he ve r tical ext ent of the 

canopy. These val ues are t hen printed out f o r r eference. 

Next we read al l of our remaining environmental parameters, 

pl ant properties , and prev i ously ca l cula t ed h eat l oads. At statement 

number 3 the heat l oads of those l e aves t hat do no t receive any direct 

solar radiation are i n co r po ra t ed i n t o the a r r ay of hea t l oads of t hose 

leaves that do , as the l ast co l umn of t hat matr i x. 

We now encoun t e r a l arg e DO LOOP , termi na t i ng a t s t a tement number 

30 , whi ch r ep r esents the hear t of t he lea f t empera t ure calcul a t i on . 

Wi t hin this l oop t he fi rs t t h i n g t hat is don e i s t o t est t he magni t ude 

of the wi nd speed . If i t is less t han 10 em/se c , t he s ens i ble he a t 

t r ansfer from t he leaf i s bes t cal cula ted by t he formula f o r f r ee 

conve c t ion [1 7a ) ; if i t is great er t han 10 em/sec , it i s bes t calcul a ted 

by t hat fo r f orced convect ion [ l7b) . From this poin t on , t hen, ei t her 

one of t wo pa thways i s fo l lowe d . Tha t commencing a t sta t emen t number 

13 r esul t s in the calculat i on s being car ried ou t wi th eq ua t i on [1 7~ , 

and t ha t commencing at s t a t emen t number 14 r es ul ts in t he cal culati ons 

being car ried out with equa t i on [17b] • 

The proce dures fo l lowed along both o f t hese r out e s a re i de n t ical. 

Fi rs t , a leaf t emper atur e arbi t r ari l y se t at SOK ab ove air tempe r a t ur e 

i s generat ed . Th en a DO LOOP tha t makes calculation s for the 11 
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leaf classes of each canopy layer is entered. The leaf temperature 

just generated is here used to calculate values of energy dissipa­

tion by reradiation, convection, and transpiration, which in turn are 

used together with the leaf heat loads to compute a residue in 

t he energy bal ance equa t i on as eva l ua t ed at t his leaf temp erature. 

(Again , i ndi ces a re gene r a t ed f r om the leaf temperatur es to call 

for th t he saturated water vap or dens i t i es ne eded to calculate the 

l a t en t heat l os s. ) 

The residue arrived a t from t his p ro ce dure is now tested f or size 

and s i gn. I f it fa l ls within t he interval -0.01 cal/cm2/min < A < 

+0.01 cal / cm2/mi n , the f i r s t l eaf temperature generated at ei t her 

s t atement numbe r 13 or 14 ba l an ces t he ener gy balance equat ion with 

suffic i en t accu r acy t o accep t i t as being corr e c t . Us ua l l y , however , 

t h is i s n ot t he cas e , and t he l e a f t emperature is either adjusted up­

war ds or downwards and the procedure of attempting t o balance the ene r gy 

balance equati on i s r epea t ed . Even t ual ly (and qui ck ly on t he computer), 

the co r r ec t l eaf tempera ture i s ar rived at. Whe n t his happens a ne w 

leaf heat load is i nt r oduced for t he calcul a t i on of a new l e a f 

tempe r a t ure. I n this way the eleven l eaf t emper a t ur es for each 

canopy l aye r are f inally determine d , pun ched on cards , and pr i n t ed out 

on pap er . Also punched an d pr i n ted ou t a t thi s time a r e t he final 

values of sensible and la tent heat l os ses . When this proces s has 

been repea t ed fo r each layer and f or t he 14 times of th e specifie d 

sun i nclinations, the prog ram executes a s top . Aga i n , the res ul ts 

a t t h i s sta ge a re still t oo numerous t o war r ant the i r i n clus i on in 

this bul l e t i n . 
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4.3 .	 Calcul ati on of Leaf Water Availab i lity 

The calculation of lea f water availabili t y pe r s e i s a fairly s i mple 

pr oce dur e , involving nothing mor e (at l eas t for our purposes ) than the 

measurement of s oi l moi s t ure t ension and r e l a t i ve humi dity pr of i l es in 

t he pl an t canopy . Wha t i s a good deal more elusive and rather con­

troversial is the eff ect of leaf wa t er availability upon photosynthesis. 

This subj ect will be deal t with next in some detail, immediately after 

the fol l owing comments on the .•• 

4 . 4 .	 Ca l cul ation of t he Carbon Di oxi de Concentr a t i on of the Canopy 

Level Air 

The chief fac tor in determi ni ng t he CO2 s t a t us of t he canop y 

leve l a i r i s t he ph ot os yn t hetic r ate of the canopy its e l f. Thi s 

s i nk f or carbon dioxide creates a gradi en t be tween t he CO2 concen t r a tion 

of abou t 300 ppm a t 30 met e r s and t he usual l y lower val ue at t he 

e f f ective canopy exch an ge s ur face , defined by Rider (1 954) and Mon teith 

(in Evans , 1963) , wher e all l eaves of the canopy a r e considered to be 

i n an a tmosphere of CO2 concen t ra t i on eq uivalent to t hat a t th i s 

s ur f ace . 

The r esult of t hi s gradien t i s a ver t ical f l ux of CO 2 di rec ted 

downwar d and con t ro l led both by t he CO2 gradi en t a nd t he condi t i ons of 

t he atmosphere . Unde r t ur bul ent condi t ions t h e bu l k of t hi s vert ical 

f lux i s ac coun ted fo r by tur bulent mi xi ng of t he moving air s tream, 

and t hus molecular diffusion can be negl ected. The r esu l t i s that 
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the vertical f l ux of C02 can be described by an equa t i on (de Wit, 1965) 

of the f orm 

FC C(300 - XO)/RA 119] 

where C = cons t an t 

XO C02 concentra tion at the effective canopy excha nge s ur f a ce 

RA transfe r r esistance between the air at the exchange surface 

and at 30 met e r s . 

Here t he e f f ects of the CO 2 gradient are immediately apparent, but 

the effects of the atmospheric tur bulence are still hidden in t he 

exchange r esistance. To gi ve de Wit due regard f or t he expos i t i on of 

the atmospheric prope r t i es a f f ec t i ng this resistance, we quote below 

his ana l ys is of t h i s problem: 

The wi nd speed a t a heigh t Z above a canopy 

is under ne ut r a l condit ions proportional t o 

logar ithm of (Z-ZD) / ZO, in which ZO and ZD 

a re t he roughn ess length and t he zero plane 

disp l a cemen t, r es pe c tive l y (Van Wi jk , 196 3 

and ot h er handbo oks on t hi s t opi c) . Extrapo l a­

tion of t he wind profile i nside t he canopy 

gives an apparen t wi nd s peed equal to zer o at 

t he he i gh t ZO + ZD . Expe r ience shows that ZO 

+ ZD i s s omewha t sma l l er t han t he heigh t of 

t he can opy. It i s r emar ked here that t he 

actual wind s peed i s not yet zero a t t his 

he igh t , and that turbul ent exchange takes 

pl ace much de epe r i n to the cano py . 
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Now it is assumed by Monteith (in Evans, 

1963) t ha t the e f fe c t i ve canopy surface i s at 

the height ZO + ZD . This is obv i ous l y a 

sweeping generali za tion . However, he demon­

strate s that i n thi s way reasonable values 

a re obtained for transpiration, assimilation 

and stomatal resistance, so this simplifi ca­

tion may ve r y well do in the pres en t case. 

On t he bas i s of t he ab ove as sumption it can 

shown tha t (Mon tei t h , op. ci t . ) 

RA = (10ge ( (Z-ZO)/ZO) ) 2/ (U' K2) 

in which K i s t he dimensionl ess Von Karmen 

co ns t an t (us ua l l y t aken a s 0. 4) and U t he 

wind s peed a t height Z. 

be 

[2 0] 

Unde r non-neu t ral cond i t ions the ex change is 

a l s o gover ned by buoyancy . With Tanne r 

(Evans, 1963) t he contribut i on of bu oyancy i s 

negl ec ted above c l os ed cano pies, s uff iciently 

s upp l i ed wi th wa t er and a t wind ve l ocities of 

mo r e than 1 . 5 m/sec a t a hei ght of 30 meters. 

Accordi ng t o Tanner an d Pelton (19 60) t he 

r ou ghne s s leng t h may be es t i ma t e d f r om t he 

heigh t of t he canopy by 

ZO = H/7 . 6 [ 21] 
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With Z at about 30 meters, the value of 

RA i s no t a f f ecte d to a l arge extent by 

t he ze r o pl ane di s pl a cemen t . Henc e it 

suff ices t o es tima t e ZD wi th 

ZD = 0 . 9H - ZO [22] 

Wi th t hes e relat i ons i t can be seen that on ce the plant height 

is sp ecif i ed, a r elation be t ween RA and U i s at hand; fo r equa t i on 

[21] gives ZO, whereup on equat i on [22] gives ZD, t hus making all 

t e rms of equat i on [19 ] kn own except RA and U. We t hen have 

FC = C(300 - XO)f (U) [23] 

wher e liRA has now been expr es sed as a func t i on of U, the wind speed 

a t 30 meters. 

We now, to a f i rst a ppr oximati on , s ay tha t t he pro duct of lea f 

area index and t he pho t osyn t he t i c r a t e at t he effective canopy exchange 

s urface a s de te rmi ned by t he cr op ' s r es pons e t o t he t hree factors-­

l i ght i ntensi t y , l ea f t emper a tur e , an d l ea f wa te r ava i labil i t y- - i s 

equi valen t to FC, t he ve r tica l f lux of C02 ' Knowi ng this value an d 

t he wi nd speed a t 30 mete r s , we can thus solve e qua t ion [23] f or XO, 

the CO2 concen trat ion a t t he e f f e c t i ve canop y exchange surface. 

Then, knowing t he pho tosynthet ic r e s pons e of co r n t o CO2 from exp er i ­

men t a l an a lyses , we can ad j us t our origi nal r ate by t he amount indi cated. 

The new value fo r ne t pho t osyn t hes i s can then be used agai n in equa t i on 

[ 23] and a s econd v alue of XO can be calculated. Thi s pro ces s qui ck l y 

conver ges to gi ve correct va lues fo r both XO and FC a t t he effective 
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canopy exchange surface. This value of XO can then be used to correct 

the values of photosynthetic rates at all other crop levels too, as it 

has been shown by Idso (1967) that C02 concentrations elsewhere in the 

canopy will not be too different from XO at the effective canopy 

exchange surface. 

Since the Fortran program which carries out the calculations here 

described is not used until the effects of light intensity, leaf 

temperature, and leaf water availability have been determined, its 

description will be deferred until these intermediate topics have 

first been covered. 
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5.	 CALCULATION OF NET PHOTOSYNTHESIS AND SENSIBLE 

AND LATENT HEAT EXCHANGE 

Havi ng r e ached the po i n t now wher e we have either already specified 

or are capable o f spe cifyi ng simultaneous values of all four of the 

basic f a ctors determined e arlier as having direct effects upon net 

photosynthesis, we are r eady t o apply them and calculate the rate of 

thi s process and also those of sensible and latent heat exchange. To 

do so , however, we must know how e ach of thes e factors operates in 

unison wi t h the o t her s up on these processes, and upon net photosynthesis 

i n pa r t i cu lar. 

5 .1 . The Respons e of Ne t Pho t osyn t hes i s to Light Intensity and 

Lea f Tempera t ure 

Si n ce the component proces s es of net photos ynthesis are essentially 

che mi cal in na t ure, the ir combined express i on, net photosynthesis, is 

a r ate pro cess whi ch has an optimum t emperature a t which it p r oceeds 

maximumly. Being als o a b i ol ogical p r oc es s , net photosynthesis has 

upp er and l owe r temperature ex t r emes beyon d which the photosynthesizing 

tissue canno t rema i n alive . The implicat ion of t hese t wo fac t s i s that 

al l pl an t s pecies mus t exhibi t a we l l - def i ne d temperature dependence in 

addi tion to the obvious l i gh t dependence of t heir photosynthetic rates. 

Two exampl es of the n a ture s of t hese jo i n t dependencies ar e shown 

i n figur e 6. The cur ve on the l eft was cons t r uc t ed by Gates (1 965) f r om 

da ta due t o Lunde gardh (19 31) and Waggoner, Mo s s , and Hes ke t h (196 3) ; 

and t he cur ve on t he r i gh t was cons t r uc t ed by I ds o (1 966) f rom data 
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due t o El- Shar kawy and Hesketh (1 964), Hesketh and Mos s (1963), and 

Mos s (1963) . I ds o (196 7) has a l s o co l l e c t e d ev i dence f or similar 

r espons e s i n Russ ian s unf lower , co t ton , several races of the Mi mul us 

ca r di na l i s - l ewis ii speci es complex, and six diff e r en t a l p i ne species. 

Though dif f e ring among ea ch o t her , al l s peci es exh i b i t the s ame 

gene r al t r ends in ev i dence in f igure 6. 

5 . 2 .	 The Light In t ens i t y - Leaf Temperature Dependency of Ne t 

Pho t osyn t hes is a s Affe cted by Leaf Water Availability 

Ih Lth i s sec t ion we a r e concerne d with t he phenomenon us ua l l y 

referre d t o as "wate r s t ress . " This i s a somewhat ambi guous t e rm, 

however ; for i n t he opinion o f the au t hor there a re a c t ual l y two 

wa t er s t resses which opera te i n a pl an t , one acting at t imes to 

r es t r i ct transpi r a tion and one doi ng l i kewi s e wi t h pho tos yn t hes i s . 

Fur the rmore , these t wo s t r es ses are by na t ur e near l y i ndependent 

of each o t her , thus a t times a l l owi ng wi lted l eaves to phot osyn t hes i ze 

ne ar maxi mum capacity and a t ot he rs restr i cting f ul l y turgi d leaves to 

l i t t l e or no fixation of C02 ' 

A simple an alysis of t he proc esses of transpirat ion a nd photo ­

syn t hesis i s s uf fici en t t o il l uminat e t he bas is f or s uch statements 

as these. Tr ans pi r a t i on i s t he phy s ica l movemen t of wa t e r through 

t he pl an t , whe reas photosyn t hesis i s t he ch emica l bindi ng of water 

i n or gani c compounds. Thus , transpi r a t i on is con t r olled by a f r ee 

energy or ne gati ve p ressur e gradi en t while photosynthes i s is control led 

by an ene r gy l evel . Since a p roper ty gradient i s s ome t hi ng en t i r e l y 
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different from a property l evel, with no necessary relation between 

t he two, there is no bas is whatever f or expecting the two processe s 

of transpiration and pho tosyn t hes i s to necessarily be affected 

together by a single "water stress." 

A s omewhat mor e detailed look at the f r ee energy pr of i l e of wa t e r 

i n the s oi 1-p1an t - a t mosphe r e continuum (SPAC) will serve to make 

s emi-quantitative t hes e qualitative pronouncements. Thus, we include 

here figure 7 as drawn by Philip (1957) which emphasizes just this 

f ea t ur e . It should per haps be indicated that this fi gure is schematic. 

That is, the di s t ance in t e rvals along the horizontal axis are no t to 

scale, and the straight l i ne s of the DPD curve through the plant are 

not intend ed t o i mpl y t hat t he permeab ility of all the plant parts 

is t he same, nor t ha t it is i nde penden t of turgor. However, t he 

graph t ruly relates s ome extremel y interesting characteri s t ics of 

the sys t em t hat wil l soon be found t o be of gr ea t importance to us. 

5. 2 .1. The Wa ter St r es s on Transpiration 

In dis cus s i ng t he i mplica t i ons of fi gure 7, Philip (195 7) not ed 

t ha t a l t hough the change of DPD acro s s t he mes ophy11 ce l ls was i ndeed 

t he greates t change en coun tered i n the plant, it was s t i l l r e lat ively 

ins igni f icant compared t o t ha t between t he outer s ur face of the 

mesophy11 cell s and t he f r ee a t mosphe r e. Thus , he concl uded that 

al t hough t he f r ee ene r gy s ta tus of t he water on t he plan t - s i de of t he 

mes ophy11 r es i s t ance may vary great ly , even t o the point of per manen t 

wi l ting , transpira tion i t self need not be a f f e c t ed in the sli gh t es t . 
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This analysis theoretically puts transpiration in the position 

of being almost completely controlled by the conditions of the 

atmosphere. Rutter and Sands (1958), however, point out that in 

reality this conclusion may not always hold true. To give "equa l 

time" to their views, we reprint their remarks here: 

Following Edlefsen's (1941) thermodynamic t r e a t ­

men t of the movement of water through the s ys t em 

soil-plant-atmosphere, it is sometimes stated 

that s i nce the change in free energy of the soil 

mo i s t ure be t ween f ield capacity and permanent 

wilting percentage is small compared wi t h the 

fr ee energy di f f e r en ce between the soil moi s t ur e 

and t he a t mosphe r i c moi s t ur e , the ris e in s oi l 

moi s t ur e tens i on over this range pr ov ides no a 

pr iori r e as on f or a diminution of t r anspi r ation. 

But , as Edl efs en al s o pointed out, t he rate a t 

which water move s t hr ough t he pl an t de pends on 

the r e s i s t ance t o flow of t he di f f e r ent par t s 

concer ned wi t h conduction. The evi dence of 

Lof t f i e ld (1921) an d of Yemm and Willis (1954) , 

whi ch i s co nf i rme d by t he present paper, shows 

that s t omatal open i ng is s ensiti ve t o changes 

i n soil mois t ur e tens ion or t o t he related l ea f 

wa t er de f i cit. The va r i a t i on of resistance by 

s tomata l movement seems to pr ovi de a s a t i s f actory 
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explanation for the progressive restriction of 

transpiration as t he so i l dried, wh i ch has been 

shown f or~. Sylvestris. Theoretical arguments 

are then of li t t l e use in forecasting the relation 

between transpiration and soil moi s t ur e above the 

permanent wilting percentage, since the response 

of the transpiration of a particular species to 

drying of the s oi l wil l depend on the nature of 

its stomatal response to leaf water deficit or cell 

suction, on the relative importance of cuticular 

an d stomatal transp i ration, and on possible effects 

of inci pient dr y i ng on othe r resistances to water 

movement . 

I n sp ite of these s ide effects of incipient drying, however, the 

fact neverthe l ess rem ai ns t ha t theoretically the change in free energy 

of the soil moi s t ure be t ween fi eld capac i t y and the permanent wilting 

percentage provi des no ~ p r i or i reas on f or a diminution of transpiration; 

and, i n f act, th i s phenomenon a c t ual l y has been observed experimentally. 

In s t udyi ng t he effects of t he availab i l i ty of soil moisture upon 

vegeta tive growth and wa ter us e i n corn, Haynes (194 8) con cluded that 

"water los s per unit of pl ant dry matter i s independen t of the degree 

of avai l ab i li ty o f wa t e r wi t hin the r ange o f soi l moi s t ure from near 

s aturation t o near the pe rmanent wilting percentage." This, t hen , i s 

the pr edi c t i on from sp ec i f i c fr ee energy considerations of the effects 
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of water stress on transpiration, whereby it is seen that to a very 

great degree transpiration is chiefly dependent upon the conditions 

of the atmosphere, being almost completely decoupled from the status 

of the soil moisture. 

5 . 2 . 2 . The Water St r ess on Photosynthesis 

The dif f i cul t y of mos t thought connected with this problem lies in 

s uppos i ng tha t the same s t r es s that operates to restrict transp iration 

operates t o r es tric t pho t os ynthes is too. Neither theory nor experiment 

neces s arily s upports t his view, as is made evident from the following 

free energy conside r a t ions . 

6 P .I f we us e t he eq ua tion ~ 3.16 x 10 10glO (~), r e l a t l ng the 
s 

r el a t ive humidi ty with ne ga t ive pressure, and the a t mospher ic value 

P .
of ~ f r om f i gu r e 7 to s olve fo r t he r a tio (p-) , we f l nd t hat the atmos­

s 

ph eric wa t e r vapo r f ree ene r gy of figure 7 cor r esponds t o a case of 

about 40 percent relative humidi t y . Thus , it r epresen ts the aver age 

minimum atmospheric wate r vapor fr ee en e rgy of mo s t t emperate climes 

and t he corr es pon di ng aver age maxi mum atmospheri c st r ess. Now, r egard­

l e s s of a tmospheric cond i t ions , t he DPD difference be twe en po i nts B and 

F mus t r ema i n essentially constant, j us t the same as it mus t als o do 

for changi ng soi l moisture f r ee ene rg i e s , as this s lope is a proper t y 

(or mo r e trul y a quasi-proper t y ) of the plan t and not of t he s oi l 

or a tmosphere . This be i ng so , the l owermos t line , I , of fi gure 7 

be comes t he con t rolling fac to r i n de ter mi ni ng by wha t or der of magni t ude 
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t he three cu r ves may be l ower ed by an i ncr eas e in the a t mosphe r i c 

water vapor free ene r gy (a de cr e as e in the atmospheric stress). 

They at most can be lowered by no more than ab out t wo atmospheres, 

no matter how h i gh the atmospheri c water vapor f r ee ene rgy ris es 

(up t o a relative humidi t y of about 98 percent ), f or a decrease of 

th i s magnitude would comple t e l y destroy the free energy gr adi en t 

between the s oi l and the root , thus causing a situation i n which 

soi l at field capacity could not supply water t o the plant. As 

the heights of curves 2 and 3 above 1 are determined by the s oi l 

moistur e s ta t us , t he s e curves coul d al so be lowe r ed by no mor e 

t han t wo a t mospheres . 

Now, l e t us s uppos e t hat t he s pecif i c free energy of t he wa t er 

a t t he plan t side of the mesophy ll cel ls f or the condi t i on des cribed 

by cur ve 1 r epresents t he l evel of no lea f water avail abi l i t y s t r es s 

upon ph otosyn t hes i s . Then , app ly i ng t he pos t ul a te of phot os ynt hes i s 

being dire c t l y a f f e c t ed by t he spe c i fi c f r ee ener gy l eve l of t he 

wa t er a t t he s ite of t he chlor opl as t s , le t us as s ume tha t t he speci f i c 

free energy of the water at t he pl an t s ide of t he mesophyl l cells f o r 

t he condi t i on des cr ib ed by curve 3 repr es ents the l ev e l of spe ci f i c 

free energy where photos yn t he s i s is comple t e l y s upp r es s ed . Th i s 

gi ves us a range of abou t 23 a t mosphe r es over whi ch photos yn t hesis 

r ang es from i ts maximum po t en t ial to zero. As thi s range can be 

comp l e t e l y traver s e d by changi ng t he free ener gy of the soil moi s t ur e 

while only a range of 2 atmospheres can be traversed by changing the 

relative humi di t y f r om 98 pe r cen t t o 40 percent (mi nimal s t r es s t o 
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average maximum tempe r ate c l i mat e s t r es s ) , it can be s een that the 

ph ot os ynthe t i c r es pons e of plants t o l eaf water availabi l i t y is 

t heore t ical l y about 90 percen t ( 2 ~;2 x 100% = 91 . 3%~ 90% ) accounted 

fo r by the conditi on of t he soil mois t ur e . Thus, whe reas trans pirat ion 

i s a l mos t completely cont ro l led by condi t ions of the a t mospher e , pho t o­

synthes i s i s almos t complet e l y con t r ol led by condi t i ons of the s oi l . 

5 .2 . 2 . 1 . The Nat ure of the Phot osyn t he t i c Res ponse to Soil 

Moi s t ur e St res s . 

Havi ng pr es en t e d our i de as on t he rel a t i ve i mp or tan ce of soi l 

an d a t mospheric moisture s t resse s t o l ea f wa t er availabili ty and thus 

t he pho tosyn the tic process , we a r e now prepar ed t o present the natures 

of t he r espon s es t o t he s e t wo f a c tor s , beginn i ng wi t h t he most important 

o f t he t wo, so i l mois tur e s tres s . Si nce we have reasoned that the 

p r oce s s es involved i n pho tos ynt hes i s a re governed in r espect t o t he i r 

rates by the free energy l evel of t he wa ter at the p l an t s i de of the 

mes ophyl l r es i s t an ce , which in t ur n i s ch i e f l y de t e r mi ned by t he s oi l 

moi sture s ta tus , we shal l as s ume that the photosynthetic res pons e of a 

plant t o de creasing soil mois tur e tension i s a cons tan t percen t a ge 

de creas e of t h e phot os yn thet i c response to l i gh t intensity and l eaf 

t emp erature unde r opt imum wate r avail abi l ity condi tions . To clarify 

t hi s s tatement we p ropos e t ha t for a plant such as maize the r e are a 

s e r i es of graphs such as fi gur e 6 , each one of wh i ch pertai ns t o a 

di f fe rent soil moisture tension , and that as t he s oil moi s t ur e tension 

incr eas es, a different graph with all lines l owered by a constan t 
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percentage (determined by the so i l moisture t ension) wi l l describe 

the plant's ph otosynthetic response t o light intensity and l ea f 

temperature. 

The data of Bake r and Mus gr ave (1964) shown in figure 8 enable us 

to determine some characteristic val ues of s oi l mois t ur e tension at 

which various reduc tions i n t he s cal e of figure 6 for maize may oc cur . 

Taki ng the high-tension halves of their curves f or the case of 0.2 

inch Hg VPD (since this is the closest approximation t o the minimum 

a t mosphe r i c moisture stress) and drawing tangents to their midp oints) 

we determine the s oil mo i s t ur e t ensions a t which complete suppression 

of net phot os yn t hes i s occur s t o be 1. 5) 2 . 0 ) 2.2, and 2.6 atmospheres. 

Al t hough t here i s a fair amount of variability among these cessation 

points and a f ew mor e replications would be extremely des i r abl e ) t his 

i s t he ex t en t of Baker and Mus grave's dat a ; t hus, the aver age of 

thes e val ues , 2 . 1 a tmos pheres, i s ) f or the present) t h e best evalua­

tion we can make of the poin t a t wh i ch so i l mo i stur e s t r es s completely 

s uppres s es net pho tosyn t hesis. 

On t he o t her end of the s oil mois t ur e range, t he tension a t whi ch 

pho t osyn t hes i s i s a maximum i s s een t o be 0.1 atmosphere f or their 

f i r s t se t up and 0 . 6 atmosphere for the second . Thus, the average i s 

0 . 35 a tmosphe r e , resulting i n an average range o f 1.75 a t mospheres 

over whi ch t he net pho t osyn t heti c response of corn to light intens i t y 

and l eaf t empe r a t ur e wi l l vary f r om 100 percent to 0 per cen t of t ha t 

shown in fi gure 6 . Act ual ly , the op t imum s oi l moi sture t ens i on fo r 
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photosynthesis in maize may very well vary among different soil textures 

within the limits Baker and Musgrave observed (0.1 for coarse-textured 

soils to 0.6 for fine-textured soils). We merely use their average 

here as a convenience. 

By drawi ng fami lies of cur ves reduce d to 80 per cen t , 60 per cent , 

40 percen t , and 20 per cen t of thos e s hown in f i gur e 6 , we ge t t he s ets 

of graphs shown i n fi gure 9 as compl emen t s t o t he complete spectrum of 

s oil mo i stur e s tres s headed by f igur e 6. These s e t s of gr aphs , then, 

consti t ute t he j oi nt ph ot osyn t het ic respons e of cor n to light intensity, 

leaf temper a t ure, and , t o wi t hin ab out 90 per cen t , l e a f water 

ava i l abili ty . Again, t h ey a re f or the " average" case of maximum net 

photosyn t hesis occur r i ng a t 0 . 35 a tmos phere s oil mo i s t ur e tension, 

f or whi ch complete s uppr es s ion occur s a t 2 .1 atmospheres . For the t wo 

t ex t u r a l l y de termine d extremes o f 0.1 and 0.6 atmosphere op t i mum soil 

mois t ure tens ion, t hes e s upp r essions could occur at 1. 85 and 2 . 35 

a tmos phe r es , r e s pe c t i vely . 
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5 .2 . 2 . 2 . The Natur e of t he Photosyn t he tic Res pons e t o Atmospher ic 

Mo i s t ur e Stress. 

To evaluate comple t ely the e f f e c ts of leaf water availabili ty upon 

photosynthesis, we mus t also account for the con t r o l exercised by 

atmospheric conditions. Since we have theore tically concluded that 

a t 40 percent rela t ive humidity there i s a decrease in ph o t os yn t he t i c 

rate of about 10 percent o f t he maximum potential f or any given s et of 

leaf temperature and l ight intensity values, the assumption of no effect 

at 100 percent relative humidity with a linear interpolation between 

these two points gives the result that for each 6 percent decrease in 

rel a t i ve humidity bel ow 100 percent, the photosynthetic r ate a r rived 

a t fr om the pr e cedi ng s e t of gr aph s (f i gures 6 and 9) will be corr e­

spondingly decreased by 1 pe r cen t o f the rate determined for t he given 

s et of leaf t emper a t ur e and l i ght intensity values unde r condi t i ons of 

op t i mum soi l moi s t ure t ens i on ( f i gure 6). This, then , con s titutes t he 

f i na l photosyn t hetic res pons e of co r n t o light intensi t y, l eaf t emper­

ature, and leaf wa te r av ail ab i l i t y . 

5 . 3 . The Resp on s e of Ne t Pho t os yn t hes i s t o CO2 Con cen trat ion 

It has been de ci s i ve l y demonstra t ed t hat t he ca r bo n dioxide 

con centra t i on o f t he air s ur ro unding a l e a f has a d i rect e f f e c t upon 

i t s pho t osynthe ti c rate. One exampl e of t hi s effect i s shown fo r 

corn in fi gure 10 . Thus , t he chief que s t i on with respe c t t o t h is 

effec t nowadays i s not whe t he r it exists, bu t whether the r espons e 

t o C02 concentra tion wil l be t he s ame under di f f er ent conditions of 

l i ght intensity, l eaf t emperature , and lea f wa ter avai l abili t y . 
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In the same paper from which figure 10 is taken, Moss, Musgrave, 

and Lemon investigate some effects of all four of these factors 

upon photosynthesis. They give no indications that the photosynthetic 

response to C02 concentration is conditioned by temperature or water 

availability; but they do feel, and present evidence to attempt to 

prove , t hat the r es pon s e t o CO2 concen t r a t i on i s a f f e c t e d by the 

light in t ensi t y level. The evi dence t hey present i s t hat shown in 

f igur e 11, where at a h i gh light intensity CO 2 variations have a 

s ubs t an t ial e ffe c t upon as s i mi l a tion , in s har p con t r as t wi t h the 

ne gl igible effec ts a t a l ow l igh t in t ensi ty . Thus , the authors woul d 

pe r hap s fe e l t ha t accoun t would al s o have t o be taken of light 

i ntens ity when evaluat i n g t he e f f e cts of CO2 co ncentra tion upon 

pho tosynthesis, and this coul d be done . However , i n al mos t all 

ins tan ces th is i s probably no t ne ces s ar y . To s ee why , we exami ne 

the data of Moss, Mus grave , and Lemon a li t tle more cl ose l y . 

Thou gh no thi ng i s s a i d of how t he da ta of f i gur e 11 were ob t ained , 

t hey indicate that e ach poin t of f igur e 10 was de t e r mi ne d by a one-hour 

obs erva t i on. Thus , f i gu r e 10 is cons i de r ed t o be very r eliabl e. I f 

one now r ep lo ts the data of f i gur e 10 i n a fo rm s i mi lar to that of 

f igure 11 , t he r esults as shown i n f igure 12 , a re qui t e differen t 

f rom those of f igure 11 ; and t he f e as i bi l i t y of havi ng one s l ope 

between 150 and 350 ppm CO2 concentrat i on rep r esen t a t i ve of all l i ght 

i ntens i t i e s i s evident. 

To get a f inal worki ng rel at ion between change i n CO2 concen tra tion 

vs. ch ange in pho tosynthe tic rate , we ob tain an average slope of al l 
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cur ves shown in figure 12 be tween 150 and 350 ppm. This is done by
 

dr awi ng tangents to t hem midway between these two concentrations and
 

2/hr/100
averaging the i r s i x s lopes. The f i na l result is 2 mg CO2/dm


ppm CO2, This eff ec t o f CO 2 con centration upon photosynthetic rate
 

i s then conside r ed to be s uperimposed upon the photosynthetic rate
 

determined from the prev i ously elucidated effects of light intensity,
 

leaf temperature, and leaf water availability.
 

5.4.	 Calculation of Raw Ne t Pho t os yn t he t i c Rates for the Eleven
 

Leaf Classes of Each Can opy Layer
 

Having established the natures of characteristic plant photosyn­


t hetic r espons es to the fo ur bas ic factors of light intensity» leaf
 

temperature» l ea f water avai l abi l i ty , and CO2 concentration, we can
 

be gin now t he actual calculat ions of ne t crop pho t osyn t hes i s by
 

appl yi ng the result s of our prel imi na r y calculations whi ch have
 

sp ecified simultan eou s val ues of the first three of these factors and
 

have indicated how t o a rr i v e at values for the last one . This f i r s t
 

se t of ca lculations de t e rmi nes the net phot os yn t he t ic rates of the 11
 

l ea f c l a s s e s of each canopy l ayer un der condi tions of op t i mum soil
 

moi s t ure tens i on and no a t mospheric moi s t ure stress (100 percent
 

relat i ve humi di ty) . They are ca r r ied out by PROGRAM XII.
 

At s t atement numbe r 100, 50 cards corres ponding to the temperatures 

1 t o 500C a r e read in t o t he computer. The ca r ds contain the photo­

syntheti c rates o f maize a t these temper a t ures f or 14 different light 

i ntensitie s» rang i ng from 0 .1 t o 1. 4 cal /cm2/min in 0.1 cal/cm2/min size 

. i n cr emen ts , as t hey a re specified by the set of curves f or ma i ze in 
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f i gure 6 . Then , once these va l ues have been s t ored i n t he computer , the 

previ ously computed l i ght i n t en s i t i e s and l eaf t emper atur es f or the 

11 leaf clas s es of each canopy l ay e r are r ea d be t ween s t a t ement s 1 and 

2 . I ndi ce s a re nex t gen er ated f ~om them which a l l ow the retrieva l 

f rom the memor y system of t he compu t er of t he pho tos yn thetic rates t o 

whi ch they co r r espond. If t he light i n tens ity i s l es s than 0.1 call 

cm2/ min, t he pho t osynthet i c r ate i s set equal to ze r o at statement 

number 11 ; and i f i t i s gr eate r t han 1. 4 ca l /cm2/ mi n, i t i s set equa l 

t o t he r a t e a t t ha t l a tter va lue ( t he light s a t ur at i on l evel ) a t 

stat emen t number 13 . The f i na l r es ul ts a re ca l l ed from t he memo r y 

sys t em of t he compute r at s t atemen t number 5 and then pun ched on car ds 

and printed out on pape r . I n th i s f orm they a r e s t i l l t oo nume r ous to 

i nc lude here for r e f e r en ce ; howev er, they can be f ound i n t hei r enti re ty 

i n I ds o (1967) f or t he i l l us trat i ve s i t ua t ion we have been consider i ng . 

5 . 5 .	 Calcu la t i on of Unadj us ted Mean Canopy Lay e r Phot osyn t he t i c 

Ra tes and Sensib l e and La t en t Hea t Pr of i les 

The several se ts of calcula tions involved i n t h i s s e ction a r e al l 

ca r r ied out by PROGRAM XIII. They be gi n wi th t he r eadi ng of t he 

f r a c t i ons of leaves in each l aye r recei v i ng di f fi us e ligh t on ly and the 

f r actions r e ce i vi ng , in addition , di r ect s unl i ght at values of SI N(LS) 

be tween 0 . 0 an d 0. 1, 0 . 1 and 0 . 2 , ••• , 0 . 9 and 1 . 0 . Next , a t s t a t emen t s 

2 , 3, and 4, r espect i ve l y , the ne t ph o tosynthe ti c r a t e s an d t he rates 

of heat loss by convection and t ranspira t ion a re r ead for t hese s ame 
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lea f cl as s e s of each l ay er. These arrays are then multiplied by the 

fract i ons of leaves compris ing e a ch c l as s on a layer-by-layer basis ; 

and the results are added together to give mean values for the rates 

of these three processes at each canopy layer. Very detailed vertical 

pr ofi l e s of mean photosynthetic rate and sensible and latent heat 

exch ange a r e nhus obtained. These are punched on cards and printed 

out on paper immediately f ollowigg statement number 7. 

Th i s completes the ev al ua t i on of sensible and latent heat exchange; 

and the final results of this calculation are shown here in figures 13 

thr ough 16. Further manipulation s of the photosynthetic rates conti nue 

as f ol l ows, however. At s t a t ement number 8 is compl e t e d the calculation 

of photos yn t he t ic profile s under condi t i ons of soil moisture stress 

corresponding t o those f or which the families of curves in f igur e 9 

ar e assumed t o be val id . After t hese results have been punched and 

pri n t ed out , t he di r ect e f fe cts of atmos phe r i c moisture stress are 

ar r i ved a t . The DO LOOP t erminating a t statement numb e r 9 de t e rmines 

t he common reduct i on i n photosyn t he t ic rate t o be applied t o al l of 

t he pr evi ous ly cal culat ed r a t es due t o t he direct e f f e ct s of relative 

humi di ty as dis cus s ed in s ection 5 .2 .2 . 2 . The se reduct i ons are made at 

s ta temen t s la , 11 , 12 , 13, and 14 , wi th t he results being i mmediately 

punched and pr i n t e d out . The i r exhibi t ion here i s deferred, however, 

in favor of t he final r esults t o be arrived at in the next s ection. 

5 .6 . The Final Calcula t i on of the Me an Net Photosynthetic Rates 

o f the Sever a l Canopy Laye r s 

This final se t of cal culations made by PROGRAM XIV ca r r i es out 

the eval ua t ion of t he e ff e c t s of t he reduced C02 concentration at t he 
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plant canopy due to the cr op' s ph otosynthesizing. Si n ce we do not 

know be f orehand the C02 concen t r a t ion a t the canopy , we use an 

i t e r a t i on t e chni que whe reby we a r e able to calculate both this 

concen t rat i on and its ef fe ct upon the crop's pho tos yn t he t i c rate. 

The p r o ces s h as alre ady be en de scri bed in detail ( s ection 4 .4) and 

t hus will not be de alt with further here. We note only that the 

p rogr am must be used f ive times for the five different soil mo i s t ure 

tensions we have been cons i der i n g , and that the number of iterations 

provide d f or by the pr ogram is more than s uf f i c i en t to insure proper 

convergence, as i s i ndi ca ted by t he pr i n tout s following each cycle 

when the pr ogr am i s used . 

The final ne t photosyn t he t i c rates as determined f or several of 

the canopy l aye r s un de r vari ous s oi l moi sture s tresses a r e shown i n 

figure s 1 7 th r ough 21 . All l ay ers de f initely show a mi dday s l ump in 

pho to syn t hes i s , or a t l east a truncat i on, with the effect be i ng 

a ccentua t ed in the uppe rmos t por tion of the canopy. As is shown fr om 

t he l ea f t emp erature cal culat ions (res ul ts foun d in Idso, 196 7), t hese 

r educti ons a r e not caused by undul y high l eaf temp eratures, bu t 

r a t her by t he actua l l owering of l eaf t emperature during t he mi dday 

hours , wi t h a r ein f or cemen t from l owe r re l ative humid iti es at t he se 

times t oo. Thus , s urpris i ng l y , the method has indi ca ted t he 

pos sibility of a mi dday s l ump i n phot os yn t hes i s on cool t o t emperate 

day s - -a phenomenon comple tely unsuspe cted in the pr o t otype en ergy 

environment i nves t igations of Ga t e s (1965), I dso, Baker , and Gates 
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(1966), and I ds o an d Baker (196 7a ) , an d thus an i mpor t an t contributi on 

t o our understanding of photos ynthes i s und er field conditions. 

What makes these results especially interesting is that the r e 

are no i mmediate indications from the environmental data that l eaf 

t emperature should de crease during midday . The air temperature 

increases during this peri od, as do the radiant heat loads on t he 

various leaves . The factor that overrides these trends, however, 

i s the great transpirati on rate experienced by many of the upper 

l eaves at this time. The latent heat removed from the leaves by this 

me chani sm mor e than compensa t e s for these two effects. 

Since t he method as presently conceived implies an unlimited 

water supply, t his phenomenon may not be as mar ked as i s indicated 

he r e for times of s eve r e o r modera t e water shortage. However, f or 

r e centl y i r riga t ed o r nat ural l y water ed f iel ds it may be a fairly 

common occurrence. This pos sibil i t y i s streng t hened by measurements 

of l e af t empe r a tur es of irr iga t ed cr ops growi ng in the sunny, semi-arid 

1
s outhwes t e rn Unit ed St a t e s by Van Bave1 , who ha s repeatedly found 

l eaf temperatures of such crops t o be below air temperature t hroughout 

t he grea t e r portions of many days . 

Fi nally , t o ge t a mor e integrated l ook at t he r esul ts f or the 

canopy as a whole , the res ult s fo r the 35 l ayer s have been averaged 

to gi ve a r ep r es en t ative va l ue f or t he en t i re crop. Figure 22 shows 

thes e aver age pho t os ynthe t i c ra tes fo r the five di f f er ent soil moi s t u r e 

1Van Bave1, C. H. M. 196 7. Pe r s onal dommuni cation. 
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regimes we have been cons i de r i ng . The mid day truncation i s still 

ve r y apparen t fo r all five s i t ua t i ons . Also inserted here as Table 

VI , t o be r e f er r ed t o l a ter , ar e the CO 2 co ncen t r a t i ons as calculated 

f or t he e f f e ctive canopy exahange s ur f a ce as a bypr oduc t of our 

an al ys i s . 
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6 . EXPERIMENTAL VERIFICATION OF THE HOLOCOENOTIC 

METHOD 

To this point we have accomplished three major ob j e c t i ves : 1) s et 

f orth a philosophy we believe must be followed i n order to obtain mean­

i ngf ul results from analyses of environment-plant relationships. 2) 

propos ed a theoretical fr amework for the photosyn t hetic r esponse of 

plants to thei r environment, and 3) described the mechanics of a 

method based upon this phi losophy and fr amework, useful for calculating 

net photosynthesis and sensible and latent heat exchange. The remain­

ing t as k of this bul le t i n must t hus be of a confirmatory nature. That 

i s , we mus t now gi ve some indication t hat all our work t o this poi n t 

is inde ed a r e fl e ction of t he r eal world, and that the pr edicti ons of 

t he holocoenoti c method in relation to our illustrative test case are 

reasonabl e. 

6 . 1 . The Nature of Experimental Verifi cation 

If we a re t o cite ev i den ce f or the justification of our wor k t o 

t his poin t , it is na t ur al t o inquire just what will cons t i t u t e 

experi mental ver i f ica tion. Some may fee l that the final results 

mus t coincide with meas ur ements in the field, and this is usually the 

cas e . I n our situa tion , however , t h is is not so, a t least at ou r 

present state of knowl edge . The reas on for t his peculiarity is that 

our f inal net photosynthetic r esults are based upon sets of cur ves 

s uch as those shown in figures 6 and 9. and no one individual has 

ye t car r i ed ou t a comprehensive de ter mi na t i on of such cur ves f or a 
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s i ngle plant . All such cur ves are rat her piecemeal constructions 

from da t a separat ed in sp a ce and t ime an d obtained by many 

di f f e ren t investiga t ors. Thus , a l t hough one knows beyond any doubt 

t hat al l plan t s must behave in such a typical fashion, no one knows 

fo r sure ye t the na tures of t he curves in goo d detail for any one 

pl ant . Here , t hen, i s an a r e a where much important work has yet to 

be completed be fo re a valid check of our final results with measured 

va lues can be accomplished . 

Thi s does no t mean that we have r emoved the method from any 

pos s ibility of expe r imen t al ve rification, but rathe r that we have 

requ i red t he verifica tion t o be made a t a di f ferent level . It i s 

obvious t ha t i f one has t he co rrec t s e t of curves de scribing a 

plan t ' s pho tos yn t het i c res pons e t o light int en s ity, l e a f t emperature, 

l e a f wa te r avai l ability , and carbon dioxide concentration, he will 

calcul a te correct values of ne t photosyn t hes is if he calculates 

correct va lues of t hese f our b asic fa cto r s , an d it is thus a t th is 

l evel tha t t he holocoenot i c me t ho d i s bes t tested. 

A second good r eas on f or t e s t i ng th e me t hod on this level is 

t hat there is sti l l no ver y exa ct way of meas uring net ph otosyn t hesis 

i n the f i e l d wi t hout al t e r i ng t he environment to s uch an extent that 

one no l onger has the natur al conditions fo r whi ch calculations are 

made. More wil l be said abo u t thi s l a ter when we do ( for those 

cur ious abo ut i t ) compare our f inal resul ts with s ome meas ur ements 

made by a method whi ch i s suppos e d t o overcome this handicap . We 

wi l l proceed now, however, with a cons idera tion of t es t ing the me t hod 

on t he l eve l of t h e four bas ic facto rs . 

69 



6 .2 . Verification of the Light Intensity Calculations 

Even at this level of one of the four basic factors it is di f ficult 

t o gi ve experimental veri fication of the calculated results--the reason, 

of cour s e , being due t o the number of different light intensities 

ca l cul a t ed ,f or each of the many crop l ayers. This need not deter us 

f r om making s ome judgment as to their accuracy, however , for there are 

o t he r considerations which may carry even more weight than the only 

average type of verification which could be given by experimental means. 

To begi n with, i t i s a simple matter to obtain a cor r e c t measure­

ment of direct a nd diffuse solar radiation on a horizontal surface above 

t he crop; and a simple calculation then gives the intensity of the 

di r ec t s olar beam as received on a surface perpendicular to it, with 

no mo r e e rror inherent in it than that con t ai ne d i n the or i gina l 

measurement. Wh en one then cons iders the di f f er en t l y or i en t ed leaves 

of a crop and carri e s out t he calculation of a crop light distribut i on 

funct ion, he aga i n is proceeding on sound mathematical p r i n ci pl es . 

Due to the vas t numbe r of l e aves compr ising an entire crop , even t he 

mat hemati cal inte gr a t i on s pe r f ormed are on a solid basis. Thus , t he 

results ob tained of necessity mus t be equal l y as valid as the origina l 

measur ement of di r ect sunli gh t on a hor i zon t al surface. 

Si mil a r s t a t emen ts can als o be made abou t t he penetration of 

di r e c t light into t he canopy and t he penet r ation of diffuse l i gh t 

when it i s c on side r~ d a s direct l ight coming from different s ky sections. 

I n de t ermining t he intens i t i es of diffuse and scattered light received 

by the l eaves of each l ayer, however , t here may be s ome smal l errors 
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introduced by some of t he as sumpt i on s made there, but when added t o 

the r e s ul t s of the di r ec t ligh t , any error they may introduce would 

be a l most impos sible t o detec t by expe r i men t a l means. 

The on ly s i gnifican t error that can be ass ociated wi t h the light 

i n tens i t y ca lcul a t ions, then , i s t hat which may be introduced by an 

incorre ct s pe ci fica t i on of t he l eaf distribution function. Here 

t here are t wo pos s i bi l i t i e s to conside r . Fi r s t , there i s the initial 

measurement o f t he f unction and i t s possible variat i on with de pth 

in the canopy . A meas uremen t me t hod has been s ugges t ed by de Wit 

(1965 ) , but by i t s very na t ur e it may no t be t oo accurate. Se cond , 

t he e f f e c ts of wind ar e bound to be s i gnifi can t in a l ter i ng the 

l eaf distr ibut ion func t ion as i t varies i n mean intensity and gus t i ­

nes s dur ing the day . We have already ci ted this pr oblem and noted 

i t s consequences for t he apparent ph otosynthetic eff icien cy of ligh t 

use by plants. 

Anot her t hough t to be i nter jec t e d her e is that as the wi nd b l ows 

and causes the pl an t l eaves t o f lu t t e r , t he s pec i f i c leaves of the 

l owe r canopy l aye r s which a re s unl i t and shaded wi l l var y . However , i f 

t he leaf distribu tion f unction r emains unaf f ected during the en t i r e 

t i me of the wi ndy period (which s e ems qui te l ikely ) , t he s tatistical 

f r a c t i ons of sun l it and shade d leaves wi l l r emain the same. Thus , the 

only effect t h i s phenomenon could have upon our f i nal cal culat ion would 

be due to t i me lags in the photosyn t he t ic res ponse of plan ts t o changi ng 

l ight intensity, an other s ubject whi ch could s t and s ome fur t her l ooking 

into . 
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Combi ni ng these latter cons ider a t i ons with those mentioned e a r l i e r , 

it is evident t hat at the present time there is no good way of experi­

mentally determining the a ccuracy of the light calculations. We have 

shown , however, that a good knowledge of the leaf distribution funct ion 

an d the factors affecting it are sufficient to make calculations of 

light i ntensity as accur a t e as possible. Thus, a concentration on 

this aspect of the problem (with t he knowledge that the end result will 

then take care of itself ) will serve t o clarify just what types of 

errors may be i nvolved an d how they can be eliminated. 

6. 3 . Ver i fication of t he Leaf Temperature Calculations 

The situation wi t h r espect t o l e a f t emper a t ur e is much the same 

as that wi th r es pect to light intensi t y. Almost anywhere in the pl an t 

canopy there i s the possibility of measuring a gr ea t variety of leaf 

t emperature s due t o var i ous l eaf orientations and shading ef f ects. 

About all one can do in t h i s s ituation in the field is to select leaves 

whi ch closely approximate a ce r t ain or i en t a t i on , s uch as the horizontal, 

and de t e r mi ne the temper atures of s everal similar leaves to obtain a 

mean t emperat ur e and a range. This was done by I ds o (1966) and demon­

s t rat ed t ha t t he measured t emperature range nearly always containe d 

wi th i n i t the cal cul a t ed l eaf t emper a t ur e . A more detailed report of 

t hese r esul t s can be f ound in Idso and Baker (1 968). 

A f urther compl i ca t ing e f f ec t fo r f i el d verif i cation of thes e 

ca l cul ations i s t ha t the wind s peed usually varies considerably over 

very short t i me intervals, as i s evidenced by t he wi nd s pee d data 

obtained by Wr i ght and Lemon (1966a) and Idso (unpublished) wi t h a 
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hea t e d t he rmo coupl e anemome t er . Var i ati ons of this parameter are 

s uch t hat l eaf t emperature is nearly always in a state of flux, 

us ually about some mean , h oweve r . Just as mor e a t t en t i on must be given 

to t he t i me l a g of pho tosyn t he t ic res ponse t o l i ght intens ity, mor e 

effor t seems jus t i f i ed to l ear n mo re of t he t ime lag undoubtedly i n 

oper a tion her e t oo . 

Al t hough t he ab ove considerations i ndi ca te the f u t i l i t y of really 

t e s t i ng t he r esult s of l e af temperature calculat ions in the fie l d , one 

need not despai r ab ou t t hi s fact ; f or enough is known about t he heat 

trans f e r processes i nvol ved in the energy ba l an ce at a l eaf t o insure 

tha t i f a l l of t he plan t proper t i e s relevant t o energy exchange can 

be accur a tely determined , the res ults of leaf temperature cal culations 

based upo n them wi l l be co r r ec t . Happil y, t hes e pl an t pr oper t i e s a re 

becoming be tte r unde r stood day by day . Leaf Abs or p t ances to various 

radiant energy f luxes can now be de t e rmined qui te accurately, and l eaf 

convec t ion coef f icients a r e becom i ng better ch aracterized also (Knoerr 

and Gay, 1965) . One prope r t y s til l has mu ch mys t ery conne c ted wi th i t ; 

t hi s is t he l e a f diffusion res istance t o transpiration. Re cen t 

i nves t i gati ons by Van Bavel , Nakayama, an d Ehrle r (1 965 ), I mpens, e t al. 

(1967) , and E. Kanamasu (unpub l ished , Uni vers i ty of Wi s cons i n) ar e 

beginning to i l l uminate it a lso, however . 

Of leaf temperature calculations, then, we must conclude that 

the method will give just as good answers as the plant properties it 

is supplied with, and these are now becoming quite well characterized. 

73 



6 . 4 . Ve r if i ca t i on of Le a f Water Ava i l ab i l i t y Ef f e c t s 

In our cons iderat i ons of l e a f wa t e r availability we indica t ed 

t ha t no cal cul a t i ons were ne eded t o specify values of the two com­

ponen t f ac t or s making up t his third of the f our bas i c factors directly 

affecting net phot osyn t hes is ; thus it woul d appea r that we have nothing 

to veri f y wi t h r espe c t t o t his topic. This is onl y par t l y true, how­

ever , f or although values of r e la t i ve humidity are quite easily di r e c t ly 

determined, a va l ue of soil moisture t ens i on for the cr op i s not so easy 

t o de r i ve . Signi fi can t v ariations in soi l moi sture t en s i on of t en occur 

wi t hin t he r oot i ng zone of a cr op , and t he s e mus t be i n t egr a ted t o give 

s ome so r t of res ult cha r a c t e r i s t i c of the entire cr op. For t he p r oblems 

i nvolved he r e and t he procedur es f or ob t a i n ing such a value, one is 

r e f e r r ed t o t he paper by Wadlei gh and Gauch (1 948) . 

The main quest i on of vera ci t y s u r roundi ng t hi s t opi c, however , 

deal s not wit h t he s pecifi ca t ion of s oi l moi s ture s t r ess, bu t with t he 

sub s t an t i ati on of t h e ef f e cts of wa t e r stress on photosyn t hesis, as 

pos t ul a ted earlier. The e ffec ts of s oi l mo i sture s t r e s s were po stu­

l a ted as accounting fo r abou t 90 percen t of the control ; thus t hey 

are the phenomena req ui r i ng some f ur t her s uppor ting ev i dence . Sin ce 

Kr amer (196 3) has s ummar i ze d muc h o f t he wor k in t h i s area, we quo t e 

be low f r om hi m: 

I t has been shown in sever a l s tudies that a 

rel a t i ve l y l ow aver age soil mois t ure s t r ess 

s ome t i mes p ro du ces meas ur ab l e r educt i on in 

growth . For instance , Van Bave1 (1953) 
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reported that an average moisture stress of 

only 1.5 atm. reduced the yield and lowered 

the quality of cigarette tobacco i n Nor t h 

Carolina. In Israel it is reported that ba­

nanas are quite sens itive to low soil water 

stress (Shmueli, 1953). In England, Goode 

(1956) reported that a maximum soil water 

tension of less than one atmosphere reduced 

both vegetative growth and fruit growth of 

apple. Sands and Rutter (1959) found that 

a maximum soil water tension of 1.5 atm. re-­

duced dry weight and stem elongation of 

Scotch pine seedlings and a tension of only 

0.5 atm . reduced needl e e l onga t ion . 

It is now general ly agr eed tha t wate r be ­

comes progressively les s avail ab l e as t he 

water conten t of the soil decreas es , r ather 

than remaining availab le unti l t he wa ter 

con ten t fa l ls a l most t o pe r manen t wi l t ing , 

then suddenly becoming unavailabl e . 

For fu r t he r evidence of the validi t y o f t he newl y propos ed wat er 

s t res s the or y , one is r e f e r r ed to I ds o (19 67). 

6 .5 . Verif ication of t he CO2 Cal cul a t i ons 

The carbon dioxide concentration a t the effe ct i ve canopy exchange 

surface is about the only one of the four bas ic f ac to rs t hat we can 
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readily compare with reliable experimental data. Wright and Lemon 

(1966b) measured hourly profiles of the parameter in the same corn 

crop at Ithaca, New York, for which we carried through our set of 

illustrative calculations. From noon to 5 p,m. the C02 concentration 

they meas ur e d at thi s height varied from just under 268 ppm to just 

ove r 272 ppm, Our calcul a t ions of these con cen t r a t i ons (and others 

t oo ) are given i n table VI. The reade r is l e ft to draw his own 

con clus ions. 

6 .6 . Compari s on of Our Fi nal Results with Those of the Aerodynamic 

Te chn i que 

In t heir a t t emp t to measur e net photosynthesis under field 

condi tions wi t hou t altering the na t ur al condit i ons of the environment, 

Wr i gh t and Lemon (1966b) use an aerodynamic technique t o calculate 

net C02 fixation by layer from car bon dioxide pro f iles and wind spe ed 

data. Wr iti n g the express i on for t he vertical flux of CO 2 as 

Pa' Kc'dC /dz [24] 

gm/cm2/secwhere vert i cal flux of CO2 , 

Pa = air dens i ty at t he prevailing temperature and pressure, 

gm/cm3 

CO2 tran s fer coe f f i ci ent , cm2/s ec 

dC/ d z CO 2 concen t r at i on gr adie n t , gm CO2/ gm air/ cm, 

t hey calcul a te t he C02 fixat ion of a layer by the di f f e r ence in the 

ver t i cal flux of C02 at its uppe r and lowe r bounds. Their integrated 

r esul t s f or t he cr op as a whole are superimposed upon our f i nal results 
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in figure 23, and in this connection it should be emphasized that 

their results are reduced by a factor of three. 

The first thing to be noted about this comparison is, of course, 

the difference in absolute magnitude. It can be seen that for a 

soil mois ture t ension of 1 . 05 a t mospheres , our abso lu t e values are 

about one- t h ird as gr ea t as t hose obt ai ned by Wri ght and Lemon, and 

f or a t ens ion of 0 . 35 atmosphere they are one- ha l f as great. Such 

a di f f erence in ab s olute magn i t ude , however, is not t oo disturbing. 

If it is due t o our f ami l y of cu r ves de s cr i b i ng the joint photos yn­

thet i c response of ma i ze t o ligh t intensity and leaf temperature 

bein g i n e r ro r by a constan t f a ct or, this i s e as i ly corrected, or 

i f it i s due t o Wri ght' s and Lemon' s C02 transfer coefficien t being 

off s i mi lar ily , t heir me t hod t oo i s eas i ly cor rec t ed . 

The second thi ng t o be noted about t he comparison is that all of 

our calculated cu rves exh i bit e a ch and every va r i a t i on of the i r s emi­

empiri cal r e s ul t, wh i ch, of cour se , mus t be gra t i fy i ng t o bo th of us . 

Wrigh t 's and Lemon ' s resul t s show thes e variations t o be mo r e pro ­

noun ced than ours, however, and t he que s t ion t hus arises as t o wh i ch 

a r e more cor r e ct. For t wo reas ons t he author be l i eves that his 

r e s ul t s may be t he mor e correc t . Firs t, t he e f f e ct s of CO2 upon ne t 

phot os yn t hesis as de t e rmined earl ier are felt to be too small to 

acco unt fo r s uch great ch anges i n ph otos yn t he tic r a t e as a re in­

dica ted by Wr i gh t and Lemon. Second , t he us e of wi nd s peed data 

to de termi ne a t ur bul en t t r ansfe r co ef ficient f or car bon dioxi de is 
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open to question, and as Wright and Lemon themselves say, "The 

accuracy of these results depends to a large extent upon the 

accuracy of the turbulent transfer coefficient determinations." 
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7. FORTRAN PROGRAMS
 

This section contains the Fortran programs necessary for the 

calculation of net photosynthesis and latent and sensible heat 

exchange by the holocoenotic method. They are written for use on 

an IBM 360 computer and have all been used with success thereon. 

The s t a t ement s are general except f or some dimension and format 

statements which vary according to the values of leaf area index and 

canopy density. For the pr ogr ams as written here, these values were 

3. 5 and 0 .1, res pect i ve l y , result ing in 35 canopy layers. 

PROGRAM I 

C THE CALCULATION OF LIGHT DISTRIBUTION FUNCTIONS (SS) FOR ALL 81 

C POSSIBLE COMBINATIONS OF THE INCLINATI ONS OF THE SUN (IS ) AND 

C YrlE LEAVES (I L) , WHEN I S AND IL ASSUME THE VALUES 5, 15, " ' , 85 

C DEGREES . INPUT DATA ARE ARRANGED IN NI NE GROUPS OF NINE CARDS 

C EACH. EACH GROUP REPRESENTS COMBI NATIONS OF NINE VALUES OF I L 

C AND ONE VALUE OF IS. THE CARDS ARE ORDERED ACCORDING TO INCREASING 

C VALUES OF BOTH IS AND IL. ~THE NINE COMPUTED POI NTS OF EACH LIGHT 

C DISTRIBUTION FUNCTI ON CORRESPOND TO VALUES OF SIN(LS) = 0.1, 0. 2, 

C .. • , 0. 9 , WHERE LS IS THE ANGLE BETWEEN THE LEAF AND THE RAYS OF 

C THE SUN. 

DIMENSION S(19) , SS(9) 

22 FORMAT(2 I 2) 

23 FORMAT (lX, 9F6 . 3 , 22X, I 2) 

DO 100 K=1 ,8l 

READ (1 , 22) I S, I L 

PHI- 3 . l 4l6 

FIS=IS 

FIL=I L 
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FIS-=FIS*PHI/180.
 

FIL=FIL*PHI/180.
 

A-SIN(FIS) *COS (FIL)
 

B-COS (FIS) *SIN(FIL)
 

X--A/B
 

IF (X+l. ) 2,2.3
 

2 DAO--PHI/2. 

GO TO 4
 

3 DAO-ATAN(X/SQRT(1.-X**2»
 

4 W=(2. *B*COS(DAO)-2. *A*DAO) **(-1)
 

DO 5 1:11:1,19
 

FI-I
 

SNLS--1.+0.1*FI
 

SNDA=(SNLS-A)/B
 

IF(SNDA+1.)6,6,7
 

6	 S (1)=0. 

GO TO 5
 

7 IF(SNDA- 1.)8,9,9
 

9 S( 1) =1­

GO TO 5 

8 DA-ATAN (SNDA/SQRT(1.-SNDA**2» 

IF (DA-DAO) 10, 11 ,11 

10 S(I)~( B *COS(DA)-A*(PHI/2 .+DA»*W 

GO TO 5 

11 S( I )=(B* (2. *COS(DAO )-COS(DA»-A*(2.*DAo+PHI/ 2.-DA»*W 

5	 CONTI NUE
 

00 12 1-=1 ,9
 

JJ=20- I
 

12	 S(I)=S(JJ)-S( I ) 

DO 13 1=1, 9 

II=10- I 

13	 SS(I ) =S (II) 

WRITE (2, 23)(SS(I ),I=l, 9) ,K 
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WRITE(3,23)(SS(I),I=l,9),K 

100 CONTINUE
 

STOP
 

END
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PROGRAM II 

C THE CALCULATION OF THE LIGHT DISTRIBUTION FUNCTION (0(1» FOR 

C I NCLINATIONS OF THE SUN IS=5, 15, . .. , 85 DEGREES AND FOR 

C ANY ARBITRARY LEAF DISTRIBUTION FUNCTION(F(J». ALSO, THE 

C CALCULATION OF THE MEAN AREA OF THE PROJECTION OF ONE UNIT 

C LEAF AREA FOR THE CROP AS A WHOLE IN THE DIRECTION OF THE 

C SUN (OPG ) . S(J,I) ARE THE CUMULATIVE FREQUENCIES OF LIGHT 

C INTERCEPTION AT SIN(LS)-O.l, 0.2, ... , 0.9 FOR LEAF INCLINA­

C TIONS OF 5, 15, "" 85 DEGREES. S(J,10) IS DEFINED IN THE 

C PROGRAM. THE 0(10) VALUES FOR EACH SUN INCLINATION CORRESPOND 

C TO VALUES OF SIN(LS)-O.l, 0.2, ... ,1.0. EACH SET OF DATA FOR 

C A SUN I NCLINATION IS PRECEEDED BY A CODE CARD WITH A POSITIVE 

C NUMBER ON IT . THE LAST CARD OF THE DATA IS A BLANK. 

DIMENSION S(9,10),SN(10),OP(9),F(9),0(10) 

22 FORMAT(lX,9F6. 3) 

23 FORMAT(11X ,10F6. 3) 

24 FORMAT(11X,F 6. 3) 

30 READ(1,22) CODE 

IF(CODE)4 0 , 40 ,50 

50 DO 100 J=1 , 9 

100 READ( 1,22 )(S(J,I),I-1,9 ) 

DO 1 J=1 , 9 

1 S (J ,10)"' l. 

DO 2 1=1 ,10 

FI=I 

2	 SN (I)=-0. 05+0.1*FI 

DO 3 J=1, 9 

OP(J)=S(J,l)/SN(l) 

DO 4 1-2,10 

40P(J)-OP(J)+(S(J,I)-S(J,I-1»/SN(I) 

3 OP(J)""l, /OP(J) 

READ(1,22)(F(J),J-1,9) 
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Q::F(1)*OP(1)
 

DO 6 J-2,9
 

6	 Q-Q+(F(J)-F(J-1»*OP(J)
 

DO 7 1-1,10
 

0(I)-F(1)*OP(1)*S(1,I)/Q
 

DO 7 J-2,9
 

70(1)-0(1)+(F(J)-F(J-l»*OP(J)*S(J,I)/Q 

WRITE(2,23)(0(I),I-l,lO) 

WRITE(3,23)(0(I),I-l,lO) 

OPG-O(l)/SN(l) 

DO 8 1-2,10 

80PG=OPG+(0(I)-0(I-l»/SN(I)
 

OPG",l./OPG
 

WRITE(2,24)OPG
 

WRITE(3,24)OPG
 

GO TO 30
 

40 STOP 

END 
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PROGRAM III
 

C THE CALCULATION OF THE FRACTIONS OF SUNLIT LEAVES (FR(K,J» 

C RECEIVING DIRECT LIGHT AT VALUES OF SIN(LS) BETWEEN 0.0 AND 

C 0.1, 0.1 and 0.2, •.. , 0.9 and 1.0 AT SUN INCLINATIONS IS=­

C 5, IS, ... , 85 DEGREES. O(K,J) ARE THE LIGHT DISTRIBUTION 

C FUNCTIONS FOR A CROP COMPUTED AT THESE SUN INCLINATIONS. 

DIMENSION SN(10),S(10),0(9,10),R(9,10),SR(9),FR(9,10) 

22 FORMAT(11X,10F6.3) 

23 FO~~T(lX,F6.3) 

SN(1)-0.05 

SN(2)-O.15 

SN(3)-0.25 

SN(4)-0.35 

SN(5)z:0.45 

SN(6)=0.55 

SN(7)-0.65 

SN(8) =0 . 75 

SN(9 )=0.85 

SN (10) - 0. 95 

DO 100 K=1 , 9 

100 READ(1,22) (0(K,J) ,J- 1 , 10) 

DO 200 K=1 , 9 

200 R(K, l )=O(K,l)/SN(l) 

DO 300 K:a1 ,9 

DO 300 J- 2,lO 

300 R(K ,J) - (0 (K,J)-0(K,J-1» /SN(J) 

DO 400 K=1, 9 

400 SR (K)=R(K , 1)+R(K,2 )+R(K, 3)+R(K, 4)+R(K ,5)+R(K, 6)+R(K, 7) 

1+R(K,8)+R(K,9)+R(K,10) 

DO 500 K:or l ,9 

DO 500 J- 1,10 
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500	 FR(K,J)~R(K,J)/SR(K) 

DO 600 K-l,9 

WRITE(2,22)(FR(K,J),Jal,lO) 

600 WRITE(3,23) (FR(K,J),J-l,lO) 

STOP 

END 
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PROGRAM V
 

C THE CALCULATION OF THE SOLAR TIME (T(K» FOR THE SUN INCLINATIONS 

C IS=5,15 , .. . , 65 DEGREES . H IS THE HOUR ANGLE OF THE SUN , ED IS 

C THE DECLINATION OF THE SUN FOR THE DAY IN QUESTION, AND EL IS THE 

C LATITUDE, POSITIVE WHEN NORTH OF THE 

DIMENSION EK(7),A(7) ,H(7),T(7) 

22 FORMAT(1X,2F7.4) 

23 FORMAT(1X,7F6. 3) 

READ (1, 22)EL,ED
 

PHI=3 .1 416
 

EEL=EL*PHI/180.
 

EED=ED*PHI/180.
 

EK( 1)=5 .* PHI/180.
 

EK( 2)=15 . *PHI/180 .
 

EK(3 )=25.*PHI/180 .
 

EK (4)=3S.*PHI / 180 .
 

EK(S)=4S .*PHI/ 180 .
 

EK (6)=S5.*PHI/ 180 .
 

EK(7)=6S.*PHI/ 180 .
 

DO 6 K=1,7
 

EQUATOR.
 

A(K)= (SI N(EK(K» - SIN(EEL)*SIN(EED»/(COS(EEL)*COS(EED )) 

IF (A(K» , 3,5 ,S 

3 H(K)=PHI-ATAN(SQRT(1.-A(K)**2)/(-A(K))) 

GO TO 6 

5 H(K) =ATAN(SQRT(1 . -A(K)**2)/A(K» 

6 T(K) =H(K) *12. / PHI 

WRI TE(2, 23) (T(K) , K=1,7)
 

WRITE (3,23 ) (T(K) , K=1,7 )
 

STOP
 

END
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PROGRAM VI 

C THE CALCULATION OF THE FRACTIONS (Z(I» OF DIFFUSE LIGHT I NCIDENT 

C UPON THE VARI OU S CROP LAYERS COMPARED TO THAT I NCi DENT ON A 

C HORIZONTAL SURFACE ABOVE THE CROP, AN D THE CALCULATION OF THE 

C ACTUAL INTENSITIES OF DIFFUSE LIGHT (FDZ(K,I» RECEIVED BY TH E 

C LEAVES OF EACH CANOPy LAYER AND THE SOIL SURFACE AT TIMES T(K). 

C X(K,I) ARE THE FRACTIONS OF LEAVES IN EACH LAYER RECEIVING DIRECT 

C LIGHT AT TIMES OF THE SUN INCLINATIONS 15=5, 15, "', 65 DEGREES. 

C B (K) ARE THE RELATIVE CONTRIBUTIONS TO THE ILLUMINANCE OF A HORI ­

C ZONTAL SURFACE OF 10 DEGREE ZONES CENTERED AT TI1ESE INCLINATION S 

C FROM A SKY WITH UNIFORM BRIGHTNESS. FD( K) ARE THE ACTUAL INTENSITIES 

C OF DIFFUSE SKYLIGHT RECEIVED AT A HO RIZONTAL SURFACE ABOVE THE CROP 

C AT TIMES T(K). 

DIMENSION X(9, 35) , B(9) ,A(9, 36) , Z(36) , FD(14) , FDZ(14 , 36) 

20 FORM AT (lX,I2) 

22 FORMAT (11X , 10F6. 3/11X,1 0F6.3 / 11X ,1 0F6 . 3/11X,5 F6. 3) 

32 FORMAT(11X,10F6.3/11X,lOF6.3/l1X,lOF6.3 /11X, 6F6.3) 

33 FORMAT (11X,lOF6. 3/l l X,4F6.3) 

B(1 )=0. 030 

B(2)=O. 087 

B( 3)=O. 133 

B(4)=O. 163 

B(5) =O. 174 

B(6)=O. 163 

B ( 7) =0 .133 

B(8) =O. 087 

B(9)=0.030 

READ(1 , 20)NMAX 

DO 100 K=1,9 

100	 READ(1 ,2 2) (X(K ,I ) , I =l , NMAX ) 

J=NMAX+1 

DO 11 K=1 ,9 
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DO	 11 1=2,J 

11 A(K,I)=B(K)*X(K,I-1) 

Z(1)=!. 

DO 12 1:o:2,J 

12	 Z(1)-A(1,1)+A(2,I)+A(3,I)+A(4,I)+A(5,I)+A(6,1)+A(7,I) 

1+A(8,I)+A(9,I)
 

WRITE(2,32)(Z(I),I=1,J)
 

WRITE(3,32)(Z(I),I=1,J)
 

READ(1,33) (FD(K) ,K=1,14)
 

, DO 50 K=1,14 

DO 50 I -=1,J 

50 FDZ(K,1)=FD(K)*Z(I) 

DO 15 K= 1 ,14 

WRI TE ( 2 , 32)(FDZ(K , I),I~1 ,J) 

15	 WRI TE(3 , 32) (FDZ(K, I ) , I=1, J ) 

STOP 

END 
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PROGRAM VII 

C THE CALCULATION OF THE ACTUAL INTENSITIES OF THE SCATTERED LIGHT 

C SOURCES (ST(K,I» AT EACH CANOPY LAYER AND AT THE SOIL SURFACE 

C AT TIMES OF THE SUN INCLI NATI ONS IS=5, 15, ... , 65 DEGREES. 

C X(K,I-l) ARE THE FRACTIONS OF DIRECT LIGHT INCIDENT UPON EACH 

C LAYER I. XX(K, I ) ARE THE FRACTIONS OF DIRECT LIGHT INTERCEPTED 

C BY EACH LAYER, AS ARE THE XXX(K,I), WHICH MERELY EXPRESS EXPLI­

C CITLY THE VARIATION THROUGHOUT THE ENTIRE DAY. FS (K) ARE THE 

C ACTUAL INTENSITIES OF DIRECT SOLAR RADIATION I NCIDENT UPON A 

C HORIZONTAL SURFACE ABOVE THE CROP, AND XXXX (K,I) ARE THE ACTUAL 

C INTENSITIES THUS INTERCEPTED AT THE SEVERAL CROP LAYERS. FDZ(K,I) 

C ARE THE ACTUAL INTENSITIES OF DIFFUSE SKYLIGHT INTERCEPTED AT TH E 

C LAYERS . AGAIN, K I N ALL OF THESE CASES REFERS TO AN INCLINATI ON 

C OF THE SUN . SCAT I S THE SCATTERING COEFFICIENT OF THE CROP LEAVES 

C FOR DI RECT SUN LIGHT, SSCAT IS THE SCATTERING COEFFICIENT FOR DIFFUS E 

C SKYLIGHT , AND SSSCAT I S TWI CE THE REFLECTANCE OF THE SOIL SURFACE. 

DIMENSION X(9, 35) , XX (7, 35), XXX (14, 35), FS(14), XXXX(14,36 ), 

lFDZ(14 ,3 6), FDZZ(14 , 36),ST(1 4 ,3 6) 

22 FORMAT(11X,10F6. 3/11X,10F6.3/llX,10F6. 3/llX,5F6. 3) 

25 FORMAT ( l X,3F6.3) 

26 FORMAT( l X, I2 ) 

27 FORMAT (11X, 10F6. 3/ l l X, 10F6. 3/ 11X, 10F6 .3 / 11X,6F6 .3) 

28 FORMAT(11X,10 F6. 3/llX,4 F6 .3 ) 

READ (1 , 26) NMAX 

DO 100 K=1 ,9 

100	 READ (1 , 22) (X(K,I) ,Ic l ,NMAX) 

DO 2 K=1 ,7 

XX (K, l ) =l. - X(K, l) 

DO 2 I =2 , NMAX 

2	 XX (K,I )=X(K, I -l) - X(K, I) 

DO 666 I=l, NMAX 
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XXX(l , I) =XX ( l , I )
 

XXX (2, I )=XX(2, I )
 

XXX(3,I )=XX(3,I )
 

XXX (4 ,I) =XX (4 , I )
 

XXX(5, I )=XX( 5,I)
 

XXX (6 ,I) =XX (6 , I )
 

XXX(7,I)=XX (7 ,I)
 

XXX( 8,I )=XX(7,I )
 

XXX(9,I )=XX(6,I)
 

XXX(10,I)=XX(5,I)
 

XXX (11 ,I)=XX (4 , I )
 

XXX(12,I)=XX(3,I)
 

XXX (13 , I ) =XX (2, I)
 

666 XXX (14,I)=XX (1,I) 

READ (1, 28) (FS( K) ,K=1,14) 

DO 3 K=1 , 14 

DO 3 l=l , NMAX 

3 XXXX( K,I) =FS( K) *XXX (K, I) 

L=NMAX+l 

DO 4 K=1,14 

4 XXXX(K, L) =FS (K) *X(K, NMAX ) 

DO 400 K=1,14 

400 READ (1 , 27) (FDZ(K,I ) , I=1,L) 

DO 6 K=1,14 

DO 6 1=l , !'>'MAX 

6 FDZZ(K, 1) =FDZ(K , I) - FDZ(K, I+l ) 

DO 7 K=1 , 14 

7 FDZZ (K ,NMAX+l ) =F DZ (K , N}~+l ) 

READ( 1 , 25) SCAT,SSCAT, SSSCAT 

DO 8 K=1 ,14 

DO 8 I=l, NMAX. 

8 ST(K,I)=SCAT*XXXX(K, I )+SSCAT*FDZZ(K,1) 
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DO 9 K=l,14 

9	 ST(K,N}~+1)=(XXXX(K,NMAX+1)+FDZZ( K,NMAX+1»*S S SCAT 

DO 700 K=l,14 

WR1TE(2,27)(ST(K,1),1=l,L) 

700	 WR1TE(3, 27) (ST(K,1) ,1=l ,L) 

STOP 

END 
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PROGRAM VIII 

C THE CALCULATION OF THE INTENSITIES OF SCA TTERE D LIGHT (SSS(K, I » 

C INCIDENT UPON THE LEAVES OF EACH CANOPY LAYER AT TIMES OF THE 

C SUN INCLINATIONS K. ST(K,I) ARE THE STRENGTHS OF THE SCATTERED 

C LIGHT SOURCES AT EACH LAYER AND Z(I) ARE TIlE FRACTIONS OF DIFFUSE 

C LIGHT I NCIDENT UPON A LAYER DUE TO ANOTHER LAYER I DEPTHS AWAY. 

DIMENSION ST(14,36) , Z(36) ,8(14, 36) ,S8T(14,36) ,SS(14,35) ,SSS(14,35) 

11 FORMAT(llX,lOF6. 3/11X,10F6. 3/nX, 10F6. 3/ i ix , SF6 . 3) 

21 FORMAT(11X,lOF6.3/11X,lOF6.3/11X,10F6. 3/11X,6F6.3) 

24 FORMAT(1X,F6.3) 

25 FORMAT(1X,I2 ) 

READ( l,25)NMAX 

Mc:NMAX+l 

DO 43 K=l,1 4 

43 READ (1,21) (ST(K, I) ,1=1,M) 

READ (1, 21)( Z ( I ) , I ~1,M) 

DO 1 K=l ,1 4 

S(K, 1) =O. 

DO 1 I=2 ,M 

1 S(K, l ) =S (K, l) +O.5*ST(K, I) *Z(I - l ) 

DO 4 K= l , 14 

DO 4 I=2,NMAX 

S(K, I ) =O . 

N=I - l 

DO 3 L=1 ,N 

J=I- L 

3 S(K,I ) =S(K,I )+O. 5*ST(K, L) *Z(J) 

NN=I+ l 

DO 65 L=NN, NMAX. 

J-L- I 

65 S( K,I)=S(K,I)+O.S*ST(K,L)* Z(J) 

4 CONTINUE 
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DO 5 K=l, 14
 

S(K,M)=O.
 

DO 5 I=l,NMAX
 

J=M-I
 

5 S(K,M)=S(K,M)+O.5*ST(K,I)*Z(J)
 

READ(1,24)XSCAT
 

DO 6 K=1,14
 

DO 6 I=l,M
 

6	 SST(K,I)=XSCAT*S(K,I)*(1.-Z(2)) 

DO 7 K=1,14 

SS(K,l)=O. 

DO 7 I=-2,M 

7	 SS(K,1)=SS(K,1)+O.5*SST(K,I)*Z(I-l) 

DO 9 K=1,14 

DO 9 I=2,NMAX 

SS(K, I) =O. 

N=I - l 

DO 8 L=l ,N 

J=I-L 

8	 SS(K,I ) =SS(K, I )+0 . 5*SST(K ,L) *Z(J ) 

NN=I+l 

DO 9 L=NN , t-i'MAX 

J=L-I 

9	 SS(K,I)=SS(K,I) +0 .5 *SS T(K,L) *Z(J ) 

DO 10 K=I,14 

DO 10 I=I, NMAX 

10	 SSS(K,I)=S(K,I)+SS(K,I)
 

DO 203 K=I,14
 

WRITE(2,11)(SSS(K,I),I=I,NMAX)
 

203 WRITE(3,11)(SSS(K,I),I=I,NMAX) 

STOP 

END 
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PROGRAM IX 

C THE CALCULATION OF THE I NTENSI TI ES OF DIFFUS E AN D SCATTERED LIGHT 

C (5555(1» INCIDENT UPON THOSE LEAVES OF EACH LAYER THAT RECEIVE NO 

C DIRECT SUNLIGHT. ALSO, THE CALCULATION OF THE INTENSITIES (SDSD( I» 

C OF LIGHT INCIDENT UPON THOSE LEAVES OF EACH LAYER WHICH RECEIVE 

C DIRECT SOLAR RADIATION AT VALUES OF SIN(LS) FROM 0.0 TO 0.1, 0. 1 TO 

C 0.2, ... ,0.9 TO 1.0. FDZ(I) ARE THE I NTENSITIES OF INCIDENT 

C DIFFUSE LIGHT RECEIVED BY THE LEAVES OF EACH LAYER AND SSS(I) ARE 

C THE INTENSITIES OF SCATTERED LIGHT RECEIVED BY THE SAME LEAVES. 

C FS(K) ARE THE INTENSITIES OF DIRECT SUNLIGHT RECEIVED AT A HORIZONTAL 

C SURFACE ABOVE THE CROP AT SUN INCLINATIONS I S=5, 15, . . . , 65 DEGREES. 

C EK(K) ARE THE ANGLES 5, 15, ... ,65 DEGREES. FFS(K) ARE THUS THE 

C INTENSITIES OF THE DIRECT BEAM AT THESE SUN I NCLI NATI ONS AS RECEI VED 

C ON A SURFACE PERPENDICULAR TO THE BEAM. SN(J) ARE THE VALUES OF 

C SI N(LS) OF 0.05,0.15, ... , 0. 95. 

DIMENSION FDZ(35),SSS(35),SSSS( 35) , SN(lO) , SDSD(35 , 10) 

21 FORMAT(11X,10F6.3/11X,10F6.3/11X,10F6.3/11X,5F6.3) 

22 FORMAT(11X,10F6.3) 

23 FORMAT(11X,F6.3) 

24 FORMAT(lX,I2) 

READ(1,24)NMAX 

DO 88 K=1,14 

READ(1,21) (FDZ(I),I=l,NMAX) 

READ(l,21) (SSS(I),I=l,NMAX) 

DO 1 I=l,NMAX 

1	 SSSS(I )=FDZ(I )+SSS(I ) 

WRITE(2,21)(SSSS(I),I=1,NMAX) 

WRITE(3,21)(SSSS(I),I=1,NMAX) 

READ(1,23)FS 

READ(1,23)EK 

EEK=EK*3.1416/180. 

FFS=FS/SIN(EEK) 
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READ(I, 22)(SN (J ),J=I, 10) 

DO 3 1=I , NMAX 

DO 2 J=I , 10 

2 SDSD(I ,J )= FFS*SN (J )+SSSS(I ) 

3	 CONTINUE 

DO 4 I=I, NHAX 

WRITE(2,22)(SDSD(I,J), J=1,lO) 

4	 WRITE(3,22)(SDSD(I,J),J=1,lO) 

88	 CONTINUE 

STOP 

END 
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PROGRAM X 

C THE CALCULATION OF THE HEAT LOAD S OF THE ELEVEN LEAF CLASSES OF 

C EACH CANOPY LAY ER FOR SPECIFIED I NCL I NAT ION S OF THE SUN (IS). 

C HLDO(I) ARE THE HEAT LOADS OF THE LEAVES RECEIVING DIFFUSE SHORT 

C WAVE RADIATION ONLY, AND HLTR(I,J) ARE THE HEAT LOADS OF LEAVES 

C RECEIVING DIRECT SOLAR RADIAT I ON TOO. ABSS, ABSD, AND ABLD ARE 

C THE AB SORPTANCES OF THE CROP LEAVES TO SCATTERED AND DIFFUSE 

C SHORT WAVE RADIATION , DIRECT SOLAR RADIATION, AND LONG WAVE 

C RADIATION, RESPECTIVELY. SSSS(I) ARE THE INTENSITIES OF 

C SCATTERED AND DIFFUSE SHORT WAVE RADIAT I ON WH ICH IMPINGE UPON 

C LEAVES RE CE IVI NG NO DIRECT SUNLIGHT, AND SDSD (I , J) ARE THE INTEN-· 

C SI TI ES OF TOTAL SHORT WAVE RADIATION I NCIDENT UPON LEAVES WH I CH 

C RECEIVE DIRECT SOLAR RADIATION ALSO. Z(I) ARE THE FRACTI ONS OF 

C THE UPP ER HEMISPHERIC VI EWS OF HORIZONTAL LEAVES I N THE SEVERAL 

C LAYERS OCC UPIED BY SKY AND NOT BY OTHER LEAVES. 

DI MENSI ON SSSS(35) ,ASS SS( 35) , SDSD ( 35,10),ADDDD ( 35,10), 

1ATSW( 35 ,1 0) , Z(35), SALW ( 35) ,HLDO ( 35) ,HLTR( 35 , 10) 

21 FORMAT(I X, 3F7. 3) 

22 FORMAT(11X, 10F6.3/11X, 10F6. 3/ 11X, 10F6. 3/ 11X,5F6. 3) 

23 FORMAT(11X, 10F6. 3) 

24 FORMAT(1X, 2F6. 3) 

DO 12 K=1 , 14 

READ (1 , 21)ABS S, AB SD , ABLD 

READ ( I , 22) (SSSS (I ) , 1=1 , 35) 

DO 1 1=1 , 35 

1 ASSSS(I ) =ABSS*SS SS (I ) 

DO 2 1=1, 35 

2 READ(1 , 23) (SD SD(I,J) , J=I , 10 ) 

DO 3 1=1 , 35 

DO 3 J=1 , 10 

3 ADDDD( I , J )=(S DSD (I , J ) - SSS S(I) ) *ABSD 

DO 4 1=1 , 35 

DO 4 J=1 , 10 
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4 ATSW(l,J )=ADDDD(I, J) +ASS SS (l) 

READ ( 1 , 24) RG , RA 

READ(1 , 22) (Z(l) ,1=1,35) 

DO 5 1=1, 35 

5 SALW(1)=(2.*RG+Z(I)*(RA-RG»*ABLD 

DO 6 1=1,35 

6 HLDO(1)cASSSS(1)+SALW(l) 

DO 7 1=1,35 

DO 7 J=1,10 

7 HLTR(I,J)=ATSW(I,J)+SALW(I) 

WRITE(2,22) (HLDO(I) ,1=1,35) 

WR1TE(3,22) (HLDO(1) ,1=1,35) 

DO 8 1=1,35 

WR1TE(2,23) (HLTR)(I,J),J=l,lO) 

8 WR1TE(3,23)(HLTR)(I,J),J=l,10) 

12 CONTINUE 

STOP 

END 
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PR<X;RAM XI 

C THE CALCULATION OF LEAF TEMP ERATURES, TL (J), OF THE ELEVEN 

C LEAF CLASSES OF EACH CANOPY LAYER, I, FOR SPECIFIED INCLINA­

C TIONS OF THE SUN. ALSO, THE CALCULATIONS OF THE SENSIBLE 

C AND LATENT HEAT LOSSES, SH(J) AND LH(J) , BY THESE LEAVES. 

C SWVD(M, N) ARE THE SATURATED WATER VAPOR DENSI TI ES OF AIR (xI06) 

C AT THE TEMPERATURES 274. 0 , 274.1, 274.2, ... ,323.7, 323.8, 

C 323. 9 DEGREES KELVIN. I NCREMENTS IN THE INDEX M CORRESPOND TO 

C I NTERGER TEMPERATURE INCREMENTS AND THOSE IN THE INDEX N TO 

C TEMPERATURE INCREMENTS OF OF 0.1 DEGREES. TA(I), V(I), RH(I), 

C AND DIFRES(I) ARE, RESPECTIVELY, THE AIR TEMPERATURE, WIND SPEED, 

C RELATIVE HUMIDITY, AND LEAF DIFFUSION RESISTANCE AT THE SEVERAL 

C CANOPY LAYERS. HLDO(I) ARE THE HEAT LOADS OF THOSE LEAVES OF 

C EACH LAY ER THAT RECEIVE DIFFUSE SHORT WAVE RADIATION EXCLUSIVE 

C OF DIRECT SUNLIGHT, WHILE HLTR(I ,J) ARE THE HEAT LOADS OF THOSE 

C LEAVES THAT REC EI VE DI RECT SOLAR RAD IATI ON TOO. EMIS , SIGMA , 

C CHARD , HTVAP ARE THE EM I TTANCE OF A CROP LEAF, THE STAFAN-BOLTZ­

C MANN CONSTANT, THE CHARACTERISTI C LEAF DIMENSION, AN D HEAT OF 

C VAPORI ZATI ON. 

DIMENS I ON SWVD(50, 10) ,TA (35) , SWVDTA(35),V (35),RH (35) ,DIFRES (3S) , 

I HLDO(3S) ,HLTR(3S, 11) , TL (ll ) ,SH(ll) , LH ( ll) 

REAL LH 

20 FORMAT (l X, I 2) 

21 FORMAT(lX , 10F7.3) 

22 FORMAT (l X,13F6. 1/1 X,13F6.1/ 1X,9F6. 1) 

23 FORMAT(l X,F4. 2,lX,F15.13, l X, F3. 1 ,lX,F5. 1) 

24 FORMAT (11X,10 F6. 3/11X,10F6. 3/ 11X, 10F6. 3/ 11X,SF6.3) 

25 FORMAT (11X,10F6. 3) 

26 FORMAT(11X,11F6.1) 

27 FORMAT(11X,F7. 3) 

28 FORMAT (11X,11F6.3 ) 
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READ(1,20)NMAX� 

DO 1 M=l,SO� 

1� READ(1,21)(SWVD(M,N),N~1,10)
 

DO 789 K=1,14� 

READ(1,22)(TA(I),I=1,NMAX)� 

DO 2 I aI, NMAX� 

M=TA(I)-273.0+0.03� 

XM=M� 

N=(TA(I)-273.0-XM+O.1)*10.+O.S� 

SWVDTA(I)=SWVD(M,N)� 

2 WRITE(3,27)SWVDTA(I)� 

READ(1,23)EMIS,SIGMA,CHARD,HTVAP� 

READ(1,22)(V(I),I=1,NMAX)� 

READ(1,22)(RH(I),1=1,NMAX)� 

READ(1,24)(DIFRES(I),I=1,NMAX)� 

READ(1,24)(HLDO(I),1=1,NMAX� 

DO 3 I= l,NMAX� 

READ(1 ,2 S) (HLTR(I , J ) ,J=1 , l O)� 

3 HLTR(1 , 11)=HLDO(1)� 

DO 30 I= l, NMAX� 

LL=V ( I)� 

I F(LL-10) 13,1 3 ,1 4� 

13 TLL=TA(I)+S. 

DO 31 J=l , l1 

TL(J )=TLL 

16 M=TL(J )-27 3. 0+O . 03 

XM=M 

N=( TL (J ) -2 73.0-XM+O. l )*10 .+0 . S 

SH(J)=0.006*SQRT(SQRT(ABS(TL(J )-TA(1»/CHARD»*(TL (J)-TA(I » 

LH(J )=(HTVAP/ DI FRES(1» * (SWVD(M, N) -RH(I) *SWVDTA(I ) *O. Ol )* O.OOOQO! 

A=HLTR(I, J ) / 2. - EMIS* SI GMA*TL(J) **4- SH(J ) - LH(J ) 

IF (A-0.01) l S, 31 , 17 
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17� TL (J)=TL(J )+O. 3 

GO TO 16 

15 IF(A+O.Ol)18,31,31 

18 TL ( J ) ~ TL ( J ) - O . 3 

GO TO 16 

31� CONTINUE 

WRITE( 2,2 6) (TL (J),J=I , II) 

WRITE(3,26)(TL(J),J=I,11) 

WRI TE(2 , 28) (SH(J ) , J=1 , 11) 

WRITE(3 ,28)(SH(J),J~l,ll) 

WRITE(2, 28)(LH(J),JK1,ll)� 

WRI TE( 3, 28) (LH(J ) , J=l , l l )� 

GO TO 30� 

14 TLL=TA(I)+5. 

DO 32 J=I,l1 

TL(J ) =TLL 

36 M=TL(J ) -2 73. 0+0. 03 

XM=M 

N=( TL(J ) -2 73.0- XM+0 . 1) *10 .+0 . 5 

SH(J)=0 . 0057*SQRT(V(I )/CHARD)* (TL(J) - TA(I » 

LH(J )=( HTVAP /DI FRES(I » *(SWVD(M,N) - RH( I ) *SWVDTA(I ) *O. Ol ) *0 . 000001 

A=HLTR(I,J ) / 2.-EMIS*SIGMA*TL(J ) **4-SH(J) -LH(J) 

I F(A- 0 . OI 0) 35 , 32 , 37 

37 TL(J ) =TL(J) +0 . 3 

GO TO 36 

35 I F(A+0 .OI O)38 , 32 , 32 

38 TL(J ) =TL(J ) - 0 . 3 

GO TO 36 

32� CONTINUE 

WRITE(2 ,26)(TL(J),J=I,11) 

WRITE(3,26)(TL(J),J=I,11) 

WRITE(2,28)(SH(J),J=I,11) 
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WRITE(3, 28) (SH (J ),J=l ,ll) 

WRITE(2, 28)(LH(J) ,J=1,11) 

WRITE(3,2 8)(LH (J ),J=l , l l) 

30 CONTINUE 

789 CONTINUE 

STOP 

END 
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PROGRAM XII 

C THE CALCULATION OF THE PHOTOSYNTHETIC RATES (PHOTO(I,J)) OF THE 

C ELEVEN LEAF CLASSES OF EACH CANOPY LAYER FOR THE SUN INCLINATIONS 

C IS=5, 15, ... ,65,65, ... , 15, 5 DEGREES. PHOSYN(M,N) ARE LEAF 

C PHOTOSYNTHETIC RATES AT THE TEMPERATURES INDEXED BY M AND THE 

C LIGHT INTENSITIES INDEXED BY N. THE TEMPERATURES RANGE FROM 1 TO 

C 50 DEGREES CENTIGRADE IN INTEGER INCREMENTS, AND THE LIGHT INTEN­
2/MINC SITIES RANGE FROM 0.1 TO 1.4 CAL/CM IN 0.1 INCREMENTS. TL (I , J ) 

C ARE THE LEAF TEMPERATURES OF EACH CLASS AND LAYER, SSSS(I ) ARE THE 

C INTENSITIES OF DIFFUSE AND SCATTERED LIGHT INCIDENT UPON LEAVES OF 

C EACH LAYER, AND SDSD(I,J) ARE THE INTENSITIES OF DIRECT SUNLIGHT 

C INCI DENT UPON LEAVES OF EACH CLASS AND LAYER. 

DIMENSION PHOSYN(SO,14),TL(3S,11), SSSS(3S), SDSD( 35 ,11), 

1NTL (35,11) , NSDSD(35,11) ,PHOTO ( 3S,11)� 

20 FORMAT(l X, I 2)� 

21 FORMAT (lX,14F5. 1)� 

22 FORMAT(11X,11F6. 1)� 

23 FORMAT(11X,10F 6.3/11X, 10F6 . 3/11X , 10F6. 3/ 11X, 5F6. 3)� 

24 FORMAT (11X , 10F6.3 )� 

25 FORMAT (11X,11 F5. 1)� 

DO 100 M=1 , 50 

100� READ (1 , 21) (PHOSYN (M, N) ,N=1 , 14)� 

READ (1 , 20) NMAX� 

DO 66 K=1, 14� 

DO 1 I= l, NMAX� 

1 READ(1 , 22)(TL(I, J ) ,J=1, 11)� 

READ(1,23) (SSSS(I ), I=l, NMAX)� 

DO 2 I=l,NMAX� 

READ(1,24)(SDSD(I,J),J=1,10)� 

2 SDSD(I,11)=SSSS(I)� 

DO 3 I=l,NMAX� 

DO 3 J=l,ll� 
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3� NTL(I,J)=TL(I,J)-273.0+0.03� 

DO 4 r-1,NMAX� 

DO 4 J .. 1,11� 

4 NSDSD(I,J)=SDSD(I,J)*10.+0.03 

DO 5 r-l,NMAX 

DO 5 J=I,l1 

N=NSDSD(I,J) 

IF(N)11,11,12 

11 PHOTO(I,J)=O. 

CONTINUE 

12 IF(N-14)31,31,13 

13 N=14 

31 M=NTL(I,J) 

5� PHOTO(I,J)=PHOSYN(M,N) 

DO 6 I=I,NMAX 

WRITE(2,25) (PHOTO(I,J),J=l,ll) 

6� WRITE(3,25)(PHOTO(I,J),J=l,ll) 

66� CONTINUE 

STOP 

END 
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PROGRAM XI I I 

C THE CALCULATI ON OF THE MEAN PHOTOSYNTHETIC RA TES(PHOTOL(I» , 

C MEAN SENSIBLE HEAT LOSSE S (SHL(I», AND MEAN LATENT HEAT 

C LOSSES (LHL(I» FOR THE SEVERAL CANO PY LAYERS AT THE TIMES OF 

C THE SUN INCLINATIONS IS=5, 15, . .. , 65, 65, ... , 15,5 DEGREES. 

C ALSO, THE CALCULATION OF MEAN PHOTOSYNTHETI C RA TES PHOTOE(I ) , 

C PHOTOS(I), PHOTOF (I), AND PHOTOT(I ) UNDER CONDI TI ONS OF SOI L 

C MOISTURE STRE SSES OF 0.70, 1. 05} 1 . 40, and 1.7 5 ATMOSPHERES, AS 

C OPPOSED TO A TENSION OF 0 .35 ATMOSPHERE FOR PHOTOL(I ) . THEN , 

C THE CALCULATION OF THE MEAN PHOTOSYNTHETIC RA TES ADPHOL(I ) , 

C ADPHOE(I), ADPHOS(I) , ADPHOF(I) , AND ADPHOT(I ) ADJ USTED FOR THE 

C DIRECT EFFECTS OF RELATIVE HUMIDITY (RH(I» . DF (I) ARE THE 

C FRACTI ONS OF LEAVES I N EACH LAYER RECEIVI NG DIF FUSE SHORT WAVE 

C RA DIATI ON ONLY, and DS(I , J ) ARE THE FRACTIONS OF THE LEAVES OF 

C EACH LAYER RECEIVING DIRECT SOLAR RA DIATION ALSO . PHOTO (I , J ) 

C ARE THE PHOTOSYNTHETIC RATE S OF THE ELEVEN LEAF CLAS SES OF EACH 

C LAYER, SH(I ,J) ARE THE SENSI BLE HEAT LOS SES FROM THE ELEVEN LEAF 

C CLA SSES OF EACH LAYER, AND LH (I ,J) ARE TH E LATENT HEAT LOSSES 

C FROM THES E LEAVES. 

DI MENS I ON DF(35) ,D8 (35, 11) , PHOTO(35 , 11) , SH(35 ,l l) , LH(35 ,11) , 

lPHOTOL (35) ,SHL(35) , LHL (35), PHOTOE(35 ) , PHOTOS( 35), PHOTOF (3 5) , 

2PHOTOT(35) , RH (35) , PHN EG(35) , ADPHOL( 35) , ADPHOE(35) , ADPHO8 (35) , 

3ADPHOF (35),ADPHOT( 35) 

REAL LH 

REAL LHL 

20 FORMAT( lX,I2) 

21 FORMAT( 1IX,10F6 . 3/ l l X, 10F6 . 3/l1X, 10F6 . 3/ 11X, 5F6 . 3) 

22 FORMAT( I IX,10F6 .3) 

23 FORMAT(1IX ,11F5.1) 

24 FORMAT(llX,11F6.3) 

25 FORMAT(11X,10F5 .1/l1X,10F5 .1/11X,10F5.1/11X,5F5 .1) 

27 FORMAT(lX,13F6.1/lX,13F6 .1/1X,9F6.1) 
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READ( 1,20)NMAX� 

DO 789 K=1 ,14� 

READ (1,21) (DF (1) ,1"'1, NMAX)� 

DO 1 1=l , NMAX� 

READ (1,22) (DS(1, J),J=1,10)� 

1 DS(1,ll)=DF(1) 

DO 2 1=l,NMAX 

2 READ(1,23)(PHOTO(1,J),J=1,11) 

DO 3 1=l,NMAX 

3 READ(1,24) (SH(1,J),J=1,11) 

DO 4 1=l,NMAX 

4 READ(1,24) (LH(1,J) ,J=1,11) 

DO 5 1=l,NMAX. 

PHOTOL(1)=O. 

DO 5 J=l, 11 

5 PHOTOL(1)=PHOTOL(1)+PHOTO(1,J)*DS(1,J) 

DO 6 1=l,NMAX 

SHL(1)=O. 

DO 6 J=l,11 

6� SHL(I)=SHL(I)+SH(I,J)*DS(1,J) 

DO 7 1=l,NMAX 

LHL(I)=O. 

DO 7 J=l,11 

7 LHL(I)=LHL(I)+LH(I,J)*DS(I,J) 

WRITE(2,25) (PHOTOL(I),1=l,NMAX) 

WRITE(3,25)(PHOTOL(I),I=1,NMAX) 

WRITE(2,21) (SHL(I ), 1=l,NMAX) 

WRITE(),21)(SHL(I) ,1=1,NMAX) 

WRITE(2,21) (LHL(1),1=l,NMAX) 

WRITE(3,21)(LHL(1),1=1,NMAX) 

DO 8 I=l,NMAX 

PHOTOE(1)=0.8*PHOTOL(I) 
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PHOTOS (I)-0.6*PHOTOL(I) 

PHOTOF(I)-0.4*PHOTOL(1) 

8 PHOTOT(I)-0.2*PHOTOL(I) 

WRITE(2,25)(PHOTOE(I),r-l,NMAX) 

WRITE(3,25) (PHOTOE(I),r-l,NMAX) 

WRITE(2,25) (PHOTOS(l),I -l,NMAX) 

WRITE(3,25) (PHOtOS(I),I-l,NMAX) 

WRITE(2,25) (PHOTOF(I),r-l,NMAX) 

WR1TE(3,25) (PHOTOF(I),I-l,NMAX) 

WRITE(2, 25) (PHOTOT(I),I-l,NMAX) 

WRITE(3,25)(PHOTOT(I),I-l,NMAX) 

READ(1,27) (RH(I),I-l,NMAX) 

DO 9 I"I,NMAX 

FACT-0.Ol*(100.-RH(I»/6. 

9� PHNEG(I)-FACT*PHOTOL(l) 

WRITE( 3 , 25) (PHNEG(I),I-l ,NMAX) 

DO� 10 I al,NMAX 

10� ADPHOL(I)-PHOTOL (I)-PHNEG(I) 

WRITE( 2, 25) (ADPHOL (1),I-l,NMAX) 

WRITE (3, 25) (ADPHOL(I),l- I,NMAX) 

DO 11 1:0:1, NMAX 

11 ADPHOE (I ) - PHOTOE(I ) - PHNEG(l ) 

WR1TE(2, 25) (ADPHOE(1) , I - l , NMAX) 

WRI TE(3, 25) (ADPHOE(1) , 1- I , NMAX) 

DO 12 I -l, NMAX 

12� ADPHOS (I)-PHOTOS( I )-PHNEG(I) 

WRITE(2,25)(ADPHOS(I),I-l ,NMAX) 

WRITE (3, 25) (ADPHOS(I),I-l,NMAX) 

DO 13 1- 1 ,NMAX 

13� ADPHOF(I) - PHOTOF(I ) - PHNEG(I ) 

WRITE( 2,2 5 ) (ADPHOF( I ) , I ~1,NMAX) 

WRITE(3,25)(ADPHOF(I),I-l,NMAX) 
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DO� 14 1=l, !'.'MAX 

14� ADPHOT(1)=PHOTOT(1)-PHNEG(I) 

WRITE(2,25) (ADPHOT(I),I=l,NMAX) 

WRITE(3,25) (ADPHOT(I), I=l,NMAX) 

789� CONTINUE 

STOP 

END 
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PROGRAM XIV 

C THE CALCULATION OF THE MEAN PHOTOSYNTHETIC RATES (READPH(l» OF 

C THE SEVERAL CANOPY LAYERS AS ADJUSTED FOR THE CARBON DIOXIDE 

C CONCENTRATION OF THE AIR AT THE EFFECTIVE CANOPY EXCHANGE SURFACE. 

C ALSO, THE SIMULTANEOUS CALCULATION OF THIS CO 2 CONCENTRATION. 

C THE CALCULATIONS ARE MADE FOR FIVE DIFFERENT SOIL MOISTURE CON­

C DITI ONS AN D FOR TIMES OF SUN INCLINATIONS IS=5, 15, ... ,65, 65, 

C ... , 15, 5 DEGREES. HEIGHT IS THE HEIGHT OF THE CROP IN METERS, 

C V I S THE WI ND SPEED AT 30 METERS EXPRESSED IN CM/ SEC, AND ADPHO( I) 

C ARE THE MEAN PHOTOSYNTHETIC RATES CALCULATED BY PROGRAM XIII WHICH 

C ARE THE RESULT OF LIGHT INTENSITY, LEAF TEMPERATURE, SOIL MOISTURE 

C TENS I ON, AND RELATIVE HUMIDITY CONSIDERATIONS. 

DIMENSION ADPHO ( 35),READPH(35) 

20 FORMAT(lX,I2) 

21 FORMAT(11 X,10F5.1/11X,10F5.1/11X,10F5 . 1/ 11X,5F5.1) 

22 FORMAT(LX,F4.2) 

23 FOID1AT(l X, F5. 1) 

24 FORMAT(lX,F4. 2, l X, F4. 2,lX,F6.1 ,lX,F6.1,lX, I 2, l X, FS.l) 

25 FORMAT (lX,F5.1,lX,F6. 1) 

26 FORMAT(15X,10F5.1/15X,10 F5.1/15X,10F5. 1/15X,5 F5.1) 

READ (1 , 20) NMAX 

READ (1, 22)HEI GHT 

DO 789 K=1,14 

READ (1 , 23) V 

READ( 1,21) (ADPHO(I ) , I= l,NMAX) 

ZO=HEI GHT/ 7.6 

ZD= 0 .9*HEIGHT- ZO 

XX=(30 . - Z0) / ZO 

RA~ « AL O G ( XX » * *2) / (V *0 . 1 6 ) 

SNMAX=NMAX 

M=O. l*SNMAX 

FC=ADPHO(M) 
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WRITE(3,24)ZO,ZD,XX,RA,M,FC 

XO=300.-FC*RA/0.48 

FC=FC-2.*(300.-XO)/100. 

WRITE(3,25)XO,FC 

XOO=300.-FC*RA/0.48 

FC=FC-2. *(XO-XOO) 100. 

WRITE( 3, 25) XOO, FC 

XOOO=300.-FC*RA / 0. 48 

FC~FC-2 .* ( XOO-XOO O )/ 100. 

WRITE(3,2 5)XOOO,FC 

XOOOO=300.-FC*RA / 0.48 

FC~FC-2.* (XOOO-XOOOO) /100. 

WRI TE(3, 25) XOOOO,FC 

XOOO OO=300 .- FC*RA /O.4 8 

REDUC=2.*( 300.-XOOO OO) / l OO. 

DO 5 I= l , NMAX. 

5 READPH(I )=ADPHO( I)-REDU C 

WRITE(3,26) (READPH(I) , I=l,NMAX.) 

WRITE(2,26)(READPH(I),I=1,NMAX.) 

789� CONTINUE 

STOP 

END 
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0.072 

Table I . The fractions of sunlit leaves of a planophile canopy 

and a corn crop receiving direct light within various 

SIN(LS) i nt e rva l s at ni ne different sun inclinations. 

l§./SIN(LS)� 

5� 

15� 

25� 

35� 

45� 

55� 

65� 

75� 

85� 

5� 

15� 

25� 

35� 

45� 

55� 

65� 

75� 

85� 

0.0 to 0.1 

0.288 

0 .097 

0. 059 

0 . 043 

0 .026 

0 .014 

0 . 016 

0 . 000 

0. 000 

0. 145� 

0 . 111� 

0 .101 

0. 081 

0 . 066 

0 .060 

0. 038 

0 . 027 

0. 027 

0.1 to 0.2 0 .2 to 0.3 

0.328 0.086 

0 . 212 0 .226 

0.088 0 .075 

0 . 054 0.043 

0 . 038 0 .033 

0 . 034 0 .020 

0 . 016 0.016 

0 .017 0.013 

0 . 011 0.007 

P1anophi1e Canopy 

Corn Cr op 

0 .164 0 . 108 

0 .142 0. 129� 

0 . 120 0. 096 

0 . 105 0.085 

0 .096 0 . 073 

0 .076 0.057 

0 . 064 0.051 

0 . 049 0. 040 

0. 041 0 . 030 

PART I� 

118� 

0.3 to 0.4 

0 .093 

0 .19 5 

0. 233� 

0.086 

0.051 

0.035 

0 . 029 

0 .024 

0.024 

0 . 116� 

0. 130� 

0 . 129 

0 . 106� 

0 . 092 

0.082 

0 . 071 

0 . 074 

0 .070 

0.4 to 0 .5 

0 . 109� 

0 . 297� 

0. 071 

0 . 040 

0 . 029 

0.023 

0 .020 

0 .030 

0 .123 

0.122 

0.147 

0 . 094 

0.078 

0 .069 

0. 061 

0.067 

0 . 071 



Table I. The fractions of sunlit leaves of a p1anophi1e canopy 

and a corn crop receiving direct ligh t within various 

SIN(LS) intervals at nine different sun inclinations. 

.!2.!SIN(LS) 0.5 to 0.6 0.6 to 0.7 0.7 to 0.8 0.8 to 0.9 0.9 to 1.0 

5 0 .034 0.039 0.030 0.0 20 o.nn 

15 0 . 040 0 . 047 0.0 35 0.02 3 0.016 

25 0 . 066 0 . 074 0 . 049 0.032 0.027 

35 0.311 0 . 210 0 . 085 0.051 0 . 044 

45 0 . 100 0 .263 0 . 280 0.101 0 .069 

55 0 .059 0.099 0 .251 0 .3 35 0 .1 23 

65 0 . 047 0. 066 0 . 111 0 . 312 0.365 

75 0.04 3 0 .058 0 . 079 0 .146 0 . 600 

85 0 . 031 0 . 055 0.076 0 . 112 0 . 653 

Planoph i l e Canopy 

Corn Crop 

5 0 . 076 0.089 0 . 078 0 . 061 0 .039 

15 0 . 078 0 . 092 0 .081 0.061 0 . 053 

25 0. 08 3 0 . 093 0 . 085 0.074 0.072 

35 0 . 128 0 . ll 3 0 . 096 0 . 091 0 . 100 

45 0 .097 0. 125 0 . 134 0.114 0 .125 

55 0 . 093 0 . 108 0.139 0 . 166 0. 150 

65 0. 099 0 . 113 0.132 0 . 172 0.199 

75 0 . 091 0. 122 0 . 137 0 . 151 0 . 243 

85 0 . 097 0 .122 0. 13 7 0 .158 0. 248 

PART II 
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Tab l e I I. The r e lative cont ribution t o t he i l l umi nance of a horizontal surface of 

10 degree zones f r om a sky of uniform brightness. Fr om de Wit (1965) . 

Inclinat ion o 10 20 30 40 50 60 70 80 90 

(degrees ) 

Rel. Con t r i b . 0.030 0 . 087 0 . 133 0 .163 0 . 174 0 . 163 0 . 133 0. 087 0.030 

..... 
N 
o 



Tabl e III. Diffuse skyl i ght and direc t solar radiation , 

2
in cal/cm /min, as r econs t r ucted f or Au g. 1, 

1961, at Ithaca, New Yor k , from data due t o 

Wr ight and Lemon (1966b), Al len , Yocum, and 

Lemon (1964), and Threl ke l d (1962) at t i mes 

of the sun inclinations I S=5, 15, .. . , 65 

deg r ees . 

I S 5 15 25 35 45 55 65 

Dif fuse Skylight 0.000 0 . 027 0 . 056 0 . 082 0 .109 0.122 0.150 

Direct Solar Rad. 0.000 0.200 0.420 0 .620 0.820 0.920 0.130 
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Table VI. The CO2 concentrations at the e ffective canopy� 

exchange surface in ppm at t i mes of the sun� 

inclinations IS-IS, 25, ... , 65 , 65, • .. , 25,� 

15 degrees for cases of crop photosynthesis� 

occurring Bt soil moisture tensions of 0.35, 0.70 ,� 

1.05,1.40 and 1.75 atmospheres. 

ll!TSMT 

15� 

25� 

35� 

45� 

55� 

65� 

65� 

55� 

45� 

35� 

25� 

15� 

0.35 

282.9 

272.4 

258.0 

259.1 

259.1 

263.3 

266.4 

261.5 

262.2 

264.7 

260.5 

264.0 

0 . 70� 

286.4 

278.0 

266.8 

267.8 

267.8 

271. 3� 

273.4 

269.9 

270.6 

272.4 

268.9 

271.0 

1.05 

289.9 

283.6 

275.5 

276.2 

276.6 

279.0 

281.1 

278.0 

278.7 

280.1 

276.9 

278.3 

124� 

1. 40� 

293.4 

289.5 

283.9 

285.3 

285.7 

287.1 

288.5 

286.7 

286.7 

287.8 

285.3 

285.7 

1. 75� 

296.9 

295.1 

292.7 

293.7 

294. 1� 

295.1 

295.5 

295.1 

294.8 

295.1 

293.7 

293.0 
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Figure 1. Diagramatic representation of the interrelationships among 

various environmental parameters and the channeling of the ir 

effects into the net photosynthetic process through the f our 

basic factors; light intensity, leaf temperature, leaf water 

availability, and carbon dioxide concentration . 
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Figure 2 . A. The f our types of leaf distribution functi ons : 

a. Planophile b. Extremeophile c. Plagiophile 

d. Erectophile. 

B. Two spe cial l eaf distribution functions: 

e . Corn canopy (measured) f. Spherical. 
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Figure 3. Geometrical representations of the relations between a 
l eaf plane, the so i l surface, and a ray of the sun. 

Pa r t A f rom de Wi t (1965 ) .� 
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Figure 4.� Crop light distribution functions for a planophile canopy� 

and a corn crop for inclinations of the sun (IS) of 5,� 

25, 45, 65, 85 degrees.� 
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Figure 5.� The upper and lower hemispheric views of a leaf at three 

different leaf inclinations. 
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Fi gur e 6. Net photosynthesis in maize and sorghum as a function of 

light intensity and leaf temperature. After Gates (1965) 

and Idso (1966). 
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Fi gure 7 . The s oi 1- p1ant- atmosphere cont inuum (SPAC), showing energy profiles; 

(1) du r ing normal trans pira t i on ; ( 2) during t emporary wilting; (3) 

at permanent wi l ting. Points on the transpirat ion path: A. Soi l 

(a de fini t e di s t ance fr om plant r oot); B. Surface of root hairs 

and of abs or b i ng epiderma l cells ; C. Cor t ex; D. Endodermis; 

DE. Ves s e l s and t r ache ids in xylem; E. Leaf veins; F. Mesophy11 

cells; FG. Intercellular space and substomata1 cav i t y ; GH. St oma t a l 

por e ; HJ. Laminar su b- l ayer ; J K. Turbulen t boundary layer; KL. 

Free atmosphere. Af t er Ph i l ip (1957). 
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Figure 8 .� Apparent photosynthesis v s . soil moisture tension at sever al 

vapor pr e s sure deficits and t wo light intensities . a = first 

setup; b = second setup. So l i d lines , 20 1y/15 min; dashed 

line s , 8 ly/15 min. From Baker and Musgr ave (1964). 
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Figure 10.� Apparent photosynthes is in corn plants as a function of 

light intensity of four CO concentrations. From Moss, 2� 
Mus gr ave , and Lemon (1961).� 
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Figure 11.� Apparent photosynthesis in corn plants as a function of 

CO concentration at two light levels. From Moss, Mus­2� 
grave, and Lemon (1961).� 
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Fi gure 13. The f orenoon canopy profi l e s of mean sens i b l e heat t r ans f er . 

137 



6 

II 

a:: 16 
LIJ 

~ 
..J 

>- 21 
Q. 

o 
Z 
cl� 
U� 

26 

31 

-0.2 -0.1 -0.0 0.1 

ENERGY: cal/ cm2/min 

Fi gur e 14. The afternoon canopy prof i l e s of mean sensible he a t transfer. 
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Figure 15. The forenoon canopy profiles of mean latent heat transfer. 
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Figur e 16. The af t er noon canopy profiles of mean latent heat transfer. 
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Figure 17. The net photosynthesis rates of canopy layers 1 (upper­

most), 3, 5, 7, 9, 12, 15, 21, 25,31, and 35 (slashed) 

for our illustrative corn crop growing under conditions 

of minimal soil moisture stress (0.35 atmosphere). 
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Figure 18.� The net photosynthetic rates of canopy layers 1 (upper­

most), 3, 5, 7, 9, 12, 15, 21, 25, 31, and 35 (slahsed) 

for our illustrative corn crop growing under a soil 

moi s t ur e stress of 0 .70 atmosphere. 
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Fi gure 19.� The ne t photosynt he t i c r a t es of canopy layer s 1 (u ppe r ­

mos t ), 3, 5 , 7 , 9, 12, 15, 21, 25, 31, and 35 (slash ed) 

f or our illustr a tive corn :rop gr owi ng under a soi l 

moi stu r e s t r e s s of 1..as' atmospheres. 
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Figure 20.� The net photosynthetic rates of canopy layers 1 (upper­

most ), 3, 5, 7, 9, 12, 15, 21, 25, 31, and 35 (slashed) 

for our illustrative corn crop growing under a soil 

moisture stress of 1 .40 atmospheres. 
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Fi gur e 21.� The ne t photosynthetic rate s of canopy layers 1 (up pe r­

mos t) and 35 ( s l a shed) for our illustrative corn crop 

growing under a s oi l moistu r e s t r e s s of 1 . 75 atmospheres. 
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Figure 22. The mean net photosynthetic rates of the entire canopy 

under various conditions of soil moisture stress. 
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Figure 23.� The mean net photosynthetic rates of the entire canopy 

under various condit i ons of s oil moisture stress. The 

dotted l ine is the measur ed r esu l t of Wr ight and Lemon 

(1966b) reduc ed by a f actor of 3. 
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