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MEASURING THE ENERGY BUDGET OF A /
PLANT IN A CLOSED SYSTEM

lPierre Br&ssqrd,

ABSTRACT

.The interaction of a plant with its immediate environment

implies that the physiological processes: occur while the balance

.between*incomiqg and outgoing energy must be maintained. For a given

\ .
amount of radiation entering the plant, an equivalent amount ‘is

dissipated in the form of transpiréiion,‘cohvection,and reradiation,
while a smalk:aﬁﬁunt‘is u;ed for photosynthesis. The réiétionship
.between thesg_different terms and environmental condifion§ required
the précise-cghtrol and measurements of p1aﬁt and environmental )
parameters such that the investigatioms ﬁad to be'reséricted mainl&
_to ‘the laboratory, with on]y cautious prowections into the. field
conditions, where such control was not possible or became impractica]

" This study proposes a mathematlcal solution to the energy

,budget using only env1ronmenta1 parameters. The solution is based on
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the theory that the simuTtaneous exchange of heat,‘mass,(wéten-vapour

~
]

and (adiation in a leaf is intermediate in performance between the prop- !

erties of an equivalent water saturated body and a dry d;e.
’ 1/ '
The resulting.calculations yielded values for the water vapour

diffusion resistance of both stomatal and boundary layer pathways of

the 1eaf which compared favorably with the ones foupd in the literature.

% -

A linear relation was found between net phofosynthésis, diffusion-
resistance -and 1ight"intensity. -Results from thjs study and from the

literature indicate that the relation appears stable for a wide range

is not satdcating net photosynthesis. The ngbination of thé proposed
. n@thématica],§olution and this relation is e]ieyed to proviﬂe,a\
practical approach,iﬁ a field situation; y solving the energy budget
without the need for a direct“measurement of the leaf temperature,thus
perﬁitting the u;e of remote sensing thodo]ogy to a greéteﬁ extent in

evaluating the productivity of larger/ systems. -

environment and plant parameters, as long as the light intensity )

pi
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»  Chapter 1 | h

\

. INTRODUCTION
% , . ¥

i ) T
The importance -of plant life on this planet resides in the -

LY

ability of plants to convert the sun's energy into usablechemical

i;“ energy through the process of photosynthes1s The resulting growth

" serves as the pr1mary food to be grazed upon by all the other forms of
life with man being the very last consumer of this long and 1nlr1cate
food chain. Being the primary producer confers to the p]antlthé
advantage of self su?fi;iepcy and the disadvantage of béing the most
exposed of all forms of life to environmental excess of tempefaturg, ? .
humidity and radiation. In harvesting the sun's radiation the plant
musqlconstantiy solve %hé dilemma of exposiné the necessary leaf Sdrface

- tg the sun while minimizing the ensuing exposure to the environmental
stress. The’resultihg adaptaiion in growth, legf:shape and orientation

. is a feat.in-itself since only 3% of the total solar radiation is

Nbiosphere The remaininj 97% is absorbed by the atmosphere; the clgu
‘v'and the surroundlng obJects and is released mainly in the form 3f/
thermal (infrared) rad1at1oh The availab]e radiation that actua]ly
str1kes this leaf ranges from 50% of the total solar radlatjon, when -
'directly exposed, to lower values when indirec;ﬂy exposeg// The 1eaf

absorbs‘so% of this available radiation and almost all’ (97%l of the
. - ‘ ' ‘ ' ? ' // , ’

. a0
. - f -

. . s

; . [ QP
- ,
. Lt
N . . -
. . '
¢ B

actually converted intofthe energy tha% maintains life in the wholid///
ds

i




// thernml rad1ation com1ng from the surroundlngs The leaf reradiates

9

)
owing its green color to the latter. The remaining energy is

//// dissipated in the form of convection and in the transpiration of water.
. ¢ < 4
£

/// part of this energy in the form of thermal and visible reradiation,

Convettion occurs‘when the 1eaf warms or cools the surroundinglair
. ‘and thus allows heat to escape or enter depending on whether the Teaf
//// temperature is above or below that of the air. Transpiration requires
/o :“ . 'enqrgy in order to vaporize the water into the air. The evaporating
| water has a coo]1ng effect on the leaf. and prov1des the means by wh1ch
the_leaf maintains its temiperature close to that of the air in spite
of high incoming radiation. An equilibrium is maibtained between
{ : | incoming radiation, convection and transpiration where the optimum
~ leaf temperature for best physiological performance can be achieved
by the contro1<of transpiration: This control is made possible by h
rggq]ating the stomatal openind , acting as a Ja]ve to check the
oﬁtwarddf1ow,of water vapour; Transpinatién,and‘convéction are also
L ~* influenced by environmental conditions of wind, temperature, and
humidity. The ability of the leaf to maintain bhysiological stability
in a range of radiat%on, temperafure, Hdmidity and wiﬁd qonditions
defines éhe.scppe of operation of that leaf in that environment. By
" extension, the eveluation of the energy budgetaof whole plant communities
ékves the ecologist a valuable tool in estimating the performances of .
~ ecosystem. The purpose of this research is to define this tool by
measuring the energy budget of whole plants in a controlled environment.

The understanding of properties of both the air and plant leaves are

& T v e - M ‘. . [} S v e
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essential in order to design and ‘execute a proper experimental procedure.

1.1 Properties of the Air / o <

The aerial parts of a plént are sdbjected to theﬁprope'rtiesuﬁ'év y

air itself. These properties are well established and used in refriger-
ation and air ddnditidnning engineering as exemplified in ASHRAE (1972)
and Gaffney et al (1978)."ThepsychrometriCChartvshown in.figﬁre 1 s
a graphic dispiay of the air properties and perﬁits fast and accurate
calculations. The term moist air refers to the binary mixture of'dny
4air ahd watér‘vapo;r. . The chart shows the moisture content on é.,
yertica] axis.and air temperature on the horizontal axis. .The moisture
content is expressed in the form of a humidity rétio‘(w) in pounds of.
water per poun§ of dry ai; and the temperature i; °F. Any combination
of‘humidify ratio and temperatufé brought on the chart fixes the values‘
of all the other properties represented by the oihér 1ines on the

‘chart andldespribed as follows:, | ‘ '

b - ' a) - Relative humidfty Expresses the ratio of actual moisture \

o _ S . at a given temperature to the maximum

5
1

possible moisture at that temperature. -

b) Entha]by- a ‘ in (Btu/1ba) Expresﬁes the total amount
—— ' e o " of energy contained in the mixture and
N i, . o : s the summation of Latent and Sensible
* heat.
c) Volume ratio ' in'(ff’/lbé) Expresses the volume

occupfed by one pound of dry air at

N , ! , © that point. AR r

!
i
!
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"Fig. 17 Psychrometric Chart
. The various moist air properties explained in the text are shown
v+~ . -im the top drawing. The lower figure indicates all the possible
Ce ways. in which energy is added or substracted from moist air,
- . along with the corresponding.displacements on the chart. The
above figures were taken from Gaffney (1978). .

I
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d) Nef bulb\tempefature The lowest temperature reached by

. a mixture of air and watér'if e
a]loﬁed to éqol without any net
expenditure of heat. The wet bulb | \

| , ‘ o lines are very close to tpg enthalpy
Jlines.

The wet bulb temperatube is achieved whénever a thermometer bulb is

\
surrounded by a wet evaporating surface and allowed to achieve

"‘equjlibrium with the surrounding air. The sling psychometer uses ./

the above principle of operation. Look1n§ at the chart and starting /
‘at any point cdrrespoﬁaing to a specific temperature and humidity it

is possible to add energy into the mixture'either by increasing the
moisture, raising the temperature, or both. The disb]acement of the
point on- the ‘chart Will follow a direction that is the resultant
combination of sensible heat, which is produced by a temperat&re change,
and latent heat,.proguced by a moisture change. An upward motion.of
‘the poiqt'&ill be produced by a gain‘of moisture oniy while an
horizontal di;placement to the right signifies a gafn of sensible

energy (fﬁﬂgerature gain).  The converse ‘is true for negative gains of:v
either Sensible or Latent heat. A displacement of thg point along(

an Enthalpy line sigﬁifies that no net gain er loss has occurred, &nd
that the sum of Latent plus Séqsible gains is zero. . In that case, the
energy required to evaporate the water is taken.from the air itself
which is cooled as a result. The Tine on the chart corresponding to -
the 100% himidity line represents hoisture saturation at the given .

. . . &

cQ
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temperature: The saturation humidity ratio for-a given temhé}ature is

the saturation point, while the temperature at which saturation humidity .

occurs is the dew point. .o .

Most bf the natural processes occurring in a{r'in;61ve the
simu]tangous transfer of mass (water) and heat. The qisplaceﬁent
produced on the chart is a measure of this transfer. A plant put in
air at a known~hum1é};y and temperaturée will change the air cond1t1on

(r_‘f/
from an original state point td a final state point according to the

‘amounts of water and sensible heat released into that air by that plant.

!

1.2 PrOpert1es of the P]ant The Enerqy Budget

The exchange of energy between a p]ant and its env1ronment was -
expressed in a mathematical form by Rashke (1960) fo]]ow?hggthe work
of Brown and Escombe-(]905). . It was knoﬁn that the leaf temperature
was the result of a dynamic balance between the various energy
exchanges. Improved experimental methods permitted a more precise
é&a]uation’of the energy budget. Rabideau (1946) studied the absorp-
tion and reflection of visible light from intact leaves and the effect '
of thermal radiation on leaf temperature was Jnvestigated by Curtis
(1936a, b) and Gates (1963a). Gates (1965,\}963b) d1scussed the

convection phenomena and improved on measurement techniques for the

hater vapour boundary layer. A different: approach was used when dummy

Q

metal leaves were compared to that of rea] ones in ordersto study the

l . .
effect of wind and leaf shape on convection (Vogel 1970). The effect

of transpiration, energy exchange and leaf temperature was reviewed by -

~ . . .
. -~ - 2 A ————
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Gates (1968) followed by the work of Lommen et al (1971) who further
expanded the energy Budget SO as to include photOSynthesws and
resplratIOn The model of Gates (1968) is used in this paper and

is described as fo]]ows o 0 ‘

. The total energy budget of a plant consists’in ba]ancing the
absorpt1on of radiation w1th convection, transp1ration and reradlation
" The budget equation is wr1tten as follows ™ \

QABS=RAD + ¢+ LE : ()
where . ‘ R S o v

Qpgs = AN thermal and Visible radiation absorbed by the leaf.

RAD = Thermal reradiation released to environment.

cC = Convec%ipn (Sensible heat) (j/cm®/sec) g ‘ix .
E = Transp\rat1on | ‘ (ﬂﬁ/cnf/secs € i

L z Latent heat of vaporizat1on a constant required to

convert transpirat1on into latent heat. (J/nM)

Somecexplanation is required toneVelop each }erm. when transpi-

ration dccurs, water vapour diffuses from the inside of the leaf to the

outside air along a gradient of humidity according to Ficks lTaw. In
doing so the d1ffu51ng vapour passes through the stomatal resistpnzef~~m»
(r ) and through the air boundary layer resistance (ra)f The transpi-

, ration is written . ‘ |
T TF"T'F) W)

The water vapour 1nside‘the leaf is assumed saturated at the leaf

(nM/cn? /sec)  ...(2)
temperature (wsl) and "a represents the outside eir humidity. For a-

. .
. s ]

°

~
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égnstant‘ gradient, ,the'c}osing of the stomata results in‘an ‘increased:

-

rasistance dnd therefore a diminished transpiration.

v I/”‘
The heat Exchange descmptwn followd the same ana]ogy Heat o
, flows a]ong a temperature gradient between the leaf and the outs1de ‘ N
air (t -t ) and according to a convection transfer coefficient (K )
. T o - x. fo~<
Okt - b)) (J/cm"/sec) E ....(3)

- &
1

The thermal rerad1at1on 3 so]e1y dependent upon leaf temper-

“x

‘ature. The Stephan - Baltzman law states that the therma] radiation

of a b]ack body s proportional to the fourth power of the bodx - -
temperature in °K-then: S ' i
R RAD = ca(T,)" - ...(8) -
where, i “ . ' ’ . . -, 'ah? \
T, - 273 4t ; o /
e = emlssw1ty (0. 95 for plant 1eaVes) - _
o = Stephan| - Boltzman constant LRI h . . , .

r >

all the above terms in the energy budget gives:

=]

Qg ~ RO+ €+ LE, R 2o d®)
e - ’ - . c\(d’ .
QABS = 0e(273 +’t2)‘ + Ka(tz - ta) + -(—LS—‘L':—I"‘;)(NSE- wa) -
| ! ) ,.;'..(6) ‘

o

1]

Stephan - Boltzman constant = 5.665 x 107 ™ (j sec'em®°K*)

0’ -
1) S
> = emmissivit 2.95 . T ’ .
¢ Y= g ; & 1
L = specific heat of vapomzatwn =4.5 x 100° (3 ! )" ‘ ‘
° " LT V/A<
‘0. . -
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stomatal resistance (sec cm ')

s = i
' sy = boundarylllay'er: resistance to _wete;: vauourl (sec cm".)‘ ‘ :
Ky = convection transfer eqefficient (3 sec"em" °c?) |
- W= sat‘urationhumidity at l‘eaf temperature ’(nﬁ/crl‘l’) .

= humjdity of the surrounding air (nM/cr’)
‘QA‘BS'-: total absorbed radiation (j/cm’/sec)

\ \ Although photosynthesis and respiration are part of the energy
budget their energy contrlbutlon is small enough to be neglected
without mduccing measurable errors (Rashke 1960). These are considered

independently as in the work of Lommen (1971). Graphical representa-
+ ' N ’ '
tions of -the above equations are well covered in .the literature

’ o,

mainly with Gates and Pipran (1971), who‘generated a fami]y of “ourves

for vamous values of QABS’ air_temperature (t ) humidity (w ), and

v

leaf temperature (tz) Al thougﬁ the theoretical concept of the energy—

budget is weH established, its present use in’ a pract1ca1 situation 1s

hmited by the. technical difﬁcu]ties encountered in the actual

measugement of the budget s individual terms

‘

1.3 Measuring the Energy Budget: . .

The experimental verification of such a model fs a complex ‘task.

For each value of, tota] absorbed radiation (QABS) there exists a

hhypothetical 1nf1nity of solutions to balgnce the budget Hence, at

" this stage, one can only generate by calculation alone a fami ly of

equany possible mixtur-es of the transpiration, convectign and

. ]
® -
- . 5 b f
[ :
: s / . . .
. . \ ' ' W\ ~
. -
4 > . ) ‘ \
‘
+ s N . -
»
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reradiation terns. Since the object of/tné energy‘budget model is
'.tg'predicf the plant's behavior ih\a given set of environmental
conditions, it is desirable to nresent the model variables as
controlled by the environment, by the plant leaf, and by bnth. fable 1

shows .such a classification,

-

Table 1°
Classification of Variables :
Under Environmental Céntrb]l
Air, Temperature . - (£) - N:\
Air humidity ' (Ng) . :
Wind speed and direction -~ I Gates (1965)
Under Leaf Control _ : . , : A
Leaf shane and orientatioh : " Gates (1965)
Leaf stomatal resistance a . (rs)
Controlled by Both , - . ‘
. {Boundary layer esistance ta, water vapour ~(r‘)
Convection transfer coefficient : ‘ (Ky)
Total absorbed fadiation . ' (Qpgs) .
Leaf temperature and saturation humidity ' (tg ) (”sz)“

5evera1 methods were used to measure transpiration and are based
" on the increase 1n air humidity produced by a plant leaf when inside

a small chamberbu1 Or-tha purpose. The air humidity was measured'
either by psychranetry (Slayter, 1967) by IR analysis (Catsky, 1975) or
by the condensation of humld a1r on a cool surface (Bazzaz, 1972). The

" et photosynthesis measurements were all done with IR analysers as in

" Nilsen (1975)jforrester(1966) and Ludwig (1971). - The total‘absorbed«



1

> «

radiation term was measured, using thermopiles or calibrated'phctocells. -
by delimiting a precise area on the leaf'aqd chininc.a precise amount

.of light on its surface (Brodhrdt,(]975).8azzaz (1972) measu;e&'the : ‘;
residual radiatioﬁoflﬂs chamber after‘introducing the plant, and \
obtalned the total absorbed rad1ation by reférence to the empty chamber.
. The convect1on energy was determined by substracting the transpiration
from the net.absorbeq radiation (Bazza;, 1972) (Decker, 19§5).’ S
Boundary layer resistance to water vapour was obtained eipﬁér by |
measuring the transpiration of wet paper analogucs of leaves

(Gastraa 1959), or by calculations gsipg the convection energy‘and
the temperature differencg between'the leaf-and,the air (Slatyer 1967).%
Gates (1965b) has celated the convection transfer coefficient to wind -

speed and theisﬁapg of leaves. %hé measurement of stomatal recistance"

using porometers was reviewed by Meidner and Mansfield (1968). . v

Stomatal resistance was also obchined by calculations using cranspjra-

— tion, leaf temperature and air hﬁmidity (Slatyér 3967) (Bazzéz i§72)' ," g
(Gastraa 1963). Inserting fing temperature sensors di¥ect1y into the

leaf was ‘the only method found in the literature to measure the

leaf temperature. ' ‘ | o

t .

The field applications of these methods bésses some‘serious

\ prob?ems. Most.of the cbovc methods were done on single leaves .
aljcwing for a rigid control of fixed parameters sueh as leaf temper-
ature or‘total absorbed radiation. Such a practice cannot be repr;auceq;
in the fie]d and conclusions derived from laboratony work cannot be

simply extended to actual field conditions owing to the changing nature

-]




m{of“fie]d parameters,

that transpiration of plants i the field was 1i

@

The work of Hari'et al (1975), however, showed

near with the potential

evapotranspiration and proposed that plant transpiration was a function

qf‘envirohmentaﬁ,parameters viz radiation, temperature and hunﬁdity.

If a stmilar trend exists for convection and reradiation, it would then

be'possib]e to also relate leaf temperature to environmental parameters

and thus propose.a practical method as measuring the energy budget

that would be applicab¥e to the Field.
~ this goal

- . a)

o

b)

@,

- e)

It is in order to fulfill -

~

that the following procedure was usedi

. Construction of a system to-provide/an env1ronment to the

plant C
Constﬁuction of measur%ng devices, to monitor:
1) Physioiogieal acti&it& (Ph‘toeynthesis)
2] °
.~ 3) ‘Changes in air properties due to the transfer of
heat mass and radiation from the plant to the air.
'Verify the cred1b111ty of the above by comparing dlrectly

obtainable results,(transp1ratlona photosypthesis) with .

the literature. %

Propose a solution to the energy budget using measurable

]

.environmenta] parameters (Rad1at10n air temperature and

humidity, transpirat1on) .
”Derive. from the above, .numerical values. for the plant

“parameters (diffusion resistances, leaf temperature) and

' compare with 1iterature. . .

12

Exposure of the plant to the environment (leaf area) °
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Extend the above solution so as to include the net

photosynthesis term and discuss the field appiication

of proposed mgghod. :
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Chapter 2
MATERIALS AND METHODS ‘ ’
- ‘4? .
2.1 General Description' »

The apparatus was designed to aéZomodate a mafimum of 10

smgi] plants;figure 2 shows the general layout. The areal bart‘of
the plants were housed in an analytical box, ‘the top of which was
then sealed with a glass cover. A reference bbx of identical
shape and properties was Jgft'empiy and permanently sealed w%th a
glass cover. Each box was seated over a pan containing a ﬁutfient
solution -to providé4an adequate medium for the roots.' The nutrient
solution was‘recircq]ated to avoid stagnation. )Both boxes an¢ their
respective pans were then placed in a larger enclosure in which—
- temperature and light intensity werg/controlled. The cjrcd]atipg ;ir
was qarr{ed to and from the boxes by pipes whjch‘transported the
. gases acfoss the enc]osyre to the monitoring and pumping stations.
The mbnitoring:§tatioq included one psychr§meter for each box, a
common 1nfrare5;§as anajyser, and a séptum to inject small amount of
Qas in the sytem: The who]é‘netwock could be operated in a closed or
open circuit by setting the two three way valves accbrdingly. Thﬁ,
' open circuit confiéurptibn,Was used mainly for purging the system with

a selected mixture of air which was provided by the regulated gas

Eylinders. During an experiment, the open cipfuit option waslused

— 14

=

PP

,
o <350 Y L K st



I

i

..mebm:« Seq paJRJIU] ‘yoyl c40xa{dLIINW XdW

. "wa3sAg [esdudy 2 6Ly

ﬁ| " voul 3 '
' SYILIWOYHOASd _ )

, L : : - $380Yd
dnd’ . =~ 1 JUNLYHIGNIL
‘h|‘|‘h\“..|lﬁ SO —— '

4 A . .
_ - | .
— .. ) h - .
_ S S " SHIANITAD -
{ - i
_ TYOLTN |- ,
_ \ _ :
1 | B
| ﬁ % b
3 — " o2
<\ 384NS019N3
/l.ll.lllll..l..lullu.l.. e e e e e - e e -’ .
. . ,.//!




16

when humidity was to Se kept constant gnd the closed circuit option used
wﬁbnAé constant temperature was required. Each Box was fitted with
thermometer probes (tr’ ta) at the respective outlets, while a common
probe (ti) measured the temperature of the incoming flux of air. All
p;obes cqming from the boxes were wired throd@h the enclosure along

' with those coming from the psychrometers (twr’ twa). ﬁThe.resultiné
cable was then fed té a multiplexor 'and the results dispjayed on au.
recorder. The output from the infrared gas analyser provided a .
measure of the CO; concentration. The raw data obtained from the
-experiments was then punqhed on computer cards and processed.
Psychrometric tables and equations were used in a sequence of programs
| to calculate the resulting temperatures, humidity, transpiration and
heat exch&nges that occured. A1l temperature data was subjecfed to
calibration and reference to known standards. C0, exchange, was
processed and standardized independently by injecting a pretise amount
of €0, in ihe system through the septum (Fig. 2). The total leaf
area was determined with a calfibrated photocell and the air flow rate
through the boxes was bbtained by the dilution method (Hammarstrand,

-

1976). Al1 the above metheds are detailed in the text (see measurements).

N
p4d

2.2 Construction

2.2.1 Air Conditioning

The function of the enclosure was to provide light
and to contraol the temperature of the air surrounding the boxes. The

measuring devices and, controls were located on the side of the

N

'i'r-\_—_—‘




f
enclosure itself while the‘lighting bank, forming a complete and
self contained unit, rested on the top of the enclosure. Reférring to
+ figure 3 the air from‘t@e enclosure was circulated successively
* _ through a cooling and a heating coil before it was returned to the
enclosure. Tﬁe pump wasmade with a 120 cfin "squirrel cage" fan’
housed in the inlet unit. The pumped air was thenﬂfarried by '3<inch
diameter ABS drainpipeslénd_fed to the bottom of the cPofing coi]l
assembly. Copper tubing was used to manufacture the coofing coil
housed inside a 6-inch ABS sewer pipe. Two réducers at each end of
ihe 6 1ncﬁ pipe allowed taq connections to the 3-inch pipe (bottom)
. and the heéting coil/outlet unit (tgb) respectively. The heating
coil assembly was seated in the outlet unit and consisted of a 3 foot
. heating striﬁ‘losely wound around a chicane of glass tubings. A
) maximuﬁ of 450 Watts of heat could thus be genérated.'VThe cooijng coil
was connected with a 1/4 H. P. com;ressor. A draini;g pan was
ingtalled below the cooling coil assembly, as shown, to collect water
resulting from thé deicing cyé]e. The controlling uni;_provided a-
centralized control and power distribution function toyall air )
*  conditioning &eviées., The air conditioning insid¢ the enclosure was
sensed b} a wet and a dry bulb thermometer brobe, located at the inlet
“unit, and was referenced to wet and dry bulbs temperature settings on
the control unit. The control unit éccoggingly activated the required
cooling and heating devices and also a spray humidifyer ]ocaied inside

* the enclosure (not shown). Alterpate settings -were switched in or out

by a timer switch so as to provide separate day/night conditions in the

-

R
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enclosure. The timer was also used to program a deicing cycle. The
whole system controlled temperature to 0.5°C-and humidity to 5% R. H.; .

operation ranges were from 10 to 45 °C and from 30% to 85% R. H.
.G v

2.2.2 "The Enclosure
Sﬁeets of translucent vision/asbesto§ (Filon, Reg ™M

Atlas Asbestos) were f1xed to a window fram? and formed an 8x4x4 féet )

-

enclosure (Fig. 4). The ddor was made from two layers of glass,
separated by a frameﬂto provide insu]atioﬁi A1l sides of the enclosure -
t~were Eove%ed by 1-inch fiberglass insulation. The lighting assembly was
sepérated from the top of the enclosure by & éiass window resting upon

é frame. This construction/permitted,light to go through the top and
provi&eq an insulating- layer as well. ATV tubing and wiring going
across‘the walls were passed through rubber'stoppers‘permanently mounted
at the appropriate places. ‘All jointﬁwwefe Sealeg.with silicon glue

and a rubber gésket wés fitted oh Qhe door fa'ensure an airtight"

enclosure.

2.2.3 Lighting Assemb]y o

7

The ”htmg assembly was put in the rectangular
housing shown on f1gures 3 and 4, and consisted of 16 fluorescent tubes
'and 32 incandescent bulbs (40 W). The housing also 1né1uded the ballasts
and a ventilation fan of 400 cfm capacity resting upon the top to avoid ‘
oVerheating. The. fluorescent tubes were_controlled by a panel of 4
switches contro]]ing 2, 2{ 4, and 8 tubes respectively.: This arraﬁge-

"ment permitted a partial illufination from O to 16 .tubes in increments
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walls and were fitted with a T coupling «in order to accommodate a .- a

"top of a sealing gasket coated with petroleum jelly which allowed for ' e

‘,of the pan and drained over ‘an everflow ring p051tioned over the dra1n

‘was always fntroduced in the same box which was named Analytical Bog,’

of two at a time. The incandescent'bgtbs hﬁovided for the lower fég‘.
portion. of the sbectrqm and were centro]led by.a 15 Amp. thyristor
light dimmer. o | Lo

2.2.4 Reference and Analytical Boxes - o >‘

Two identical po1yst§rene boxes were modified as shown

-

in figure 5. The inner surface of each box wasﬁcoated with flat white

T

latex paint. The inlet and outlet parts were bored on the opposite

temperature probe and the ‘tube carrying the recircutated air. An

identical set‘of holes was bored in the floor of each‘box Each hole (
could accept “one plant wh1ch.was held in p]ace by a foam plug that had .
been prev1ously slit to the center ‘as shown. The floor~ho]es were

.

aTWays p]ugged w1th or without a plant. A glass cover was laid on

a tight fit and eesy removal of the cover. Each box rested uponﬁits

individualinutrient pan: the nutrient medium was introduced by the side

A constant level of rec1rcu1ated nutrient -medium could thus be wwinta1ned
A water pump lifted the” solut1on from a ho]d1ng tank Tocated outside the
enc]osure (not shown). The solution was carried by flex1b1e plastic

£

tubing throcgh the walls of the main enclosure. The plant material

while the Reférence box was devo1d of plants. Every other aspects of 7

the boxes were identical. - e
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~ exchanger was manufactured as shown in figure 6.
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2 2. 5 Psychrometer and Pumplng Stat1ons
' The psychrometers prov1ded @ _continuous measurement of

pumidity in each box. Ihe temperature of the gas coming from each

box was elevated fn a water bath. For this purpose, a copper pipe

The exchanger rested

. on beads at the bottom of a water bath that was thermostatically ", .
. - ' v . . o

, contro]]ed

L

The exchanger then allowed the air into the psychrometer

proper wh1ch measured the dry and we 1b, Thermistor@probes were

. used to record the measurement. The wet wick surrounding the wet bulb

-

L probe d1pped 1n a small vial which could be removed and filled. The

[

support was made of acrylic p]astic and allowed for a rapid visual

# . . ‘inspection of the apparatus. The device was a slight modification

of the one descr1bed by S]atyer and B1erhu1zen (1964). A vacyum

cleaner motor was glued in a 6-inch sewer pipe fitted at both ends with
reducers the ha]f—1nch tubes coming frem the psychrometer were

_ connect%d to the redumr

=
L]

17 ‘ N - : . ’ M
2.3 Experimental Protocol e .

2.3.1 Growing the Plants
w C,
A uniform procedure was followed for growing the plant
material. The seeds were started in shallow trays f111ed e1ther with

_vermiculite, (Dwarf bean Soya) or fine black earth (tomato , tobacco)
and left td grow until the seedlings reached a height of about 5 cm.
S1m11ar seedlings were then selected from the center of the tray and

transplanted for the remalnder of the growth period which var1ed

LAY
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| according to p]antLipecies. This procedure-was performed in a green-

-

‘house equipped with automatic sprinklers and 1idht banks set for a,

g
A

14 hours diurnal cycle.
w

H

2.3.2 ‘Adjustment Period

-

A second selection was made when p]antg reached a stem
height of 20 cm. These plants were then %itteq with foam plugs and;
inserted in thelho1es'of a plastic support. The support maintained

‘tﬁé"p]anﬁs over a hydroponic pan. such that the roots dippgd in a
complete nutrient solution. The whole aﬁparatus'has transferred from
the greenhouse té the enciosure"where it remained not less than two |

_day; in order to allow the plants to adjust to the hydroponic medium
and the new conditions of the’enclosure. During this period, the
enclosure maintained a relative humidity,of 50% at a day temperature ;
of 30°C and ;fnight temperaure of 25%2. The enclosure's light bank
was set for tﬁe same 14 hours diurnal cyc]e,és the one providgd by the

\

greenhouse. o ‘ ' N S .-

—

. 2.3.3 Stabilization Period

. This period was provided in order to allow the p]ant:

“"to adjuét to new parameters of air, 1ighi and téhpgrature»that were to

remain constarnt during the course of the ensuing experiment.) The. 1ight
intensity and eifhgr temperature or humidity were‘adjusted and stabi]?ied.
Qne ér.several plants were then transférred to the analytical box and

the glass cover closed.' A period of at least 20 minutes was allowed to

5 - -

#omi . s N
ce




-

. . A [ . ‘ , .
pass whilé both the analytical and reference boxes (see Fig.-2 ) were

continuously flushed with air from enclosure or wigh a selected gas
ﬁixture provided by the battery- of N., 0;, CO,cylinders located outside
the enclosure. Thé system's 3-way values were set/such that the flow of
air passed.fhrough the boxes, the psychrometers, and the pumping‘station.
before ﬁeing dischaﬁged outside. This open circuit configuration |
allowed a complete clean up of the residual aiw in the system. During
ghat period, instruments were checked for stability and c§]ibration .
data recorded. All }ecqrding deviceg were then activated and monitored

to ensure a stable output free from electrica]'interferenégg.

2.3.4 The Exgg}iment

The experiment itself was started as soon as the
configuration was .changed from open to closed circuit, thereby isolating
the plants with a limited and recirculating supply of air. For this

purpose, the valves were switched to close the.circuit and the pump was .
1 ¢ 7 1 .

i

simultaneéus1y actiQated. .From then on, the Qumidity of the reéircﬁaated
air kept\on risiné while the transpiration was cont{nuously measured

by the psychrometers. The CO, concentration was kept constant'b;

1nj€ct1ng small amounts in the circuit in order to make up for phéto- s
syﬁthetfc\activityl. Such a control was not possiB]e in the dark. At

the end of thé expériment, the valves were switched back to open circuit “

and_the pump. was stopped. _ .
4 L L <

ST s v 2
.
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2.3.5 Treatménts

Variation in 1jght, temperature and C0; parameters were
studied by performing a sequence of experiment on the same plant material,
each time changing the value of a single parqmefer (Table 1). Light
and CO; vari;tioﬁs were berformed more often than others because of
their predominant éffebtqln the energy buéget of plants. Alternately,
studies of the effects produced by contaminants were attempted: SO,
gas was injected at thé start of an experiment direct]yninto Fhe closed
'circuit using a ga; syringe. The dose was increased in following
wexpe;'iment. The effects of‘Amitro]e (3 animo -1 -2, 4 triazdo) on the !
energy budget were obtained bx dissolving this herbicide to 100°M in the
ngtriehf solu&%on. Daily experiments were mdde-dﬁ}ing the 5 days that
followed the\treatmengs. The following table resumes the extent of

;!

treatments. Figure 7 shows the overall operation.
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Table 2 .
i Experimental Treatments
Exp Date Subject | Treatment | CO0; S0: Amitrole
.| Month/Day Light vpm vpm days of
(J/sec/cn?) exposure
x 10° at 100°#M
20 '08/25 D. Bean 3.306 air none none
21 08/25 " 1.945 " " "
22 08/25 " '0.972 " " "
23 | 08/25 "\ | 0.778 " lv " "
24 1| 08/25 " 0.000 oy " "
34 |° 09/15 “Tomato 3.306 air none none
35 09/15 " 1.556 " " "
36 09/15 " 0.778 " " "
37 09/16- " 0.389 " " "
38 09/16 " 0.000 " " "
50 10/22 Tobacco 3.306 air none none ,
51 10/22 " 1.945 " " "
52 -10/22 " 0.972 " M "
53 10/22 " 0.000 " " "
50 10/22 ¢ Tobacco | 3.306 326.2 | none none
54 10/22 " " 133.4 " "
55 10/22 " " 78.3 . "
56 10/22 " SN 28.8 " "
57 10/23 Tobacco 3.306 air none 0
58 . ]0/23 n , () n n 0
59 ]0/24 1" 1] 1] " ‘|
. 60 ]0/25 " 1] 1] 1} 2
. 6] 10/27 ] 1] n 1} , 4
62 10/28 " N " " .5
84 01/06 Bean 3.306 atr 0 none
85 0] /06 foon " " 0 "
86 -1 0] /06 [1] 1 " 22 "
87 0]/06 n " " 33 "
88 * 0] /06 n " " 55 ."

D S T T




2.4 Measurements

2.4.1 Temperature

A1l temperature measurements were made with 10

flexible thermistgr probes. Five probes were used to record the air

1

bqggjtion’pertaining to the boxes and the psychrometers and were fed
S ;

to a ca]ibrqted multiplexovr/transducer unit. The unit produced'a

.. voltage proportional' to the temperature of each probe. Each probe

temperature was sequentially read for about 15 sgconds, and the output

displayed on & chart recorder. Three other probes were directly

connected to a YSI Telethermometer and were manually recorded from time

to time as their temperature variations weré always small quring the

course of an experiment. These included the température of the nutrient

pan and the inlet temperature. The last two probes were direc%]y

connected to the air conditioning control unit and were used to control

’ )
the enéTESure status as already mentioned. The following table resumes

the total afréngement

. Description and Location of Temperature "Probes

-Table 3

i

A Y

.30

Probe Description Location Precision Recording time
- 4 . . sequenced on
t Dry Bulb Outlet Ref. box 0.1°
tf Dry Bulb Outlet Anal box| . . chart recorder
twr Wet Bulb Ref. Psychro
twa Wet Bulb Anal Psychro
Qp‘ Dry Bulb . Anal Psychro -~
t, Dry: Bulb Inlet Analytical Manual Recording|
‘ ‘ " , _box; - .
tyy Dy Nutrient pan 0.5°C ;
e "~ Dry Enclosure , Air conditioning
t Wet Enclosure 0.1°C control of -
we enclosure
\ ’ ‘ '

e
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' Measurements on the chart recorder were calibrated with a network of
.- ' resistances agaiﬁst a primary standard as fol]ov)s. The'bo‘ﬂing' pdint’
v+ apd melting point of distilled water were used to correct the readings
«  of 0.1°% precis}on thermometer. This thermometer was ‘then used as
secondary standard to establish the thermistor calibration cu.rve. The
I electrical resistance of a probe was recorded at temperature intervals
of 5 °C between 10 °C and 40 °C. Standard resistances were ddjusted
and pé?manent]y mounted in tt;e transducer/multipiexor unit., It .wa’s thus
; . '. possible to ;)btain a calibration curve :h'rectly on the recorder & .
inmediatel; before or after an experiment by replacing the probe"with |

these standards. Actual temperatuce values were _then calculated from

a regression of the calibration. curve.
SN

%

L 4
:

; L 2.4.2 Flowrate
: The flowrate in the boxes was determined by:the
i dilution method (Hammarstrand, 1976) .For this purpose, {certain
% | amount of C0; was injected in-the IRGA cell and allowed to be diluted
i by the incoming air. Thé time required to dilute the cell volume was -
ié recorded and used in the dilution equation to yield the- flowrate. Thus
% Ve o ,
;: F=p ]n(a')
} where | . - S
o s - F= Flowrate in me/sec | ' b
i o V = IRGA cell voluwe (5600 me) o : |
| d- dilution aghievéd af.ter' M seconds (%) ‘L
1 M = elapsed 1ine (sec) : AN ~
- B . ! - &
: S . A o

k)|

\
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The IRGA was put in the c1rcu1ts of both boxes in actua] ‘running condi-
- tions to ascertain that the f]owrates were 1dent1€a1 ~The Analytical

box flowrate was then taken as representative. Flow'was expressed as

cubic centimeters per second igm//sec) jg/
2.4.3 Leaf Area
w/

The problem of“estimating the total leaf-area of"
several p]ants presented a problem since not all 1eaves receIVed an
ident1ca] amount of light and also ran good chances of be1ng in the
shadow of others, A uniform method of leaf area measurement was
addhted as follows: a photoconductive cell was mounted through the

center of a translucent plastic sheet. This assembly was 1owerqd on

-the glass cover of the ana]ytica] box. The light entered the box

ar

through the plastic sheet and was reflected béck to the cell after=~

being part1a11y absorbed by the plant materlgl_and the sides of the box.
The principle was that the amount of light absorbed by the leaves wou]g
not be reflected back to the photocell and.that a linear relation existed

-

oo
between leaf area and the photocell readings. The calibration curve

the'dgtectiOh to the absorption spectrum of the lTeaf. In this case,

very 1ittle difference was found between the absorbance of the leaves

(5 - -
and the black area standards (less than 1%). The method thus measured

the total effective leaf area of the canopy as viewsg from{the top.
. Co t ‘ ' ’

- | . -

I
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The role of the transducer is to convert the current flowing in

the photocell into a voltage reading, since current and not voltage'

was linear with light flux. A calibration curve was generated

.. for each area determination, the curve shown is typi?jlzpf the
’ results obtained, ' Z L

\
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v
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Afa parameters of the plant were expressed according to this effective
area. No attempt was made to discriminate the area into franspiration,
jnfrared and visible parts. In other words the effective leaf area

was consihered as a fJathorizénta] plane~of uniform response to all
‘energy exchanges. Thus this assuhption did not differentiate the |
orientation of individual 1eavesland their stomatal pore distribution

on the top and bottom of the leaf blade, and therefore reflected the

average response of the whole p]ant\canopy in the ana]ytica] box.

2.4.4 Visible Light

The visible light component between 400 and 700

Jnanometers was measured with a photocell gopnect?d to a transducer
simijar to the previous one. No red filter was used. A calibration
curve was generated using a standard visible light photometer (spectra
-physics number 404) held 3t the top of the analytical box and looking
upWard.fhe visible light intensity thus measured corresponded to the
light absorbed by a perfect black body héving an absorbance of 1.. The
true absorbed visible radiation (Rv) was calculated as 50% of the total
available visible Tlight radiatign bétween 400 and 700 nanometers, this

corresponding to an absorbance factor of .of 0.5 for green tleaves

(Gates, 1965b).

2.4.5 Rate of C0, Exchénge and Concentration
A Wilk's model II Miran Analyser equipped with a

5.6 1iter reading cell was used and calibrated according to the <

-

34

v e i



TR TIAYTS SO MR e S e Tk T T AR T A e T

4 ¥
'
H
i
[
i
|
i
;0
1

fhe amount of CO. liberated or absdrbed by the plant material was

0

manufacturerus protdcp]i(wilks, 1976). The IRGA was put’' in the closed

logp circuitry after the psychrometers, and was connected to a recorder,

°given by the slope of the changing concentration displayed on the

recorder. An exact calibration of €0, ethanqe was obtained by injecting ‘
a precise amount of COz}in the systenrwnd observing the resutting
deflection on the recorder. The IRGA was very stable and calibration’
cou!d be- kept up to a month. Concentratidns of the gas were expressed

as parts per million and exchange rates as nanomole,CO,per second. The

o

IRGA suffered no bias from the absorption spectrum of water vapour. % .o
\ ) . N . . ? ’~Q‘- .
\‘ N
2.5 Psychrometric, Calculations (

N

The wet and dry bulbs temperatures readings were used to

calgulate the transpiration and sensible heat gaips prdguced by the‘ %

_ plant material located in the analytical box. ' The standard psychrometric .

tables and equation were found in the ASHRAE Handbook of Fundhmentals
Although the resultyere expressed in‘SI units, psychrometric -calcula- >
stions were first co:::ted with American Standard upits and were then

converted to SI. , In this manner, it was easier to verify the calcula-

tions qirectly on the psychrometric chart and‘tables whjch were based ‘

on the American Standard units. 'This treatment was performed by

i

"computer programs to bé’described later The moist atr properties were

calculated for each box using their respective temperature readings,
(Fig. 9) namely inlet (ti)’ outlet (t ) dry bulb psychrometer (t ) R
and wet bulb psychrometer (twa);for the‘atzlytical pox, and ti’-tr’ tps ,

- v '-
”n ‘ .
* i - Q "
. . ,
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- The heating bath elevdted and equalized the outlet temperture
(ta. tr) to a uniform psychrometer.dry bulb temperature (tp)
+ ' thus preventing a condensation of avater vapour in the ;ubing.
. ty, Reference dry bulb; t,, Analytical dry bulb; tpa psycrometer
©  dry bulb; tyr Referenceswet bulb; tya, Analytical wet bulb; injet

b

N ~temperature, t;. , .
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t,, for the referénce box. These properties are listed below :(Table 4).
N / - —
, . i Table 4 %
Moist Air Properties
' &
5'(' . ! ? n - »
Common Inlet |° Analytical Box Reference Box | ‘Properties Units
. W, ° rwa R w; Humidity 1b water/ i
. l ratio 1b air o
3 a
%, !
| " 4 '
g ¢',- ¢ ¢ Relative dimentionf
I a humidity less '
|
‘| v v v, Volume . (ft* /1b
, 3 a density dry air)
8 i : . - )
< i .= . - .
| H - Moist air (Btu/1b
i T Co Ta o 17 Enthalpy dry air)]
| -
v H_ H . H Dry air btu (1b
S sa, ’T’ Sre Enthalpy . | dry air)
H, HLa ’ HLr ‘ - Water vapout btu (1b '
~ B Enthalpy dry air)
\ .
| s :
‘The hum1d1ty ratio (W) was,calculated by the following procedure In a
firs‘t step, the saturation presSure of water vapour (P ) was calculated
for the psychrometer wet bulb readmg (t } according to the Keeman,
Keyes, Hi1l “and Moore formula (ASHRAE, 1972): o S
ln Jus | 0.01 (37"4’ 136 2t ) 5 F2(0.65 - ;) o1 ¢ ) N
. v - . . W b w is] 'i . ) : ‘ W -..(8)
/ ‘ . :
& /’I v -
1 /
° / ° \ ,‘
g ° -
]
©
!
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(€Y

where
£ ! ' . ! »

= saturation pressure (atm) at T R

F’w '
TW = Absolute temperaoture (lie\lvin) = tw + 273.15

t, = wet bulb temperature {°C) of psychrometer

Fs C= empiricff’tonstant having the following values:
Foo= -781.9242° Fy = 0.1094098

F. = -29.721 Fs = 0.439993

F» = -11.55286 F, = 0.2520658 - )

L \

. Fe = -0.8685635 v JFe = 0.05218684

the humidity ratio of saturated éir wé’s then obtai'ried by the fo/{owing:"

>
%

wsw = 0.62198 .Pws/“ - Pws); (lp wa‘ter/lb dry air) ...(9)
where the atmospheric pressure was assumed constant and equal to unity.

Ffhally, the humidity ratio was calculated by:'

(1093 - 0.556 ¢ )W, - 0.24(t_ -t ) | ...(10)

(1093 + 0‘.444 t, - t,)

humidity ratio (1b water/1b dry air)

=
n

(o4
]

Psychrometer dry bd]b temperature (°F)

wet 'ﬁulb temperature (°F ) of psychrémete?

(g
L]

sw humidity ratio of satufateq air (1b watér/'lb dry air) .

the 'dt:y bulb temperéture of the boxes (ta, t.s ti) were always lower v

than that of the psychrometers (t)) due to the: heating bath. This .
elevation in temperature does not alter the humidity ratio calculations
(W, "r) » Which are the -same whether- taken, at the box outlet or at the

¢

[ ) i

A i Y s A
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.the.relative humidity was calculated a§ follows:

' 0.62198 Ppo . : :
NSD 2 — (1b water/1b dry air) ...(11)
" ' z= g (dimensionless) a2t
sD : '
C e ¥
. x - (diménsionless) . ...{13)

obtained by:

39

psychrometer. This, howevey, is not true for the properties of relative

ps. V4) which are dependept

upon the dry bulb temperature of the boxes (ta, tr‘ t;f. Consequently ___

humidity (¢a; s ¢i) and volume density (Va’ v

*

r
[l

:« 1 - Pps(1 - 2)
where ’
PES = saturation pressure of water vapour AT the respective dry
ﬁulb temperatures of the boxe§‘(using Keeman,. Keyes, Hill

and Moore formula)

fNSDo= humidity ratio at saturation

W= Respective humidity ratio of the boxes (1b water/1b dry air)
x = degree of saturation . X \ T

¢ = Relative humidity -

the. volume density of dry air at the three location (vi, Ny vr) was
! - : " \

v = —E%I-(] + 1.§§78 W) - \ (ft’/lb‘dny air) ‘,..(14)‘
where Y B o - ' ' “
. v = volume dénstty of dry air - e
Ra = 53.352 (ft 1b force/1b mass/F deg Abs). gas constant for R ‘
dry air. "’ | ' ' - . — | ’

p.= 2116.1986 (1b force/ft’), total atmospheric pressure

£
- | b -




-
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Respective dry bulb temperature of the boxes (°F absolute)

W = Respective humidi:ty ratio of the boxes (1b water/1lb dry a'ir)b
The dry air Enthalpy (Hsi’ Hsa’ Hér) involved the following
Hg = 0.240 t ..7(08) -
where °
H= dry air enthalpy (Btu/1b dry air)
t = dry bulb temperature of the boxes (°F)
aﬁd for the water vapour enthalpy (HLi’ HLa’ HLr-_):
> H_ = W(1061 + 0:444)t (Btu/1b dry air) ...(16) “
“Finally, the total enfhalpy was expressed:
Hy = Hg + H ' (btu/1b dr‘y. air) ...(17)
. Thé table that follows resumes the whole operation’ .
’ Table 5
.Calculation of Moist Air Properties
Description Formula used Property Variable used \
lhumidity ratio 2, 3, 4. W, t, T . ‘
(1b water/1ba) H; tP, r
W tP,. v
‘ r P’ ‘wr
Relative ) 5 ty ' Irl1
humidity - 5,6,7 ¢a ta, W
(dimensionless) o te N:
\ t :
vdTune : vy tis W .
denic,ity - 8 Va ta' W
(ft’ /1ba) S ) vp tr" r
dry air ' Hsi t,,
_|Enthalpy . 9 ’ H$a ta
(btu.lba) - Hep t.




Table 5 (continued)

f

Description Formula used Property Variable used
“ .|Water vapour H, . t., W
|Enthalpy 10 ! e u;
(btu/1ba) Hp te, W
Moist air He s H.:, H
Enthalpy nooo. i KL Wi
(buty/1ba) ‘ HTr Hsr’ HLr

) ‘the environmental parameters of absolute humidity (W) was converted into

N

SI unity by the following:

€ ) 5 .
W(nM water/cn’ air) = W(1b water/Ib air) x tﬁ-'glg—viﬂ} ...(18)

~

the calculation and cohversion of energy exchange is covered in the

following section:

2.6 Energy Exchange Calculations

*

The difference obtained be'tween the reference and ar‘\alytical
properties of the air are a measure of the actual exchange due to the
p'res'ence of the plant -in the a"nabftical box. The observed Exchange °
values for.,seﬁSible heat (AHSo ), water va.pou'r entﬁalpy (AHh\) and

total heat (AHT.,) were then calculated:

= 2
BH = Hoy = Heyp (Btu/1b dry air) ...(19)
My = HTa,',_HTr (Btu/1b dry air) .21

»
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\\1’\ * N

" where the variables haJE(been then ysual meanings (refi#rfable 5 on .
. page 405. These calculatiogs are mathematicelly correct’ but they do.net
account - for heat 1ossee through the walls and cover of the boxes and

for the fact that the peychroﬁeters do not give a matched‘response.

Two corrections have therefore to be applied to the exchange resu]tsv

.so as to compensate for the heat loss and psychrometer offset. The

corrected values are then converted into SI units and finally expressed

in rates per unit canopy area.

2.6.1'_Sensib1e Heat Exchange D

The amount of heat loss .through the boxes was obtained

,‘33 recording the temperature differential between the inlet (t ) and
outlet (to) of an empty box at d1fferent outside temperature (tg) and for
the_same rates of airflow as those used during a normal experiment, as

ishowq in figure 16. The drop in teggz?Etyre between the 'inlet (ti)

. and eutlet (t,) represerted the amount of hea: loss (HLOSS) throughﬂ( v
tpe box»materfal and was celculated according to: )

| HLOSS = 0.24 x 1.8 x (t; =t ) Ce(22)
the heat loss having a positive value when going outwards. In'this
‘situation the heat lost could be linearly correlated on e log-log =’
Ascale with the te“\Erature grad1ent existing between the inside of the -

box (assumed to be at to) and ‘the outside'(tg) thus:

HLOSS = K(ty - to)"  (btu/Ib dry air) ... (23)

where the constants K and n had the experimental values shown: (Table 6)

D ot g penen e pert s SR
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Fig. 10 Heat Losses in the Boxe;

The calculations were made for the two flow rates used in the
experiment. F, Flowrate (cn?/sec). -




N ' ' u
0 . Table 6 £
, Sensible Heat Loss Calculation h
;/}?lowrate | K N Regression Coefficient
/| /sec ] '
477 0.2959 1.235 , 0.992
144 " 0.5236 1.2864 ‘ 0.992

In the enc{osure,'the inlet temperature (ti) of the boxes w&ﬁ always
very close or equal to the enclosure temperature because thé tubing
carrying the air to the inlet was left uninsulated. In this situation,
the temperature gradient across the walls of the boké§ could be expressed
és (tA —’ti) for the analytical box and (tr - ti) for the reference box,
the true Exchange value for the true dry air enthalpy (AHS) was
written:

BH = MR+ K(ty - t)" - K(t, -t
! Converting to SI units:

A" (btu/1b dry air)  ...(24)

SH(d/en’ ) = mH(btu/tba) x | 2B X0 (25)

. where v = volume density (ft’/1ba)"

The rate of sensible heat produced by the plant was finally computed as:
- . . i

' s Aﬂsf (/e /sec) ... (26)
where - _ |
, S = Sensible heat rate " (j/em? /sec) ;
F % Flowrate of air (cn® /sec) ,
L : . A = Canopy area-: " (an)
i \
A4 ‘1
\ 4 ’ - g{\‘.—‘

O
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2.6.2 Latenf Heat Exchange

o v b e S e e 7

Although the two psychrometers were constructed in a

" similar way, their absolute response to the same air condition was not -

the same. This difference was due to two factors. A'ft{st discrepancy

45

. was caused by a different offset for each psychrometér and corréqupded ’

/

1964); This offset value'could be eliminated from the readings by

temporarily connecting both psychrometers to the same box outlet and

recording the offset value, later to be substraéted from the readings.

However, another type 8F bias was also present and corresponded to the

equilibratiop period when the system was switched from the open to the

closed circuit configuration. During that period, the psychrometer

had to adjust to a new and instantaneous air condition. It was found

-

after the beginning of an experimeni, required a period of time of no -

experimentally that the new condition achieved by the psychrometer ,

more than three readings corresponding to about three minutes and

depended upon the initial air conditions at the beginning of the

&

expefiment. Consequently, the calculations of the latent: heat from the

obsetved readings <HL0) were a biased estimate of the true latent heat.

(H, ) according to the above factors, thus:
L

3
3

- | Reference HLr = HLor + Or + 9

’
A

Analytical HLa = HLoh + 0a + wa

where

. 0 = offset value for each psychrometer

|

»

t

r

...(27)

...(28)

4

to a similar bias-observed in the briginal paper ($latyer'and Bierhuizen, .




‘ used\in this set up due to the:transition changes between open and

oclosed system, which should be avoided in the future.

. H = true latent heat for each psychrometer

HL°= observed Tlatent heat for each psychrometer ]

y = transiiion bias between open to closed circuit configuration
for each psychrometer )

Consequently, the qa]culation of the latent heat,exchange Qas also

biased’ | _ 4
M, = AHLo + (0a - Or) Y, - ¥ :..(29)

where

AHLD‘ ohserved latent heat exchange -
H, = true latent heat exchange . .

. | ,
Because of the presence of the transition bias (w), it was not poss1b1e

——

to derive a practical correction equation that would have yielded a

true value. For all the experiments performed the individuaa error of

each psyéprometer was found to be about 10% of the reading at the ’
beginning and no more than 5% after the third readinglehen the transition
Sias became negligible. Since the calculated value. of the iatent heat’
exchange (AHL) was obtained by the difference between each psychrometerf‘
the error on this difference became so large that meaningful results
could not be acMeved. This 1nadggg::e situation did not reflect a poor

performanée of the differenfia] psyeh ometer apparatus of Slayter and

 Bierhuizen (1964) per se, but showed that it could nof be Edequately

It is therefore for thé above reasons that an alternate method
- ' \ )

{

A

v

i

AT B AL e«
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N
for calcu]atin§ latent heat exchange (AHR) wa? used and is as follows:
the conservation.of eﬁgrgy reQuire; that the totaﬁ energy released by
the canopy equals the total incom{ng radiation absorbed (Rv ). Slince
the total released energy equals S + LE we have: 3
I Rv =S + LE and . LE=Rv -5 ‘ ...(30)
An experimental‘verificatibn'oﬁ this relation was done b} compaffng

the rate of change of AHLo with respect to S and comparing with its

. theoretical value which is obtained by combining equations (29) and

(30)

BH =RV -S-(0,.-0)-v, + ¥ '...(31)

r
If the first three readings from the experiment aré not considered, the
transition functions (y) become negligible. .

AHLo
thus, if Rv is kept constant, the theoretical regression of AHLo‘on S

°

=Rv - 8§ - (0a - Or) C , - ...(32)

‘should be equal to -1, since the offset values are themselves constant

| .

within e:Er'ekperiment. Table 7 shows that the experimental va]ﬁe of
agreed closely with this theoretical value of -1-

AHLo on |
Table 7 .

Experimental Verification of 'Energy Conservation

Regression of AH, on S and Rv . The first threelreadings were eliminated
from each experih&nt in order to eliminate the effect of the transition .
function. v

Variable Coefficient 'STD error | ~ . Multiple Regression -
S -1.06 0.108 - r = 0.7958 N K
| _ r’= 0.6333 e
Rv - . 3.07 _ 0.?37 - # dfgpqses = 328°
constant \ ' 7.82x10°° 6.05x10"* '

.



- '95% confidence interval for 'd'(AHLo)/dS
o . © - d(aH_)/ds = 1.06 £0.213

—_—
| 9

Consequently, the latent energy (LE)~ wls estimated as; : .o
7  LE=Rv -IS . .(33)
’ where .
* " o [ \ L = latent heat of va‘porization .
| > - (3/nM water) = 4.5x10°° S
' Rv = total visible radiation absorbed by the ¥anopy
a _ (i/em’ /sec) | o \
A v
+§ = Sensible heat rate (j/cm®/sec)
. ' I3
, '2.6.3 Error iﬁ/t;he Estimation of Individual Terms
. The error involved in this estuimation 1ies in calculating
— the true énér;y exchanges’ of.the plant which includes a term for reradia-
. tion (RAD). Froﬁ the plant's pbint of view, part of the rerad%atior;
) term is absorbed by the walls and cover of the analytical box and
N expressed 'as'sénsit‘ﬂe heat. The Temaining réradiated energy is u
‘ reabsorbed by the plant. The greenhouse effect of the glass cm;er
L presents thg' escape-of reradiated energy. such tﬁat: f
' | RV +a=RAD.+S - 8 +LE - ‘\. L(38)
- o where o = Reat');sﬁrbed Radiation by plant ' :

+B = radiation absorbed by analytical box

,
. B ? ' N
(e , . . \/
) N v R
v

e
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"in estimating .the latent heaf (Lf)jﬁhe sensible heat (S) was substracted

L)

from the Vigible Radiation absorbed (Rv ) then :

Ay
&

, RV -S=RAD-a-B+LE ~ L a(39)

by which an error of y = RAD - a ~ B was introduceﬁ in the estimation
" of the latent heat (LE). This, the true ‘conyection (c), and latent heat
(LE) for the plant are as shown:
Rv + a = RAD + (S - B) + (LE - v) . . ... (36)
ags = RAD+C +'LE , | , ...(37)
Sincé the value of RAD"is usually sma11 the corresponding va]ues of

a, B and y will b1as the estimations of 1nd1v1dua] terms by even smaller
amounts since a+y+B= RAD.\ The bias on individual terms of Upgs*
9 C and LE was therefore assumed to be negligible on the overall value

v

-of each term."

2.7 Data Processing

.- ’ A1l the calculations presented this far were programme& (Fig. 1).
The eXperimenta] readings were first typed on computer cards and properly
1dentified in three categories readings obtained from the chart recorder
“\vr’ KT, tys ty 3, readings obtained manuaﬂy (ty» t, tg ), and -

the calibfion read1ngs produced by the mu]tiplexor/transducer unit;
this card input was treated in order to calculate the actual temperature
ya]ues from a regression of the calibration data. The readings from the
chart-recorder and those obtained manuallg were,merged'faking into |
account that the maneal rea@ings were taken less frequently than the -

recorded ones;euch that missing values had to be generated by linear

4

o
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r’\’

ajnierpolation between known values. The ﬁeréed data was then p§¥ {;to
;.§1ngle working file and a three point mdving average was done in . ‘;
or&erﬂto élim&nate random noise péaks from the instrumentation. The

= v . " psychrometric'cglcu1ations were performed an¥ the conVected‘sensible

o - and latent heat rates were fﬁzn\calculated. ' -

| The énergy budget calculations that foi]owed were printed out as

" “the final results and included all thg pértineﬁt tgmﬁerature and .

. humidity values of the surrounding air along with the calculated %@

exchanges and transfer cpgfficient.:'These last caltuiatiqps are :

- ‘. covered in°results apg daisncussion,' This same outbut was‘ also me}ggﬂ

\ ‘h\ with the CO. exchange.readingsi A mulf?ple regréssion analysis of these

results could then be executed-by the SP$S (U. of Nﬁnesota) system. .

»

. The graphic displays of the experimental vesults used in this paper
. , N l ‘ : > .
. : were produced according to this reﬁngsion analysis. The program
‘ » v

all the above can be found in the appendix. ‘ ‘lj\ . dégé
. . Sy .

2 RS

.g\ Y 4
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Chapter’3

RESULTS AND DISCUSSION

3.1 Transpiration, Humidity and Light Intensity

L .-

The transpiration performances for tobacco, tomato and dwarf:

bean were closely linear with light intensity and absolute H (Figs.

]2’

13, 14) and the results show that an increased humidity resulted in a

decreased tfanspiratiqn when the outside air wgé brought nearer to the

‘saturation point.

A regression analysis of latent energy exchangeN(LE)

versus visible absorbed radiation (Rv ) and absalute humidity.(wa) is

shown in the following table.

Correlation of TranspIration Energy (LE) on Visible Absorbed Light
Intensity (Rva) and Absolute Humidity (W3).

Table 8

Cste.

Regress1on Constant ‘

stands for the

A

B ; N -
Variable |.Coefficient Error «Normalized Simple Multip]J :
N . . ’ Coefficient Regress. | Regress.
{ 8\ Ry 1.22x10” 0.988. 0.93 | 0.980
S W 7.57x10° -0.310 -0.130
E; Cste 7.45;;£§" : '
o Ry, < 1.05x0" /" 0.998 0.910 0.966
® W 5.86x 8:‘ 1, -0.338 + | -0.077
E Cite 7-0210°" [ ' Sl
L - .‘ 3 : i
s Rva ©1.32 3.23x107 0.832 ° |.0.575 0.992
g Wa | -1.07a07 2.68x10™ -0.848 -0.597 T
. Cste 18.16 ~ | 3.23x107
d .
I 62
, b '
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12 Effect of Light and:Humidity on Trans;;irition’ in Tobacco

. The multip® regression analysis was calculated for the values

of light (Rv) shown, and accordin;; to table 8.
absorbed radiation (j/cm’/sec)x1

0.14,

0. concentration, C; =#¥40 ‘vpm :8.0.

Rv, Visible
Air temperature, ta = 29.2°C

E, TRANSPIRATION (nMH,0/cm®/sec)

s
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Fig.#13 Effect of Light and Humidity on Transpiration in
. Tonato. i
The multiple regressionanalysis (dotted lines) was
calculated for the values of Vight (Rv) shown, and
according to table 8. The experimental points shown
- as trianlges curve obtained 1 day later-(exp #37 and °
! .38); see-table 2. Rv, Visible absorbed radiation
(j/cm® /sec)x10'. Air temperature, ty = 29.0°C $0.1.
, C0: concentration, Ca = 378.1 vpm 22.2. .
E]
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Effect of Light and Humidity on Transpiration in Bean

The mthiﬁ]e rearession analysis was cajculated for the valués

-of 1ight (Rv) shown, and according to table 8.

absorbed radiation (j/cm’/sec). Air temperature, t = 27.1°C

+0.34. (O, concertration, Ca = 374 vpm +5.0.

]

l ;
E ° Lt
1 ‘ ,
TN . .

; - o
. . ‘ . .

t * .

| ,

| et

Rv, Visible

Iy
i
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Inspéction of the normalized coefficients reveals tbgt an equal
contributian to transpiration was provided by humidity and ligﬁt inten-
sity in the case af D. Bean while tfangpiration was mostly exp]éined bx
the Tight intensity in the other cases. Since transpiration is controlled
by the' concentration gradient exiséing between leaf and environment, and
by the diffusive resistance, it follows that for~an increased depend;ncé

on absolute humidity, the control of transpfration shifts from the leaf
to the environment It is expected that the leaf diffusion resistance
will tend towards a constant value when control is entirely left to the

environment, A variabi]ity index (1v) cag be defined as the ratio of

AN
the normalized coefficients for 1ight intensity (er) to that for
humidity (N,.) such that: o

N K \
Iv = - ...(38)
wa ‘

and is ipdication of the diffusive resistance variability under
changing light and humidfty conditions. When equal to zero, the
diffusiyer%sistancetends to remain constant and transpiration is

solely controlled by the humidity variations, Table 9 shows these

numbers,
. Table 9
Variability of Diffusion
| Beszstance‘
Tobacco _ ‘Tomato . ’ Bean
-3.19 , -2.95 - -.96
B . ‘
{ ; )

1

et S U

AN
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Thus it can be expected that the calculated values for diffusion

resistance will tend to be more constant in the Bean experiment than

in Tobacco, the results of Tomato being of intermediate variation.

)

>

Table 10

" Net Photosynthesis, Light Intensity and Transpiration

Tobacco

_Leaf Area = 124.5 cn’
Avg. Concentration €O, = 340 ppm s.d. = 28.0
C0; Exchange Transp{ra;ion
Experiment Mean ‘#Cases | Error | Mean #Cases |Error | Light
o ' : Intensity
§ nM/cm’ /sec ) j/sec/cn?
50 +1.008 10 0 302.8 10 19.80 |-3.306x10°
51 - | +0.574 10 0 207.2 10 13.25| 1.945x107*
52 +0.296 13 0 86.0 13 8.85| 0.972x107
53 -0.370 16 0 32.8 16 - 5.13} 0.0x107
\
}
Tomato Leaf Area = 279.7 cn’ ‘
Avg. Concentration (0, = 378.1 $.d. =.9.4 ppm
C0; Exchange Transpiration
JExperiment | Mean #Cases | Error | Mean | #Cases |Error | Light
Intentsity
34 +1.080 -9 .030 { 259.1 9 16.10} 3.306
35 +).585 12 .038 | 149.7 |+ 12 14.83( 1.556
36 +0.196 13 014 81.9 13 5.05{ 0.778
37 +0.202 13 .014 94.4 13 9.05} 0.389
38 -0.029 | 25 ,.008 X 34.9 25 2.35| 0.0

1




. Dwarf Bean Leaf Area = 258.8 cm® :
Avg. Concentration (0, = 374.0 ppm s.d. = 15.9 ppm
| €0, Exchange Transpiration )
Experiment | Mean | #Cases |Error | Mean | #Cases| Error| Light
: Intensity
20 +0.713 10 '| .041 | 192.8 10 12.1| 3.306
© 21 +0.355 8 .028 153.5 8 12.1) -1.945
22 ~-0.01 8 .028 136.8 8 13.1 0.972
23 -0.00 7 .034 129.7 7 12.5| 0.778
24 -0.182 8 .000 130.1 8 13.0] 0.0

3.2 Net Photosynthe515 and Transp1rat1on°

P]ots of Net photosynthesis (as C0; exchange) response to light

" figure 15 and Table 10 with respect to visible light.

“{ntensity in tgbacco, tomato and bean gave the perfe;yance shown in

The slope of

net photesynthesis (Gaastra 1963) and 1ight variations in the linear

portions of the curves gave the Net Photosynthetic yield, being the

_ability of the plant to capture C0. for a given amount of light. This -
yield is:
AP
= _n
Ip = ARv ) ..(39)
Table 11
_Net Photosynthesis Yield (Ip)
Tobacco Tomato D. Bean
305.9 319.2 295.9 Efficiency
. . L .nM/j.x103
0.064 0.067 0.062 Quantum yield
nM C0; /nE

3}

A S g et
I A AT IR
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P o, NET PHOTOSYNTHESIS (nMCO./cm’/sec)

+10

-
P

TOMATO

R,, VISIBLE ABS.ORBED RADIATION (J/cn” /sec)x10* "

Fig. 15 Net Photosynthesis and Visible Absorbed Radiation for Tomato,

Tobacco and Bean: the linear portion of the curve was used
‘to calculate the quantum yield.
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. 4
Assuming a”photon to energy flux ratio of 1.2x10% +10% (photons cal™ )

occur ring in the band 400-700 nM, (Anderson, 1967) it is possible to
ponve}t these values fnto quantum yield (Enleringer,' 1977) expressed

in Moi €O, per absorbed Einstein. These results compare’ favorably

with those of Plantago, 0:066 (Bjorkman, 1966) and species of Atriplex ,
Encelia and Plantago, 0.054 (Ehleringer,1977) all of them being

t

Ca p]ants. However, the trangpirat}dn values can be expressed as a func-

“tion of the CO, exchange. Figure 16 shows the relationship
B ?

°

exXisting between these results for the three plants. Regression was
performed with ‘the means of transpiration and CO, exchange (Table 10)

“the regressed line was plotted.against a background showing the devia-

. tions around each point. Although the results were obtained from

4

three different plants under a wide range of ‘light and humidity treat-

ments, a linear response was observed (Table 12).

Table 12 I /}

Trend for -Transpiration and Assimilation:

: Light Variations ‘
”(iL) slope = 165.21 MH, 0/MCO, r = 0.8970 ‘
constant = 78.5 nMH, 0/cni® /sec. Cr*= 0.8046

Thus, in 3 generai éense, a change in transpiration is correlated

liniearly with a change in_net photosynthesis. The high positive

. correlation of transpiration and 1ight intensity shown earlier

L] ' hd
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(see Table 10) along with a nearly coﬁstant~quantum §#e1d (Eh]eriﬁger,
1977) support the validity of this linear relation. The point at which

net photosynthesis equals zero represents therefore the transpiration

-equivalent of the light compensation point %Yeraged for the three
plants. The implications of this equivalent value with respect to

C; and G4 plants will be discussed later. Another “index has already

been used in the literature;ﬁhe transpiration/assimilation ratio.

62

(Lommen 1971) relates the C0, assimilated to transpiration;see figure 16,

At compensation this ratio achieves an infipite value and is very

, "sensitive to variations in treatments. The sometimes large deviations

that occured in the results made the estimation of this. ratio impractical.

The transpiration to net photosynthesis ratio used in.this papef has

. the advantage of be1ng a constant since it describes the slope of the'

'linear relat1onsh1p in flgure 16. - -

i = 165.21(MH; 0/MCO, ) “...(40)
I =& '
n 'C0, ’

i

3.3 Effect of CO0, Concentration on Transpira;jon and Assimi]athﬁf/

4

. When the externa] €0, concentration was{g)ﬂowed to decrease,
the transpirat1on in tobacco Tost its Tinear re]atlonsh1p with

humidity (Fig 17). The results saznkthat in a general sense,

"__’__’___,__.__._

'transplration 1ncreased with a decreasing value of CO; co ntraj}pn :

and ra’phed an upper limit beyond which no further transpiration

increase occured: However, the overatl transp1ration averaged over
) ’ l

4
1

(3
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a range of absolute humidity common tof511 experiméﬁ&'shpwn in figure 17,
was foun& to retavn its 1ipearity‘wi§h net phatosynthesis, (see Table 13
and.Fig. 18). éqrthermore, the dependance on absolute hum{dity varia-
tions did not influence this linearity by a gféat amount as shown in
figure 18. | |

. Table 13

Effect qf CO, Concentration on Net Photosynthe51$ and .
Transpiration in Tobacco - ‘

Values for transpiration were averaged from values‘between 800 and

i
»

1300 nMH, 0/cm®

. iy, o . - -
‘ Exp # |#of Case§ CO, Concentration| Transpiration Net‘Photosynthesis
| vom nM/cr® | nMH, O/cri/sec | nMCO, /om /sec o
. g - s, e e
Mean STD Erry Mean STD Err], Mean STD Err.
50 9 |326.2 | 1311 [291.48°| 18.13] 1.0 0o
54 7 133.4 | 5.36 [320.27 9.241 0.35 0.03 v
55 6 78.3 8.15 |360.22 | .12.86 -0.14 0.05
56 7 28.8 -1.46 }359.56 1.8 | -0. 66 0.04
. Nisible light intensity was kept at 3.306 mh/én?, T, = 30 °C
Two, constants were derived fromthese results. The transpiration to
"net photosynthesis ratio for CO’(ICO ) wa*aobta1ned in the same manner
as before (see Table 12,), but yielded a different value ca{responding
to the change.in production of water per mole “of CO, resulting from a )
decrease of the,COz‘cbncentration. while keeping ]ight\?ntensity
| constaht, thus: o B ) ;
2 ' , ' -
£ ’ -
) J ' ' ) N ‘ '
. "" ’) ’ \ ‘ - -
. } : - ¢ . ’.(\____
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CO: = -

AE \\ '
AP, . \
n L \\

..(41)

- (
\\

15 equal to the regression slope of net photosynthes1s versus transpir‘a-

\t1on. and E

L
I

)

- " ' Trend for Transpiration,a‘nd Net Assimilation:

-

i,

is the transpwat\on rate at compensation, (F1g ]8)

-

Table 14

C0, Variations

[

slope (Icg, ) - -44.422

I 'MH, 0/MCO;

constant, ('EI‘ V= '339. 1

[ nMH; 0/cn? /sec

IS
»

r = 0.8623

r= 0.7436

/

.

‘v

lt%an'be seen® tm, ‘in the case of tobacco, tﬁe plant was hand¥capped R

C I

90’ vmeO; (F1g 19)

” similar remark appHes for transpiratmn at the hght compensation points

5 (see Fig. 16)

temperate chmates where water stresses are not severe (Black, 1973) Ku

et a1 (1927) showed sim

» ~

L . .tmn point of G nplants along with their rate ‘of net photosynthesis

o7

L8 being independent of afr CO: condentration (Bjorkman, 1966) wou)d flatten

. the slope of figure 22?/1;0 zero. Transpiration is ‘erly to be'decreased ,,‘ ‘ ,1
’ also since full stomatal openingb océured at higher tht 1ntensities in
S C4 than in C;\plants (Dounes 1Q70

. . A N |
. . B .
. “ .
. ﬁk‘ '\’,s TR I \ . * o
’ NA ~ . e . N
L] ’ M
v " .

~ by 339 1 nMHz O/cm2 /sec transpwratton at the CO; compensation point near

The plant was a very inefficient producer.

C; plants are generally ‘known to grow in- cool and

r trends in Solanum species

KL

Ka et a] 1971, Das: A77).  Thus the o

;.
\

A

¥
The low compensa-
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The resu]ts for CO;

.'7;_ - cgncentrations versus net photosynthes1s were regressed on a semi Tog

. plant produces ‘more at a lesser water Toss. '

' .scale to yield the curve of figure 19;the equation is:
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n

(P = In(7.449x10° C, + 0.3314) | r = 0.9951 .. (42)

= 0.9903
with T = 89.9 vpm (CO. compensation. point)

Some care should be exercised in ektnapolating the above relat{on above

. 350 vpm CO: since the range of concentration did not a]]ow for an upper

11m\i in net phetosynthesis. Such a limit cannot be adequate]y repre-

sented by a log function. The extensive model of Lommen et al (1971)

1nvolves a quadratic equation which takes 11m1t1ng factors.into account.

Thus the, results for CO. variations have shown that the net
'photosynthESis cannot be simply related to changes in abso]ute'hum1dity
or changes in C0. concentration (Figs. 18 and 19). But, on the other
hand net photosynthesis showed a linear trend w1th transpiration when
the source of variation was either Tight or CO: concentration, in which
case the influence of humidity‘was small (ﬁ1gs. 16 end 19), although
the values of the slopes and interoepts for the "above situations dif-
fered from one énother (Tab]é 12 and 14). 1t follows from this that
‘the 1inear1ty between net photosynthesis and transpira;ion results in

the sharino by these two processes of the same pathway such that the

variations of one h§§>a" immediate and linear relation wibhethe/gther,

and that the pathway must have a predominant and limiting effect upon
both these processes. The relationship between net photosynthesis'and

\pdiffusion resistance is considered in the following section.

\ .
. . . . . , Y
- » L4 N -~ . S . M 1
. “ . 9. f: . ’
N .
.

3 4 DiffusiopﬂResistance and CO, Exchange

»~
A}
°
-
5.

' Lake (1967a) has proposed a model of CD; and transpiration flow

68 -
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through the leaf allowing fqr mithochondrial respiration, photo- o
" i

respiration and photbsynthests to occur along with transpiration.

' Figgre 20 shows this model. It can be seen that the pathway common

tﬁ‘both fluxes lies through the intercellular spaces, the stomatal and \\\\\w
the boundarx layer, the sum of which form the total diffusive resistance

ry assumed to be of the same value for water as for CO,.. The mesophy11

resistance ry, is formed by the triangle of resitances shown, and

represents the total contributions of individual respiratory and

s

ra-—

assimjjating components. Several indirect methods were used in the

literature to evaluate this mesophyll resistance ry. The rate in the

!

/oursme AR e e | _ ' . -t
T ) BOUNDARY LAYER
LEAF SURFACE_ /__._.._
) ' . rsz.a‘) STOMATA
r é BENEATH STOMATA ____ \
. l'p -
INTERCELL SPACES . ... NON PHOTOSYNTHETIC Q
S e RESPIRATION
© 3 MESOPHYLL WALLS_.. . . /L
/ !
‘m : “PHOTOSYNTHETIC N
o I | RESPIRATION - B
« (cymaopusr) - : , . .
R _ | - o
Fig. 20 -Res%stance Network for Photosynthesis, Respiration aad -
o Transpiration from Lake (19673)‘ o |
. | L , '/‘ -
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linear portion of the net photosynthesis curve (Fig. 19) with respect
to CO, concentration-has been élready used ih the literature as a

means of estimating the €O, diffusion across the mééobhy]]. Tregunna
(1966) for instance defined it as the carboxylation efficiency while
Lake (1967b) proposed to use it as the best estimate for the ;e§ophy11
resistance in an attempt to improve on Gaastra's method. The whale
point 1ay in estimating, ByAindirect means, the CO; concentrat;on at
the chlofoplast, assumed to be zero by‘Gaastra and at compensation
-by.Lake and others. The resulting estimate of this resistance differed
widely depending on the meéthod used, 0'Toole (1976) considered that °\}‘
these g&timations'were not reliable and proposed an enzyme assay

al (1971) provided for an exact

method while the model of‘Lommén _g

description of net photosynthesis as cbntﬁo]]ed by 1light and CO.

- concentration using qiffusion and enzyme kinetics. The model accounted

for respiration and photorespiration but, the parameters of the equation

_ are difficult to obtain expérimentally. An alternate way was to,

correlate the net photosynthesis with tfén§piyation per unit\vapéur
pressuré difference between the leaf and the air, the 1at¥erbeing

simply almeasure of total water conductance through the ]éaf in cm,sgd“.
the vapour density gradient wag correlated with transpiration in H&Zus

and the fotalvchange in the results at two different éOz concentrations

~ was assigned to the total diffusion resistance (rt,). Full stomatal

| control of transpiration Was likely to occur only at the.hibher absolute_‘

humidities (=1000, nM/cm’ )(West and Gaff, 1976). However, Stomatal pore

L f-uierzyaﬁiations from 2 to 7.5 did not.change the iate of'COzevolution/

$t
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in tobacco (Poskuka et al, 1967) .

14 ey
\

" When the external relative humidity was changed by 10% ,1eaves

of toba&@o showed resistance changes that were attributed to the

internal pathway being stretched under the forces of the increased water
vapour gradient (Slavik, 1975), but, the author assumed that a constant
value ofnCOz exchanges warranted a constant stomatal opening to ‘ b A
water diffusion, and thus disagreed with Paskuka et a].l However the
objection is a minor one since stomatal cpntro]‘séems to play a
small role in CO. exchanges and, at the lower humidities, in tran-.\\\
épiration. 'Thus the ﬁet photosynthesis and transpiration seem to
be linked mainly through the internal d}ffusion‘pathways. with stomatal
control ,serving as a‘limitiné adjustment. .

. Accordingly, the relation between net'photosynthesis and
transpiration could be described by the total diffusive resista;ce‘
sucﬁ’that if the total diffusive resistance ta C0; is propdrfiona] .

to that for water, then; -

‘ P =K—1 +p ..(43)
nr‘ [ N 4
tw v

.-

where . -

ey 5 total diffusive resistance to water diffusion’
(the sum of boundary, stomatal, and internal
3 .' » . ! i‘ ..
- (ry» rs» ry) resistdnces) (sec/cm) v

, net photdSynthesié (nMCO; /e’ /sec)

< 0
H L]

rate of net photosynthesis to conductance (nMC0;/cm’)

)
L]

net photosynthesis when ry 15'great."
Hesketh (1968) found that the expression is linear for Sqih C; and Cs

* |X -
\ ot ) |

3
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plants. The linearity of equation (43) was also-found to hold well
under conditions of water stresses in Sugar beet.crops when the slope
of the relation did not signifieant]y change beiween the leaves of
young and mature plants, although wi]tednmature leaves afforded
small!r\photdsynthetic rates and lowered the value of the slope, as
~a result of the excessive water stress, (Lawior and Milford, 1975).
‘ Since the value, of Kn in the above equation embodies both
a rate of change along with the rat1o of water to CO, diffusion
‘resistance 1t would be expected to vary with thespeciesaagvecotype
encountered as its value depends upon the leaf's anatomy and its
'spec1fic rang?) of photosynthes1s and transpiration in a given environ-
. ment . Based on this point of view, the'constant Kn could be viewed
as aﬁ\indication of plant environment relationships such that for any
green type of communities the individual differences between plant
membere,would even out if the COpnunity is considered as a whole eptity
and, in that case, ﬁhelvalue of Kn would depend mostly upon the
enrironmental parameters -alone.

" The practicaliadvantaqe of describing net photosynthesis as a
funct'lon of environmng parameters alone is dependent on the ability
- to also evaluate the total d1ffu51ve resistance. to water vapour Fiw 28
a function of environmenta] parameters. Thé total energy budget of_ .
‘Rashke (1960) and Gates (1965b) a]ready'preseated in this report Has

requ1red an experimental procedure that afforded a solution for which

. 1t was necessary to meaéure the temperature of the leaf and control the

amount ofjradiation that_it absgiged.. These conditlons render a field .

14
.
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application most impractical especially when the performance of a

. 1

. absofbed radiation energy through convection, transpiration and

population is eonsidered as a whole entity. A solution of the energy
budget using environmefital parameters alone is proposed in the y

fol]owiné section. !

3.5 Solving the Energy Budget s - ’ o

The energy balance of a plant results in tmikrelease'of

reradiation. The control of leaf temperatqre and -leaf total diffusion
resistance (rtw) results in equilibrating the above parameters. The
total diffusive resistence (rtw) is separated into a boundary layer
(r ) and a leaf resistance (r ) euch that Pew ¥ Ta ? rz. The
boundary layer resistance (r ) is .dependent upon both wind speed and
the shape of the leaf as in Gates 11965b) Vogel (1970) The leaf
resistance (r ) includes the total d1ffus1on pathway for transpiration
through the leaf and is therefore dependent upon bo;h leaf anatomy and

stomatal opening. This resistance also includes the cuticular resis-

tance (r,) which is in parallel with r,. Figure 21 shows this .

arrangement for wader diffusion and convection transfers.

. \
r MY . . l 4
R .
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The convective resistance (1/K;) isethe equivalent boundary
layer resistance for heat flux and is proportional to ra

as in Rashke (1960). \\ ,

»

The.total energy budget eqhaiioﬁ as of Gates (1968) is this:
. . L

[ N
- g 4 , - @L .
-“Lo(Tz) + k?(Tz. Ta) + -?;T;f7§—~(wsz Na)
|
t ' : .
T and note that the radiation term can be

Qugs .. (44)

if we define 0 = T
approximated by a ]1near function (Gates 1965b) .

¥

| | s‘o(Tl)4 =~ co(T;) #Aeo4T;Q . . > )
j:lL ' ‘f ;,' ' :\’. 'O.r , "(‘, N . ’ . ) . ) ‘ ‘)
~_f,‘ Lo for g1ven air tamperature (T ) equatioh_ (44) “then 5ecomes
] —t - -
eaT‘ + ea4T e + RO+ A (Wgg = W) . ...(46) . i
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and, putting Kr as a transfer coefficient for reradiation equal to

!

4eoT; we can write: )

- L - Co -
QABS ::;T; * Kre * Kae * (hﬁ + rai (wsl vwa) : ...(47)

The term QABS includes both thermal radiation and vis{ble radiation:
- QABS,= RT + R;T" If we define the net absqrbéd radiation (QN) as the
sum of &11 the radfation terms independent of the leaf temperature then

Oy = Ry + R, - eoT% . and,

QNC= KO+ KO+ LE ‘ ST (48)

where

-

=V :
E = lry #7yd (g - W,) ; \
the term KrO represents net leaf reradiation qnd is equal to amount

of thermal reradiation produced by the leaf between leaf and air
temperature. The remaining reradiation lost to the environment between

+ .
air temperature (Ta) and absolute zero isincluded in the absorbed

radiation term (QN) as defined above. This manipulation of the or{éinal
equation ismadevﬁth:thé purpoge of presenting the energy budget with
respect to a black bod&»pransmitter at the airltemperéture. which has.
‘!'B' a ‘radiation value of eoT; , while the original equation (44) was

| referenced to a black body at absolute zgro temperature, which has a*= °
;édiatfon value of zero. Two exact conditions can be derived from

'equation (48). If the'net'absofbed radiation (QN) is re]eﬁsgd
through transpiration alone then : (Cése 1) "

Q=LE;-  LE=K@
CASE 1

KO+LE > KO +KO=0" -
a@ E —» K 9 ’Kae =0




se

> , v
it then follows that © = 0 and leaf temperature equals environment

temperature. 'If on the other hand the net absorbed radiation (QN) is )
released solely through net reradiation (KrO), the transp%ration energy

(LE) will match convection(KaO): (Case 2)

QN‘= KPG . KPO = Kr@ +\4Ka@ + LE
then -Ka@ = LE «

1

CASE 2

Case 2 &escribes the prcperties of a psychrometer. In such a

!

case, the temperature of the leaf acting as a péychrometer will achieve

the thermodyqamic wet bulb which can be closely, apprdximated by the

Y

N
wet bulb of-the surrounding air (ASHRAE,]972) hence, t, = t; o If

* : *
we define © as the difference between the environment wet bulb (ta)

and dry bulb( ga)we[have, for case 2:

*

. * — — G
CASE 2 ~Ka0 = LE when QN = KrQ

!

which corresponds to the wet péper analogue of Gaastra (]963). In‘ J
order to-solve the model-represented by equation (48), thére remains

to ascertai& the relationship existing between total net radiation.and
leaf temperatureiéo'that a go]dtion be found by extrapolation of cases

1 and 2. Hari et al (i975) have found that the time integration of

~ daily differences between the wet and dry bulb and dai]y radiation

readings correfated well with total daily transpiration of birch | .

' seéqungs.\'h—similar relationship was found in.this report. The

Lregrés§1on in Table 15 for tobacco, tomato and bean shows a high "<\

L
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]
corr'elatwn between sensible heat (S), radiation (Rv) and wet bulb :
: |
* dlfference (G ). "Thys: . ) L
S=aRv +b0 +c CLL.(49), o
- where a, b, c are the regression coefficients in Table 15.  Since
S is proportional to 0, . ‘ .o - )
., . <+~ {0 = aRv + bef tC s ...(50)
Assuming that at a specifi¢ humiditj and temperature of the environment
*
(and hence at a specific © ) the convection coefficient is constant: !
° . '
=2 b o* [4 :
. : G=fRv + Fo +j . ... (51)
¥ 2 , . - ' . R
. | - °
Table 15. = . B ,
> : ‘
Regression of Sensible Heat with*Visible Absorbed ’ .
Radiation and Wet Bulb Depression
. [
’ ' Tomato, ‘
: S “’r
Coefficients _ +STD Error Regression '
\ a  -2.303 } 0.121 S I r = 0.9175 =
' (b 0.650 |, 0.077 3 : r*= 0.8418
e 0.69&x10° 0.350x10° . . | - ‘
: i & L
' T = —3 ' ‘
. Tobaceo: ,
Coefficients. 1« ST‘D'E}'ror " Regression, _ S ; 4
a -2,898 ) 0.1 8 AU I r = 0.,9625 - SR e
b 0.769 . 0.08] i N = 0,9263 » R S ‘ '”&.g.*};
c " 3.742x107 ().561:(10" L. ' AN L . CES
(S ' ) : [ ) . ' - ‘- "
) . s . o L £
: b. A \“" K £ . "
' ‘ = L ;‘ o 5 - " "',\- * H
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\ ) 2 - : ¥
Coefficients ~ L STD Error ’ Regression
a.  0.1758 0.0587 r = 0.9611
b 1.672 ’ \ 0.0781 A ¢ .= 0.
., -2.227x10° 0.1869x107.

where a = regression factor for Visible absorbed radiation (Rv,)

[

J o b

regression factor for vie@b depression (e) -

n

¢ = regression constant

1 A
Cases 1 require that: 1 ‘o ‘ ) ’, R
) ' =".i-\ _B_ *' p 9_ i‘ i
' o 0=HE r P ¢ 5
: Case 2: ’ ' \ o A ‘
° *

r
Since 9* is ‘constant; }e +-{E is also constant and yields:

1 - .

\ Lo
) ' 2 ) v ]

f Replacing. in equatiom (51) yields:
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\ Which reduces to: \k i .
o . * - ) °
\, oz0 .| —fv-LE andt, =t +0 () ..(57) -
Ko - LE
r
/
' \ . * Thé transfer coefficients can now be calculated L
) ' Convection coeffi.c"ient: . S \
d \ \ ‘ o ' « ®
P L s |, Kre - LE ; ) : .
| : K, =% | ——— (3 cm® sec*°C™") ...(58)
.‘ ) ¢ e Rv - LE . )
' . S . * ‘
! /
Lo -The total diffusive resista}mce to water Va'pour can be found by:
. . - * : _ ' ' . '
ut ~ T + r, '(HSQ W,)/E (sec/cm) vo - (59)

%

‘where wsz is the saturation water .vapour concentration and is a function

-

- of t,. For leaf temperatures wi thin the range 20°C <t <35°C the  values

of W, can be closely approximated by the relation:

,ng _ e(o,gszm ty —t5.4'.3‘96“)‘ Z]bw/]b?), y o)
‘ ~ where o ‘ “ e
' ty = leaf "tempe'ra)ture °c) - ‘
Thé gpr’wersionr from (1bw/1ba) i‘nto(nM/i:rp’) was des;ribed earlier.
. Then, the feaf resistance is: ‘ - ~ \
. N "" Jrf v T Ty, - r Asec/em) 7 " ...(61)
‘ -
, ) and’ ‘ Fa = -—:Z;—% l: (sec/cm) ' ... (62

A

o "the term G representing the specific heat of ajir (j grair™ °C™)




g

e gy g

-

o A L 0% meay o s

-y

- . .
' - . . ™

B ' Yy
’ v N . .

and (V) the vo]ume'densjty of dry air Ctmﬂ/grair) are.used tb convert
_the convection coeff1c1ent of 'the boundary layer (K ) into an equi a]ent
res1stance for water vapour diffusion (r > as in ‘Rashke (1960) and

ASHRAE (1972)

The calculat1ons of equations, (57) to (62) were programmed
.and executed acqord1ng to the ma1n flowchart presentéd- in the material:

and method section (Fig. 11).. The fo1lowyng graphs and tables were

wdefived from these calculations. Figure 22 shows, the regression of

the-calculated parameters as a fungfion of traﬁsbiration and hﬁmidity

in tobacco. . , L
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Was ABSOLUTE. HUMIDITY (nMH,0/cm)-0”

N J

4
!

o ' A

;Parameter Grid for the Tobacco Experiments"

The values were obtaiped by the regréssion of the calculdted
parameters. 0O, leaf temperature minus air temperature. W
absolute humidity rg = ,stomatal resistance, Rv visible
absorbed radiation. E, transpiration, the regression analysis
of this grid are shown in Table 12. , The graph shows clearly -
the increase in stomatal resistance caused by the simultanequs

“reduction in light intensity (as Rv )} and Absolute humidity (wa).

Air temperature, ty = 29.2 #0.14°C.
{
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- Figure 21. Tﬁe values can be expressed as

. the cuticular resistance only when the stomata areclosed in which case

3.6 Values of Diffusive Resistance

The relation between leaf resistance (rz), stomatal %esistaﬁce

Y

'(rs) and cuticular resistance (rc) has alreadyfbeen presented in T

@

r r

.—'—.' = —‘l—- +—-!—— ' ...(63)
L S c.~ - .

where rs represents the total stomatal resistance pathway from the

mesophy11' wall to the guard cell of the stomate. 'In most cases the
cuticular resistance is very high compared to the stomatal resistance.
The variations in' leaf resistance will therefore be due in the greater

part to the stomatal resistance variation. The value of ry will equal

\
I N
/ —_— o ..(64)

\ - re

»

. . the measurement of'r on leaves when their surface was .allowed to '

dry was used as\

an estimate of ve since the stomata were,;hen Rt
presumably closed. Slayter (1967), citing the work of Kuiper gives an " s
estimate of 20 sec cn' for tomato and bean. Estimates from the tobacco

and tomato experiment in this report give an average resistance at
i

" zero light intensity of 16.7 and 8.4 sec cni" respectively The estimate

1s however 1mprecise since 1trepresentsthe limiting value of the above

equation. The variation of leaf resistance with 1ight intensity of

both tobacco and tomato agree well wf;h the literature. The boundary -

-

layer resistance (ra) was nearly constant as in (ﬁramer 1969) while

the leaf resistance varied between 0.5 to a high value. The
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correspond1ng stomatal res1stance was cited as belng <4 sec cm ' By \

\
\ Slayter {1967). These re]at1oqsh1ps are shown in figures 23 and 24.
] . ' /
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? i .' 0 . -
a Fig. 23 Effect of Visible Absorbed Rad1atlon on Plant Parameters at

Constant Humidity and Temperature: TOBACCO

The calculations were made at the mean value of the experi-
mental humidity range according to the regression ana1y51s
= shown in Table 16... Air temperature;t, = 29.2 :0,.14°C;
AbsoTute hum1d1ty, Na =- 980 nMHzO/cms? _Relative hum1d1ty,
P = 60% ' )

E, TRANSPIRATION (nMH,0/cm’ /sec)

—
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Talle 16 ~

Regression of Plant Parameters with Absolute Humidity (N ). and Visib]e
Absorbed Radiation (Rv,): Tobacco ~ °

: Dependent
Independent E © 1/ 1/r,
LR .-0.175 | 5.50x107 .| -1¢83x10 1.75x10°*

Rv 89.797 | -0.7686 | 0.426 . 0.583¢
constant 190.1 -7.0 - [® 0.2 0.5
Multiple 0.98011 | 0.97963 0.97811" 0.98016
Regression ! ) :

r 0.96061 | 0.95968 0.95669 ° 0.96071
STD :
deviation 22.7, 0.3 0.1 0.2
units ( nM/cﬁ?/sec) (°C) (cm/sec) (cm/sec)

£, Transpiration; O, temperéture difference between leaf and air;
1/ry , leaf diffusion conductance;1/ry, boundary diffusion conductance

9
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Table 17.

Wy = 1200 (nMHzO/cm’) Relative = hum1d1ty, o = 76%.
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Fig. 24 Effect of Vls1b]e Absorb d- Rad1at1on on Plant Parameters at

Air tempeyature, ta = 29.0 +0.1°C Abso]ute humidity, -
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., Table 17

4

Regression of Plant Parameters‘with ABsolute Humidity (w ) and

- Visible Absorbed Radiation (RV ): Tomato
E . 0 1/r2 l/ra
W 0137 ~ | a4.221x10%| 5.812¢10° 1.560x10°
“Rv 72.624 | -0.160 0.967 1.245
T : g
_|constant 203.9 -6.8 ~0.6 -1.1
Multiple R. 0.96629 | 0.95053 | 0.95443 |  0.93164
v 0.93372 |- 0.90351 0.91094 0.86795
STD Dev. 20,3 0.3 0.3 0.6
L]
éum‘ts (nM/cnf /spc)  (°C) (cm/sec) . {sm/sec)

(

*

E, transp1rat1on o, temperature difference between leaf and ain; .
l/rz, leaf d1ffus1on conductance' 1/r , boundary diffusion conductance

4

The case'of the éean experiment showed a different response where the .

stomata apparent]y rema1ned open for a]l values, of light 1ntensities as

shown in figure 25.
saturation of air in keeping @ high level of‘turgor in. the guard

of the stomata.

This condition could prevail'over he normally

This may be due to an 1ndirect effect of the pear

cells‘

-
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observed closure when light 1nten$3ty‘is deéreased, Furthermore, the
calculated value of 1e§;,fésistance represents the pé;hway of-qufusion
from the vapgrisatioﬁ 1nterfacento the surface of thé léaf andsin this
case, the vaporisation interface is assumed to be at the ‘mesophyll
walls. For a high outside humidity, however, the interface may very
well locate nearer the stomatal poretso that the effective pathway is
reduced in length and consequently, in resistaéce. The value of the

. leaf resistance is thus\dependent uponh its definition (Slatyer 1967).
The calculation method useqﬁin this report generated a value for ry

. between“thé leaf surface and the saturétion interface, irrespective of
its location inside the leaf, The low vatiabifify index already,
presented in section 3.1 (Table 5) supporﬁs a constant value for
diffusion resistance, while.the linear relationship between net photo-

. . synthesis and light intensity. for tﬁgt plant (Fig. 15) supports a low

" 4
value, thu§ agreeing with the curve shown in figure 25.
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Fig 25 Effect of V151ble Absorbed Radiation on Plant Parameters at
\ Constant Temperature and Humidity: Bean

,

The calculations were made at the mean value of the experi-
mental humidity range, according to the regre551on ana1ysis

shown in Table 18, Air temperature, tz = 27.1 %0.34°C;
Absolute humidity, wa = 1240 (nMH.0/cm ), Relat1ve hum1d1ty,
¢ = 86%.

. E, TRANSPIRATION {nMH.0/cm’/sec)

b




1 89
\ , 1 :
& 1
¢ Table 18 :
Regress1on of Plant Parameters with Absolute Humidity (w ) and . /
Visible Absorbed Radiation (Rv ): Bean N
‘ E ) 1/rl 1/ra
j -
W - -0.239 4.38x10° 2.345x10°° 4,289x107
Rv 29.447 © -2.496x10°%[-0.610 B 0.243
constant 403.6 -6.8 1.1 o1 =2.0
Muﬂtip]e‘R. 0.99226 0.98574 0.84403 0.93538
r? ‘ 0.98458° 0.97168 0.71239 0.87494
STD Dev. .| . 5.4 0.1 0.% 0.3
units (nM/cm’/se;) (°C) (cm/sec) (cm/sec)

A4

E, transpiration; O, temperature difference between leaf and air;
I/rl, leaf diffusion conductance; ]/ra, boundary diffusion conductance

. 3.7 Effects of Chemicals on Resistance to Diffusion )

Some preliminary experiments were run in order to evaluate the
ability of the proposed calculation method to measure changes in stomatal °
resistance duye to external contaminations. The contaminants were

i

' selected and administered to the plant at doses'producing unmistakable
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Exp ry STD Error 95% C.I. Exposure SO; Treatment
, : (minute) (ppm) .
‘ i
84 3.146 .065 .. 143 N 0 &~
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visuaivlong term effects on the leaf anatomy” The p]ent reactioq to
S0, gas produced the usua] 1ntervena] ch]oros1s 3 days after the
exper1menta1 treatment on-a bean plant. 3-Amino 1-2-4 trlazole diluted
at 10° Molar in the nutrient médium produced the characteristic
bleaching in the new leavesbof a growing tobacco p]ant.l ]

‘g In the case of §-02 the stomatal resistance inc‘reased,tlﬁdiétely .
upon contact with thelgas. Further‘addition of‘doses did not proouce e ‘
a linear increase'as shown in figure 26. Majegoik and~Mansfie1d (1972)
found that the stomata either opens or closes in presence of S0,
dependlng on whether the outside air 1; humid (>80%) or not (<80%).
_The results (in Fig. 26) support their' find1ngs/jor Tow hum1d1t1es
Mudd.and Kozlowski (1975) have reviewed the effects of SO, on plants..

" The effect of 3-amino 1-2- 4 tr1azo]e did produce a cyc11c

.variation in the ca]culated leaf res1stance (F1g. 27). . Since the
effect of this herb1c1de was found to impede the formatton of ch]or0¢
phy1l in newly form}ng leaves only (Ha]] 195}), the peftormance of o | N
the older already grown leaves should remain unaffected by the "treat-

ment. However, the lower curve‘of'figure 27 shows' the variation in

total effective leaf area for -that plant.. ‘This measurement, based

on green leaves, did not fead a' white leaf such as the one'resulting '

'from the herbicide treatment. When the new white leaves grew-and «

exp&nded, the total photosynthetica]]y active area af the plant was

reduced as the new white leaves overshadowed the older green ones. . B

This resulted in a drop of total effective leaf area as meesured'by ‘ ;

» .ot
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A?esi;tancg for bafh C; and C4 plants. The linear relation of net

O

av

.

] » . * [

" the dptical device described earlier (sectibn 2.4.3) the observed

cyc11c variation needs to be cautiously interpreted because in that

case, the d1ffu51ve res1stances were calculated for the plant taken as

- a whole entity and w1th respect to the effect1ve green (photosynthes1s-

1ng) 1eaf are? exposed The calculated res1stances are thus an

' 1ndicat1on 0 the canopy be1ng altered accord1ng to physiological

reactions to he herbﬂcide and not of stomatal movements in single

-~

leaves. | \‘\-#/” ™~ ’ ‘

3.8 DiffusiJg-Resistance, et Photesynthesis .and Photosynthetic Yield
The VLIat"

svigd etween né%. photosynthesis and total diffusive

' g v ' . : .
. resistance e,fﬁted in section 3.4 was verified by plotting net

photosynthes1sQ?1th total di usive conductance (the inverse of total

diffusive res1s;ana . A 11near relat1onsh1p was observed in all cases

at the 95% level as shown in figure 28 and Table 16. However th light

intensity used were not saturating for the species used in thes

,experiments/such‘that the diffusion bnocess was the sole limitor of

photosynthe51s

In order to be able to extrapolate the above relat1onsh1p into

‘the field, the effect of ]1ght saturation on photosynthesis must be

)

taken into account. Strong eJLdénce exists that the rate of photo-~
' \

synthesis is limited by enzymatic activity in the C0: fixing.cycle of

P vulgaris (Neales et al 1971), a C; plant. However Bull (1971)

atpributed the net ppotosynthesis mostly to changes in diffusion

-

* - . i
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photosynthes1s t% diffusive res1stance was obta1ned by GIfford (1971)
in Zea mais, th; author then estlmated the value of photosynthes1s at'
1ight saturation by compensating the curves to eliminate the effect
of stomatal res1stancez The resu1t1ng light saturation values {or
: photos;nthesis were at the same level as those of C; plants. It was
conc]uded that the h1gh llght saturation of Cs plants was mainly dbe
to the lower stomata] resistance and not to the different carbon
f1x1ng mechanism . Thus the relation of net photosynghesis to thel?
‘diffusion hésistanceShouldremainljnearas long as diffasion resistance
is the limiting factor. Figure 18 shows this relation wh%b ihe source
of net photosynthesis variation is a decreasg in sz‘concentrat}on :
nhi]é Downes (1§71) has also shown this ?1nearify‘with stomatal changes
induced by a decreasing temperature of thé(roots.n '

b Measurements made hith sing1e leaves differ from those taken’
from whole fields or crops. Gaastra(1963) has shown that althousz
photosynthesis may be 1imited by saturatlng light’ 1ntens1t1es {in
single leaves, thq saturating light intensity for closed canopies can
be as high.as 4 times that of single 1éaves because the mutual
shadowing of leaves prevents them from achieving saturation at the
same time. In this case, the canopy will a]ways.be 11m1ted by ]ight '
_and the variation of photosynthesis will depend mostly upon the
canopy diffusive resistance and equation (43) (section 3;4) thus,.
for a cohsfént and limiting amount of light.

1

P = K S 4P ¥ | ... (65)
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Table 19 )
- \
Diffusion Resistance and Photosynthésis
TOBACCO. * LIGHT VARIATION
) Ktw Pn
t -
Exp | Average | Error 95% C.I. Average Error 95% C.I.{ -
50 0.91 0.01 0.02 1.008 o. | o |
51 0.59 0.01 0.02 0.574 0 0 .
52 0.19 - . 0.01 0.02 0.296 0 0
53 0.06 0.01 0.02 -0.37, 0 o
TOBACCO. (€O, Variatipns
3 -Ktw Pn
Exp Average Error 95% C.I. Average Errbr '95% C.I.
50 0.9 0.01 0.02 1.008 0 0
54 “1.17 . 0.07 0.15 0.352 .029 . .06
55 1.39 0.05 0.11 . -0.143 .047 .09
56 1.52 0.07 :0.15 -0.661 .036 ..Oq
TOMATO. LIGHT VARIATION
| ‘Ktw §”\ Fn
1Exp Average Error 95% C.I. . Averaée Error ’95%:C.I.
|34 2.12 0.18 0.31 1.08. .03 .06
35 0.91 0.01 0.02 0.585 .04 .08
36 0.32 0.01* 0.02 0.196 - 0 .02
37 " 0.43 0.01 0.02 0.202 = .01 .02
38 0.14 0.01 . 0.02 : ;0.Q29 * 0 .02
) - </
\ L4
’ -~
s I‘




Table 19" (Cont‘d)

BEAN. LIGHT INTENSITY VARIATIONS

Ktw | 1 pn
Exp Average Error ;95% C.1. Average Error | 95% C.I.
20 "1.45 009 | 0.20 [ 0.713 .041 .08
21 1.68 0.05 *0.12 0.355 ,028 .06
22 1.77 0.06 0,14 -0.01 .028 .06
23" 1.70 0.05 0. 0 . .034 .06
24 .66 . 0.12 - 0.28 - -0.182 - 0 0

where . ,
K, = proportionality constant (nMCO, /e’ )
' P, = net photosynthesis ' (nMCOz/cm’/secf
‘Rtw = total diffu;ion resistance (sec/cm)
| _value Of net photosynthesis at closure of ftomates

&
u

. {respiration)
)

In the bean case (Fig. 25)"the effect\of diffusion‘resistance i
was neg]1q1b]e and net photosynthe51s was a]most perfectly linear w1§h
Rv(Fig. 14). Most of net photosynthe51$ was therefore exp]alned by a
ohénqe in Rv thus: ' ' |
a | = Qv + P | T LL.(66)

where' .

Qp = Net. Rhotosynthesis yield (nMCO:/J)
. Rv = Total absarbed visible radi-atwn (J/cm /sec)
‘t So, depending upon enviranmental conditions and 1imitations,.the

net photosynthesis could be described by a linear combination of the

Y
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above equations \ ' M

. 1| ' - D
P, ='a K, ﬁ;;— + b QpRv + PV> ...(67)

o ..
” .

. where a and b are regression constants corresponding to the weight

attribﬁted to diffusion control (€q.. 65) and visible radiation

* control (Eq. 66). The values of aKn, EQp and P, have to-be determined

experimentally upon the plants being tested. The values obtained would

reflect the interactions between the plant and environment. Although

a change df temperature has produced a reduction in ﬁet photo-.
synthesis, a simi?ar reduction in trénspiration and an increase in
diffusion resistance was found to occur (West and Gaff, 19765 SO
that the linearity of éantidn (67) would still hold for changes in R
photosyﬁthesis‘grpduced by increasing the leaf temperature. It is
thus expected that for canopies under light limited conditions, the

variations in net photosynthesis cao adequately be correlated by the

measu}es of diffusion resistarce and light intensity. This relation

)does not imply that the factors of temperature, CO, concentration or
turgor pressure have nogeffects,but rather that similar effects ‘are

observed on diffusion conductance such that a practical correlation can .

be derived between diffusion conductance and net photosynthesis. Whe

‘ considering large. systems, the use of this correlation in conjunctjén

. - : /
with the proposed mathematical method for solving the energy budget

(section 3 5) could simplify the work of ecologists in establlshing

the productiv1ty of such systems as a function of éeaSurab}é parameters.

*
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CONCLUSION o v

~— ,
Although leaf temperature'is noi a controlling factor in the
energy budget, but rather the resultant of an eéﬁﬁ]ibri;m between‘the
mthrée_forms of energy relg;;ed by the Tleaf, the solution to the exact
baTance beéween reradiation, convection and transéjration required that
leéf temperature be known since leaf temperature is 1nvolVea in all "
the enecgy Budget terms. Consequently the complete solution to the
q‘. budgét W s.obtaine@ by’thg simultaneous measurément of transpirafion
and leaf temperature and also by estimating Fhe bounﬂary layer | .
resi%tance value. "With these three variables known, the other variables
of the energy budget could be calculated, namely Stomatal resiStance,
; ) ' rerqdiaﬁiqn, convéction and latent heat. For this purpose, leaf
‘ tgmﬁerature was obtained by the direct method of inserting a fine
_/fempéfature sensor into the leaf blade; the elevatién of water vapour

S Concentra;ion in closed chambers was used to evaluate transpiration;

,
* 1

, while the bobndary layer . resistance was estimated by analogy with the
/ - . .
e/ heat transfer studies of flat planes or by placing in the transpiration
\ | - R
’ /{// chamber a dummy leaf made out of white wet paper, cut and positioned
)// i : ip the same manner as the real leaf (Gaastra 1963). ‘
/:, T - The underl}ing assumption made by the use of this method is that
. 99 .

1 . < ’ ) \

- : ' B U | 8 s — .
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the perfofmance of the leaf 1lies at an intermediate poéition betwgen

Ehe performance of a wet bulb ﬁsychrometer (the wet paper afalogue)

in which case the stomatal resistance is assumed to be zereo .
- » : » L b

‘(completely open), and a dry surface where thg~thanspiration is )

i

negligible, in which case the stomatal resi ce achieves a very high

> "f"'\
value (cuticular resistance).

This study investigated the possibility that the leaf temperature
could be obtained as the result of a mathematical solution between two
known ‘cases derived directly from the energy budget equation and the
assumptions just mentioned. The first case required that when convec-
tion and transpiration exactly match one another, tﬁe 1eaf°température

be that of a wet bulb psychrometer at the environment temperature and

i

_humidity (thg wet paper analogue). The second case required that the

leaf temperature be the same as the environment temperature in which
case all the energy was released solely in the form of transpiration.
The resulting solution yie]ded the -leaf temperature as a. function of

absorbed radiation (Qy), difference between wet bulb and dry bulb of - |

. ! * b
. the environment (0 ) and transpiration (LE).

R . i CL..(6B)
(Ko"~ LE) ‘ *

-

where

© = leaf temperature minus air temperature ”

- *

The calculated values for boundary layer resistance (ra) and

leaf resistance (Q.) were then qbia%ned."These were found to be in

B

100
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close agreement with values reported in the literature. The main

t

advantage of this method over the previous one is that the plant .
parameters can be derived by the sole measurement of the air and
radiation propertie;x and that the calculated values refiect the
performance of the whole plant. In this respect; the method is more
suitable® to fjé]d cond}tipns.

During these experimenf§ the value of net photosynthesis was
aTways Tinearly correlated wigh a change in water diffusion resistance
and of light intensity irrespective of the source of variationj In this
study the qet photosynthesis variations were produced by light intensity
and C0. variations, while other studies in the literature found a
similar relationship to hold for Cy and Cs plﬁnts, for plants under
wafer stress and for changing root and leaf temperatures. The only
serisus Timitation to the above statement is when the leaf achieves
maxiﬁal ph&%osynthesis under saturation light intensities, but this

case is rarely occuring in the field due to the mutual shadowing of
Teaves in closed canopies. ' '

It is by combiniﬁg the proposed mathematical solution to leaf
tgmperatdre and the net photosynthesis relation that the possibility
of peing able to evaluate the performance of whole s}stems by the
virtues of remote sensing techﬂology arises. The recent advances of
thermograph1c mapping are nowadays used to detect 1nsu1at1on fau]ts in
hou§es by precisely monitoring the actua] temperature of the1r walls.

Theaer1a]thermograph1c mapping of a whole natural area could thus

" reveal the leaf temperature of the canopy. This mapping when correlated

Y
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with thefield measureménts,of'temperaturé, humidity, net photosynthesis

102

and radiation would provide the necessary data to relate the performance -

i of the.system with respect to photographig and thermographic data
} obtained from planes or sate]ﬁiteé and thus allow a rap{d interpretation.
In summary, the results support the following,points: |
o 1) That a complete solution to thé*energy budge? can Bg
derived from, the use of eﬁvironmenta] parameters and
\ by the broperties of moist air, without the need to measﬁre
the 1eaf temperature:l : \
-2) Generally, for field conditions, net photosynthesis is
. linearly correTgted with the total water diffusion
resistance and 1ight intensity, irrespective of the source
of variaéion, as long as 1i§ht intensity limits
photosynthesis. - |
3) e combination of the above two would'résu1t in a more

simple .and practical approach to the remote sensing of

“the productivity of large plant systems.

!

.
) . . .
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666

97

72

S0

60

7

100

as
- 89

49

CIF(HF (JJ) oEQe=040) GO YO 396

» /
PROGRAM MOUI(]NpUToOUTPUT TAPF1 9 TAPE2) '
SDIMENSTON DAYA4¢O)-MAIN(100020)oLABEL(lOO)oHF(lO)oH!(lO)
REAL MAIN
INTEGER COUF ‘
COMM MA I, ' .
CONTINUE ® C '
READ 97+IN , T, )
FORMAT (A7) - .
IFCINGEQ.INFND) GO TO 101
CALL, GET(SHTAPFe.tu.o.O)
CONTINUE .
leq
CE'. LV=506 .
1=0 .
CT20.024167 ‘ ~
READ 1eEXPCY ‘
IF(CT.FQ.'UQO) CT=00024167
IF(EXP,LT4V,0) GO TO 666 .
PRINT 14FXP,CT
READ(2+2) CODF, (NATA(J) susmle20)
IF (CONFEQe1H®) GO TO 100

IF(DATA()) eNEFAP) GO TO 60
I=1¢1 C\j/\‘ . . - .
LAREL (1)=CUDF ' _ S oo
DO 77.4=19€0 _ : ‘ '
MAIN(1+J)=DATA (D) )

CONTINIE
MAIN(I.«)-MAIN(!.J)onAlN(r.u)/go.
GO TO 60
DO 88 K=lsl .

IF (LABEL (K) ,FQ.1KHC) 60 TO 89 ' = -
CONTINUE . Vo

NO=K . \ B
L IM=NQe) , \ ;
TIME=MAIN (NOy4)- : S -

DO 99 K=NOT :
MAIN(Ks6) =T IME+CT# (K=NO) , \
MAIN(Ks3)=0,0 . . ' -7 i
CONT INUE . ' S,
L IM=aNO-] .. f :

DO 303 L=l 1M ‘ -
IF (LABEL (1.) «NFE.1HD) GO TO 395 '
FFaMAIN(L %)

DO 43 JJyaSe7

HF (JJ) eMAIN (L 4.0d) . .
IFITI.EQ.0+0) GO TO 380 = . .
D0 396 JJ=S,7 S

SLOP= (MAIN (L s gg) =HT(J.N ) Z(TF=TT)

DO 397.JsNO,1

AF (MAIN(Je4)4LTeTI) GO TO 97
IF(MAIN(J94) .GT.TF) GO TO 397
MAIN(J;JJ‘6)BSLOPC(MAIN(J.Q)-YI)OHI(Jl)
PO 49 1I=8+12

MAIN(Je11*B)=MAIN(L Il)
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a MAIN(Js10)3MATIN(L,13)
. 397 CONTINUE
. 396  CONTINUE ' .
380 OTIITF " . [
DO_ 44 JJ=Se%
464 HT (JJ) =HF (JJ)
395  CONTINUE
- IF (LAREL (L) NEL1HE) GD TO 350
DO 140 J=NU,1
DO 140 Jy=54+9 ’ {
IF(MAIN(JeJJ) FQ,=0,0) GO TO 140 .
MAIN(Js 0J) SMAIN (Y9 JJ) ¢MATIN (L Jy) \"
140  CONTINUE
350 IF(LABEL (L) .NF,1HW) GO TO 355
CALL CALIR
D0 356 J=NO,1
!F(MAIN(J-“).LT.MAIN(L.«)) GO 10 356
D0 357 JJ=Y4e6

B IF(MAIN(J.JJ).FQ.-U.O) GO TO 357
. 357 CONTINUE
MATN(JsS) MATN (J9S) #MAIN ) $MATIN(Ls17)

356 CONTINUE
3ss CONTINUE
IF(LABEL (L) JNEW1HT) GO: TO 400 :
C . CALL CALIR . . ST
. ' DO 45 J=NO+»1 ) .
TIF(MAIN(Jo%) oL TeMAIN(Le4)) GO TO 45
DO 46 JJ=S5r9
IF(MAIN(JoJJ) FUe=04,0) GO TO 46 e
MA!N(JvJJ)=MA!N(J0JJ)‘MA!N(Lo16)0MAIN(L¢17) i
46 "CONTINUE . ’ .
45 CONTINUE " ' o
.~ 400 IF(LABEL (L) .NE.1HP) GO TO 401
s . CALLL CALISB
DO 61 J=NO»Y
IF (MAIN(Jolp) ,FQ,=0,0) GO TO 61
MAIN(JU916)SMAIN(J916) *MAIN(L 916) ¢MAIN(LI1T)
61  CONTINUE
01 IF (LABEL (L) (NE lHL) GO T0 404 - ‘-
- " CALL CALIB .
- DO 62 J=NOs1
IF(MAIN(J9%4) LTeMAIN(L9G)) GO 10 62
IF(MAIN(J9L17) FUJ=0,0) GO TO 62 . |
MAIN(Jo 1l 7TYEMAIN(US1T7)®MAIN(L916) ¢MAIN(LS17)
62 CONTINUF .
404  CONTINUE .
303 CONTINUE ~
DO 32 L=NO»s1
i 32 WRITE(143) LABFLIL) s (MAIN(LeJ) sJ=1+20)
REWIND. 2 '
T GO TO 72 i’
101 CONTINUE
EL=1H® .
 WRITE (14 3)
- REWIND 1}
' . srog
- \

. Al




* i S . e,
i .\ ,l

FORMAT (F4o U eF10e7) . :
FORMAT (A1 92F4,092F2s0010FS501915XeF2¢005FS41) : |
FORMAT (Al v2F4,0018F6.2) |

END ‘ |

\

W N

SUBROUTINE CALIB - ' ‘
DIMENSION NAIN(IOOOZO) i -
REAL MAIN l : ’
COMMON MAIN,L
N=0
- SUMX=0,0 .
SUMX2=0,0 o 1
SUMXY30.0 . - °
SU”Y'0.0
SUMXS=0,0
DO S0 JU=Sel3s2
. . XmMAIN(L»J*1) . )

YsMAIN(LeJ) *
IF(XOEQ.-0.0QOR.Y.EQQ-OOO) GO TO 50 . ‘.
NxNel R
~SUMX2=SUMX 2+ X0 X
SUMXY=SUMXY ¢ XY :
SUMXESUMX A : ~ '
SUMYaSUMY+Y

50 CONTINUFE .

. SUMXSaSUMX ®*SUMX -

Pred

.NAIN(LOI6)‘(N’QUMXY-SUNX“SUHY)I(N'SUMXZ‘SUMXS)
MAIN(L017)'(SUMY'SUMXZ'SUMX'SUVXY)/(N'SUMXZ'SUMXS)
RETURN
END ¢



A

200
99

loo
300

105
260

50

PROGRAM 1><mn>9a4>vmu.4>vmm.scquAv.
DIMENSION ><o.vcvnbrawavobnamov.>I-o~¢c>4>.~°v
READ(14+3) mﬁOOﬂ..O>4>~g..Lu~.Nov

ISFN=DATA (1) o -
DO 99 T1=4s13

_AL(T)=DATA()-

nmpoﬁ~uu.hqsom.n>n.g,.nu~.~°, /.
READ(1+3) ICODF (AH(J) 9 J=1920) ..

DO 100 I[=%,413 >
><9AHV-H>rﬂqg¢>n.~,.>xﬂhvv\u 0 -
GO TO 260 . : o
READ(1+3) Hnoom..a»4>ﬁgv.gn~.mo,
IF(ICONEEQ,1H*) GO TO 250

IF(DATA(1) «NE.ISEN) GO TO 2400
00 105 J=4913

AL (J)=aC (J)

AC (J) =AH(J) e S
AH(J)=DATAL )

IF(JeNE L&) GO TO 7

CONTINUE ) .
AVG (W)= (AL (J) +aC(J) sAH(J)) /3,0 ,
CONTINUE — .
CONTINUE -

WRITE (243) TCONE o (DATA(J) oJ=143) 0 (AVG (J) s J=4513) s (DATALJ) 9.i314920)

GO TO 300 .
WRTTE (2+3) 3CONE

FORMAT (Al 92F4,0418F642)° , .
STOP S .
END e , - :

~

o,

.

4

L . ]
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PROGKAM ENtRGY(INPUT.nuTPuT TAP&I.TAPFZ)

DIMENSION DEG(20) sRES(20) 4V (20)

COMMON UE?PoﬂRYPoDRYIonRYOoNoRHIoRHOoHIoHOOHNI’HHO
IL=1H]

WRITE(241) 1L .

READ (1+1) CODF(DFG(J)eJ=ly 20) . AN
IF (CODE .EQe 1H®) .GO TO 100

IF(DEG!13)-FQ.-0 0) GO TO 60

IF(DEG(9) eEQe=0eN ORNEG(1]1) ,EQe=Qe0) GO TO ‘60
RAE53.352

DO 5 J=7+9

VERA* (49]1.4+DEG(11)#1.R)/2116,1986

CONTINUE

WE TP=DEG(5)
DRYP=DEG (9)
DRYI=DFG(13) ‘ 5

DRYO=DEG(T) ‘

CALL PSY

Xz=(1.0¢].60784w)

VyV#X ‘

FC=DEG(10)7 (Vaal, 0'28.317)

AMC=454,55 A
AMOL=18,0 " ‘
EC3105“335 .

VERA® (491 .4+DEG(T) #1.8) /2116, IQS6

VR=V

VaV#(]l,0+16078%W)

WCONCR=AMC®]10,0%% (6, 0)/(V'28.3170AM0L)

WR=aW .
H]S=aH1 . .
HWIS=HW] ‘ ’

HRS=HO e /

HWRS=HWO :

WR1aW*WCONC . . . o _
HIRsHI#FCYEC l L7
HOR=HO#FC*EC ‘ :

HWIR=HWI #FCoEC \ ’

HWORSHWO*FC®EC g . i
RH=RHO.

HGI=HWI ‘ ' . : '
WETPaNFG (), ‘ ~ ) s
DRYO=DEG (8) I . _ -

CALL PSY ‘ .

VaRA® (69) «4+DEGIR) #] ,R)/2116,1986

VARV

I3

. Vave(l,0e¢]e6078%W) o

WCONCASAMC®*10,0%%(6,0)/(V#28,317%AMOL) U "
WAmW -

HASzHO - : o
HWASZHWO ’ : : :
HOA=HO®FC*EC c ' : . oo
HWOASHWO*FC#*EC e ’
RHA=RHO ' - ’

DELHRs (HOR"HIR) ‘ .

DELHWR= (HWOR=HWIR) . Lo .

~ 4

LS [
v

116




[y
i

e JRRUR

.100

SN

DELHAZ (HOA=HIR) . ‘
DEL HWA= (HWOA=HWIR) -

- WSIsFC#AMC*1000000000. O/hMOL

WETP=DRYPsDFG (R?

CALL PSY

WASaW !

WRITE (2+2) (DFG(I)s12104)sDDFG(13)sDEG(T)»DFG(8) sRHs
+RHAIDEG (16) yDEG(17) »FCoWCONCRswCONCA

WRITE(2,3) HISQHRSOHASQHNISoHWRSoHUAS

Sy WRIWAIVRIVA

FORMAT(AlvdF#.0918F6oZ)

FORMAT (2(1XF4,0) s 1XF2+0s1XFS, ZoIO(IXEIO.S))
FORMAT (19X210(1XF10,3)) '

GO 10 60

ILalHe | \
WRITE(2+1) 1L ‘ *

REWIND 2 : - ‘\
STOP ¢ :

END
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CHI=H{3)

CEND L S oL o -

SUBROUT INE PSY ’
DIMENSTON F(10)oH(S)aHW(S)-B(S)¢R(b)oPH(S)
COMMON wETP.DRvV.onYI.nRYo.w.RwI.RHO,HIoHOoHNI.qu o '
F(l)x=741,9242 , ‘
F(2)==29,7¢1 . : ’ o o .
F(3)a=11.55286" o ' Lo
F(4)=2=0.8685635 : ) .
F(S)==0,1094098 . . } .
F(6)==0,439993 , L N )
F(7)=~0,25€065A Ce '

F(B)s=0,05¢186R4 T , S '

8 (1) =DRYP : o . . ' .
B(2)=WETP . . . g
B(3)SDRYI I S . _—
B{4)=DRYO : :

DO 15 J=lre . ) - ’ :

DO 20 K=1.8 , ‘ - " RO °
SUM=SUM+F (R ) # (0¢65-0.01%B (J) ) #¥(K=1)
CONTINUE Co
E=0.,01% (374,136~ B(J))“SUM/(E?J lS*B(J))
PH(J)=217.99*Ex¢<E>

SUM:O.G» . . ot . . ‘ -
CONTINUE - R ) , . cq’
wSW=0. ezlqsupw(a)/(l.o-Pulza) : o . e
WS=0.62198*Pw (1)/(1=PW(]1))

W=(1093=0, 556*(8(2)’1.8032.0))‘HSW-O ea“l 8‘(8(1)-8(2)3
B(1)=A(1)*L,8+35,0
B(?)=B(2)*1.803¢.0 . '
B(3)zR(3)%] ,8+432.0 - : - .
B(4)=B(4)*],8432,0 ' ‘ -
WzW/(1093+V, hau'a(l)-B(Z)l o . . . '

D0 26 N=3+4 ' " i
W5=0.62198%PW (N)/ (1,0 0=PW(N)) IR e, L
X2W/WS © o , P
R(N) =X/ (1oU=PW(N)@(],0%X)) - T P -
IF(RIN) «LT*0e0) R(N)==~040 - ' L SRR
H(N)=0.24%8 (N) - . : T

HW(N)=W# (1061,0¢0, aaa'B(N)) <
CONTINUE

HO=H (4) A VoL U
HWTaHW(3) ‘ PR o o ‘
HWO=HW (%) I T .
RHTaR(3) . L ‘ L -
RHO=R (%) ', ‘ ‘ S ; .

RETURN f C . C S '




PROGRAM C*OOSEF(INPUT‘OJTPUT.TAPEI.TAPVZ-TAPEA}
REAL MAXe+¥INsTAsIN ( -
. _INTEGER SENT.SORT.COD. a L .

"DIMENSION &4(28) sDATA(2¢5) gMAX (245) 4MIN(2+5) .
RAD(T4E)=(2T3,04T) %" (g 0)*SIGHE
--JL-------------XNITIAL VALUES .
ssnrto, / ‘.‘, . °
SORT=0 R ‘ %
cOD=0 o ’
COMP=0,0 L - T
NNLIS . s ’ . . . !
CA®1,0032 LT - r'd
CVIS=0,0383 . . c
"CSEN=1,8%0,24 g " @
CENE=1054535/28317.0 ° - - T ) :
SI1GnB4132#10,0%(21140) #4,18/60,0 L
FLOw=6, 936/1000.0 : T o

© FHIGH®=2,0972/1000,0- a . oo

> WRITE(2,9) - oo . ' R
FORMAT (1H1) v ) :
FORMAT (10 (AXE1043) )

READ(141) ;

: -----v-----------—-READ~AND'nUTPUT u:~ AND Y
READ(1s1) ICHOES (A(J)sUm1014) | ~
IF(ICODE.NEs1H®) GO TO 1}

FORMAT (AloFh 0y LXF&,041XF2,0, IXFS.?oIO(LKE10.3)!
FORMAT (19X 910 (1XE10. 3)) -

str-SENTol :

WRITE (242), ((HAX(I.J).III-Z)rJ-loJI)

WRITE(2+2) ((MIN(IsJ)oT®1e2)odsloud)

, FORMAT(ZX.IOEIO.3) : s
REWIND 1 .. . , ' °

= READ (1)) Co, : . '

60 TO 70 ) ‘ . Y
SORT=SORTe1 . .

READ{1¢3) (a(y)9uml5.2¢)
------------.------oAannErx~rTION
MAmA(9) .

IA=a(22)=A(2)) ~
IF(1A.EQs040) GO TO TO . r

& IF(ACL1)eLEC0,0) GO'TO To N

- 'RHRsA(23)%(1, 0+1.6078%a(21))

RHAsA (24)% (1, o»l.aovaaa(zz)) '
HSIR'CENE/?HQ K . -~ L - h -

- HSTAmCENE /3HA A
"WCONCRsA(13) & - - Lo B

+ WCONCA=A(14) ) 1 T >
SK2(,684983 J L T
IF(ALL) (LE424,0) SK-I 2i21 = - L. e
SN.1023“9 . :
TUIF(A(L) oLEV2640) su-x.aaet,. ST
FsFHIGH S S e
"IF(A(Ll) sLEe24,0) FuFLOwW = ¢ e
FLRl14O0/F _ . <, 0t )

" -

DELTREA (6)=A(S), s

L)

a

ELIN ' \ .-
© . s . o

\
Falor s Nes B



DELTA®A(T) ©A(S)"
. IF(DELTR«LT40.0) GO T0O 60

- HLOSSR=SK#IE TR#®(SN) ' . . . S
s, .. 60 7O 61 ' o ck/}
80 HLOSSR¥SK#* (0, o-DELTn)uo(qN) .

ot R o HbOSSR:-HLQSsR . -

: v “81 ° IF(DPELTALLT.0.,0) GO TO 62"
b HLOSSAISK'SELWAOD(SN)
S GO TO 63
b ., &2 HLOSSA=SK™ (0 O-DELTA)QQ(SN)
. T HLOSSAmeH| SSA
REYR | ‘ %3 CONTINUE .
e Lo IF(A(11)4EQ.0,0) A(1)1)=1,0 o
HSA-<A<171-&515))¢cseu~nL

: Y ' HSR-(A(IP)*“(IS))¢CSEN¢HLg§§§} R

’ © DELHS® (HSA®HSTA=HSR4HSIR) /F -

#" . DELHL-(AceorunsrAuaflo)~Hsrn)/r
. °DELHTIDELHS¢)ELHL
°. JAREa=A(11)
HR=A(17)eA(20) - ¢

TWR (ALOG(HR)=1,787)/0.02487
TWs (TWe32,0) /1,8
: . TAsA(T) \
roo TP=A (6)- ) N
R r DELHS=DELHS7A(11) )
; ~ ‘ DELHT=DELHT/A(11)
RADVSA(10) *Cy15%0:5
DELHL=RADV<DELHS
.QABS=RAD (Ta10,95) +RADY,
RAD3I=4 ,0#SIGwn, 95*((271.001A)-~(3.0))
, THEﬂs(RADV'DFLHL)"TN-TA)/(RAD3'(TH-TA)-DELdL)
e TL#THETeTA oL , ¢
° .7 _ RGETHET/DELHS | ‘ . .
o WSTLREXP (T #0,062015,4596) .
. WSTL=WCONCA®WSTL Co
f‘ : EAWCONCA®A(22) l - :
, . VERHA¥28317,0/454,5 -
v ) RASRG#CA/V .
¢ o, " TRANS®QELHLP600.0/1,8F=02
- RS® (WSTL=EAQ) /TRANS=RA
_DATA(ls])=EA . '
DATA(aoi)lH‘
DATA(142) =TA
"DATA(Z292)TL o .
L, DAFA(1s3)uTRANS = . ' ‘

. DATA(1+4)=RA

S ATA(2041%RS : ‘ T
s v, Yﬂ‘l'S)'QA)V’lOOOQO o
& DATA (2+5)=A(]11])

. £ -—-------~~----oEcISIou A ‘
L . %00 CONTINUE : .
. K IF (SENT=1) 20.21.22 :

e meremcnceumenaa=INITIAL SORT VALUES

20 IF(SORT NEsl) GO TO SO
’ DO 7-JsleJdJ o

a2
~0
[
e

. DATA (2+3) =RG Lo L

120




~
WP

. , <2

00 7 I=le2 . ’ , - ‘
7 MAX (T o JYmUINLT s J) mDATA(T,4J) . :
r~ evoenmmecsnofacame § 0 R T ROUTINE
50. °©  CONTINJE . ‘ ‘ -
oy D0 8 J=lelJ ‘
00 8 I=],? ) ‘
IF(DATA(], J).GT.NAX(I-J)) MAX (1oJ) aDATA (0 ) - —
. IF(DATA(ToJ) (LToMIN(TvU)) MIN(I-J)-DATA(I|J) e
[ ] " CONTINUE . ’
\\\\ 60 10O 70 - :
n mercmccencnncncneeOUTRPUTIDATA "
21 IF (COMP,NE.A(]1)) CODmO . .
IF(COMP, NE.A(I)) HR!TF(‘09) . ’
. RADV=RADV#1000, 0 ’ . J
"IF(COMPNEWA(]1)) WRITF (4+26) A(l).Atz).aon;Atll)oFL :
26 . FORMAT (//+® EXPERIMENT NUMBER *3F 4,0, 10Xe*DATE®»2XoF&o00//
es% VIS,A35eRADe®sFbe2¢//¢% LEAF AREA ®oF7¢290//9% FLOW RA
OTE ®9FT7.207/7 .
<@ 9SXKe LH® g4 X2HEA )@ X1 H# g4 X2HHA s X1H® ¢ 4 X2HT Ao 4X1H® o 4 X2HTL o 6X1H®,
¢IXSHTRANSI 2X1H# o 4 X2HRS ¢ GX1H® o 6 X2HRA 94X 1 4%
.3x5HDELHL-leuu.3x5HDELHq.2x1H~.//) ,
COMP=A(]) ’ \ W,
C0D=COD+1 o
WRITE (244) CODv(‘DﬁTA(Th”oI-l 2y U-l'JJ)rA‘i)OA(z)
FORMAT (1X12910F10. 3.Sx.2(lXF4.0)) .
DELHL=DEL4L®1000,0 ' 4 ®
DELHS=DEL4S*100040 .
WRITE.(4925) EAyHAsTAsTL o TRANS9RSIRADELHL o DELKHS
25 FORMAT(SXolHQ.ll(FQ 301Xe1H®) /) '
GO0 YO 70 ‘ . '
a7 WRITE (4929) EA,HA,TAeTRANS,DFLHL @
29 FORMAT (SXs 1 H® 4 3(E10,301H®),11(1H") 4E10, 3-1H~033(1H')01(E10.3
' es1H®) y22(1H%)) o,
G0 0 7o ' . .
. emeemscaceecac.o<-«fND FILE AUTPUT, . g
2 CONTINUE . . ot
LD=1H) : . §
WRITE(2+6) LD
WRITE(4¢9) .
FORMAT (1XA1)

REWIND 2
sSTOP
END
’ _
e
L o —

]
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. CONTINUE

END -

< " . , .

PROGRAM CARB(INPUT.TAPE]) ‘ L ) .
REAL MOYTsMOYC , : } s v
CONC (Z) mAM*7 4 AR v P -

READ 1.€02 \

AM=23,168 :

AB=»=1044,0

PPM=44642.857 ’ ;

SENT=0,0

L=S0

IF(L«NE.S0) GO Tonao ™

WRITE (1,30)

L=0 ’

READ 1uExpooATE-rxns.stnnrosroa.RSTART.RSTOP.zo.x.oR

IF (EXP.FQ.0,0) GO TO 100 . .
IF(SENT,.EQ«EXP) GO TO SO

WRITE (1,40! 4 ;

WRITE (1440) . N,

.=l *] '

ENT=EXP !

DELTS (STOP=START) #60,.,0 .

DELR= (RSTOF=RSTART) *PPM/CO2’

IF (DRJLEW040)- GV TO 70 o
DRs=DR ’
DELT=STOP . o - . .
DELR=DR#PPM/C02 _— T ,
STOP=START*STOP/60 40

DELR=DELR/DFLT . ' o ‘
Z=Z0+RSTART /X . , '
STARTC=CONC (Z)

Z=Z0*RSTOP/X = - ) ' )

STOPC=CONC(Z) . ‘ .
MOYC= (STARTC#STOPC) /2.0 ' L !
MOYT= (START+STOP) /2,0

MWRITE(142) FXPoDATE-TINEoSTARTcSTOPoSTARTCvSTOPCoMOYTouovcoo

"+ELR . . '

WRITE (1+40)

Lmtel . . .

GO TO 7S L S ’

STOP ~ ‘ -

FORMAT (1H1) : I

- FORMAT(1H ) . ) ST o
FORMAY (10F5,0) ' ~ .
FORMAT (5Xe3(3H . ¢ .mﬁ.o).vtau . -€10.3).3u * )




