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Preface

PlantMod is an interactive program for exploring photosynthesis and respiration by plants and
canopies, canopy transpiration, canopy temperature, and the canopy energy balance in response to
environmental conditions. The models are based on published fepdéth a complete description
presented here.

PlantMod was originally published in 1991, with version 2.1 being released in 1994. These early
versions were published by Greenhat Software. Since that time there has been a hiatus owing to my
involvemer in other major projects, particularly the development of pasture simulation models.
However, PlantMod 2.1 remains popular with a number of users and it was always my intention to
do an update. This new version is a complete reworking of the modelseande of the code and
documentation, since there have been advances in the general theory of the underlying physiology
and obvious advances @omputer software technology.

The underlying objective in developing PlantMod has been to make the model$yraadessible.

Few teachers, students, or researchers have the time or skills to develop computer simulation
models, yet they do have the background knowledge of the physiology and how these systems
function. Hopefully, PlantMod will give them ready asx¢o the myriad of complex physiological
interactions that occur in plant canopies. One consequence of making the models easily accessible is
that it becomes quite simple to explore their behaviour for a wide range of physiological parameters
and enviromental conditions. This can expose limitations and weaknesses in the models and that
can only be seen as a good thing as it highlights areas that require refinement. Consequently, while
the models in PlantMod do seem robust and versatile, there will ydvee room for improvement. |
welcome feedback and comments about the models.

There are three aspects to the PlantMod package: the computer program, designed to run under
MicrosoftN Windowg), the interactive Help file which gives a general overview efgftogram and
models, and this document which provides a full mathematical description of the models, including
the necessary background mathematics, physics and chemistry.

| would like to acknowledge my friend, colleague and in many ways mentor, Johnléjhawith
whom | have been collaborating with for 30 years, and who has had a major influence on the way |
approach plant, crop and pasture modelling. | am also grateful to Bruce Bugbee and Jonathan Franz
for their comments on PlantMod and many interesti discussions relating to plant and crop
physiology.
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1 Introduction

1.1 Overview

Carbon and water are the basic building blocks of life. The photosynthetic reaction combines
atmospheric carbon dioxide with water to produce carbohydratel @mit oxygen and this is the
fundamental source of life on the planet. Although water is a key component, virtually all of the
water taken up by the plant is lost as transpiration to the atmosphere. Thus, while the study of
photosynthesis addresses tlassimilation of sugars from atmospheric carbon dioxide and water, the
analysis of water use focuses on transpiration. The study of canopy photosynthesis and
transpiration therefore lies at the heart of our understanding of the growth of crops and pastures
and their interaction with the environment.

PlantMod is an interactive program for exploring carbon assimilation (photosynthesis and
respiration) by plants and canopies, canopy water use (transpiration), canopy temperature, and the
canopy energy balanca response to environmental conditions. The program is designed for
experienced and inexperienced modellers and requires only basic computer skills. The models are
based on published models, but a complete description is presented here. In this ktiordua
general overview of plant and crop modelling is presented and then some background topics are
discussed, which are required in the later chapters. Further discussion can be found in Thornley and
Johnson (2000) and Thornley and France (2007).

1.2 Plant and crop modelling

In recent years, models have become an integral component of the plant and crop sciences. They
have a wide variety of uses in many aspects of agricultural management, such as irrigation
scheduling and pasture management. Equallytisey also play an important role in plant and crop
research: for example, models have helped identify the growth and maintenance components of
plant respiration. This interest in modelling has had many benefits and has provided a means of
integrating corepts from many different branches of science.

When constructing models it is important that model design meets the objectives of the project. It
is therefore important to consider the different types of model and how these relate to each other.
The maimmodel types used in PlantMod ameechanistiand empirical as discussed in Section 1.2.2
below. Before proceeding, it is worth noting that it is unlikely that one model of a particular process
will suit all likely modelling objectives.

1.2.1 Hierarchical syst ems

Plant biology, and biology in general, has many organizational levels. In physics and chemistry there
is a clear distinction between moving from atomic and molecular behaviour to that of liquids and
solids, in biology there are several levels that barconsidered. This range of different levels gives
rise to the great diversity of the biological world. A typical hierarchical scheme for the plant sciences
is:

PlantMod: canopyranspiration, temperature and energy budget 1
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PlantMod focuses on processes primarily at lei@lp, 'QQ p.
The principal features of this hierarchical system are:

1. Each level has its own language. For example, crop yield has little meaningell taeel.

2. Each level is an integration of items at lower levels, so that the response of the system at
one level can be related to responses at lower levels. For example, canopy photosynthesis is
calculated in terms of the sum of the photosynthesishaf teaves in the plants that make up
the canopy.

Other features of this system are discussed in Thornley and Johnson (2000) and Thornley and France
(2007).

1.2.2 Types of models

Models can be divided into several categories, with perhaps the most widely edsgl imechanistic

and empirical, deterministic and stochastic. The difference between deterministic and stochastic
models is that deterministic models predict a precise value for a variable of the system, whereas
stochastic models also involve statisticariation. Both have their value, but in PlantMod the
statistical features of the behaviour of the system are not considered.

Empirical models

Empirical models do not involve details of the underlying scientific basis of the system, but are
curves thatare used to describe patterns of behaviour or to summarize sets of data. An example of
empirical modelling is the use of growth functions to describe crop dry weight during the growth
period. Generally, an empirical model describes the response of gtersyat a single level in the
hierarchical structure mentioned in the previous section.

Although empirical models are usually curves that can be fitted to experimental data, and that
display the general expected characteristics of the response, they acth mare useful if the curves
have readily interpreted parameters. For example, the temperature response functions discussed in
Section 1.3.5 below are used to describe the influence of temperature on various processes in
PlantMod. These response functiare empirical but are formulated with minimum, optimum and
maximum temperature parameters for the processes, which makes them simple to apply. Another
example of an empirical model is the description of the influence of environmental conditions on
stomaal conductance. The method discussed in Section 1.6.4 below is based on the widely used
approach of Ballet al. (1987) which defines the influence of light, relative humidity and, CO
concentration on stomatal conductance. There is no underlying phgsialo basis for these
equations, but they display the observed characteristics of the responses, have readily interpreted

PlantMod: canopyranspiration, temperature and energy budget 2



parameters, and provide a robust way of incorporating these effects in the model of canopy
transpiration.

Mechanistic models

Mechanisic models are constructed from descriptions of the underlying processes involved in the
system being studied, and these descriptions are quite often empirical (oresapirical). They
generally operate between two or three levels in the hierarchicalcstme discussed in the previous
Section. For example, canopy gross photosynthesis can be defined in terms of an equation
describing single leaf photosynthesis in response to light and another describing light attenuation
through the canopy. Ideally, eaadf these submodels will have parameters that have some
biophysical interpretation, but they may not be founded on detailed mechanisms.

The complexity of mechanistic models will increase as the range of processes used to build that
model increases, off igreater detail is used to describe these processes. Again, using canopy
photosynthesis as an example, the light within the canopy can be treated as homogeneous or
allowance can be made for direct sunlight and diffuse radiation (both these scenariespoeed in
PlantMod). The complexity at which a model is developed is therefore subject to some degree of
choice. The greater the detail, the more complex the model. It is important that the complexity of
the model suits the objectives of the systemirmp investigated and this means that there is
generally no single model of a biological process that suits all purposes.

The distinction between mechanistic and empirical models is not always clear. For example, the
equation used to describe single leafogs photosynthesis in PlantMod, theonrectangular
hyperbolawhich is discussed in detail later, can be derived from a very simple model of leaf
photosynthesis. However, the underlying model contains such broad assumptions that it does not
really encapslate the biochemical details of leaf photosynthesis. In this case, we can regard the
equation as semeémpirical, recognising that it has the desired behaviour but with a limited
biophysical basis.

1.3 Background mathematical functions
Some backgroundalculations are now presented. These are used in the later model descriptions.

1.3.1 Rectangular hyperbola

The simple rectangular hyperbola (RH) can be derived from basic concepts of enzyme kinetics. It is
generally presented in one of two forms:

y=—2%m_ (1.1)
ax+ ym
or
o, X
y_ ym X+ K (12)

although the symbob for the speed of the reaction, ant¥for substrate concentration are often
used instead ofoand« In bdh equations,w is the asymptotic value abas®® Hs with egn
(1.1),| is the initial slope of the curve, while for edh.2) wtakes half its maximum value when
@ U, thatisw®w 0 W J ¢. These two forms of the RH are mathematically equivalent and it
is readily shown that

PlantMod: canopyranspiration, temperature and energy budget 3



K=Jm (1.3)
a
The rectangular hyperbola of the for(h.2) is often referred to as the Michaellidenten equation
due to their early application of this equation to enzyme kinetics in 1913.

The form of the equation that is used depends on the particular applicati@@metimes it is
convenient to prescribe the initial slope of the responsewhile in other cases the value aiffor
half-maximal responsa) , is more convenient.

The equation is referred to asractangular hyperbolaince it has two asymptotes thare at right
angles to each other. These are:

Y= Ym (1.4)
and
xzﬁ or x= K (1.5)
a

In practice, only positive values @fire used. The RH is illustrated in Fig. 1.1.

Figure 1.1: Rectangular hyperbola (blue lines), @dk) or (1.2), and the asymptotes
given by eqngl.4) and(1.5) (black dashed lines). The solid blue line is the part of the
equation that is generally used in biological models.

The RH is also shown in Fig. 1.2 where now only the part of the curve that is biologicaiinghd

is shown, along with the key equation parameters. While the RH is a simple curve to work with, and
the parameters have biological meaning, it is limited in that it generally approaches the asymptote
quite slowly. The more general noectangularhyperbola that is discussed in the next section

overcomes this limitation.

PlantMod: canopyranspiration, temperature and energy budget 4
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Figure 1.2: Rectangular hyperbola (blue line) with the key parameters as indicated.
See text for details.

1.3.2 Non-rectangular hyperbola

The nonrectangular hyperbola (NRH) is seful generic equation that is widely used to describe the

leaf photosynthetic response to irradiance (see Chapter 3). It will also be used here for the CO
response. Mathematically, it is a modification of the rectangular hyperbola (RH) discussed in the
previous section that has an extra parameter and where the asymptotes are now not perpendicular
to each other. An overview of the equation is given here and for more detail, see Thornley and

Johnson (2000) or Thornley and France (2007). Adding a gitadrptation to the RH, the NRH
equation can be written

gy’ - (& #p)y +a&y, O (1.6)
For— it reduces to the RH, eqii.1).

The solutions to eqfl.6) are

1/2

21q§ax - {‘(ax )ﬁ;)z 4 ayp} (1.7)

y:
Note that for this equation to have two real solutions sitnecessary that

4a g x¢( = +ym)2 (1.8)
for all values ofa Forw Tthis requires

2
e\ ) L9)
4ay,x

It is easy to show that the rigiitand side of this equation takets minimum value of 1 when
| @ w,so thatthe required constraint is

gtl (1.10)
Before looking at these solutions given(fiyr), note that eqn(1.6) can be factorized to give
(v-ym)@y { & %@ W g¥dr ) (111

PlantMod: canopyranspiration, temperature and energy budget 5



from which it carbe seen that there are two asymptotes at

ax+ 1-

y=Yy, and y=M (112

The solutions to eqil.6) as given by(1.7), alorg with the asymptoteg1.11) are illustrated in Fig.
1.3. Note that in biological models, and all the present applications, the lower solutidnr)ris

used, withw 1T this is illustrated with the solid line in Fig. 1.3

Figure 1.3: Nomectangular hyperbola (blue lines), eqidst) and(1.7), and the
asymptotes given by eqrf$.12) (black dashed lines). The solid blue line is the part of
the equation that is generally used in biological models.

Now consider the behaviour of this equatiaar the biologically appropriate situation fos 0. The
three parameters arg ,—w . As mentioned abovey is the asymptote, so that

y(x- =) - y, (1.13)
It can be shown that is the initial slope of the curve, which means that
y(x- 0)- ax (119

The third parameter— controls the curvature of the response function. As seen aboveforr,
the equation reduces to the simpler rectangular hyperbola. ~orp it becomes two straight lines:

_gax, x¢ Vi/ @

11
1V, X>Y/a (119
The general solution is
1 e 1/2
V=5 @ P {ac )P 4 an) (1.16)
€

Asmentioned earlier, the constraint— p must apply (eqr(1.10)) and, while solutions do exist for
negative values ofs-it is convenient to define a familyf ourves between the rectangular hyperbola
and the two straight lines given by e¢h15) and so the constraintl.10) is extended to

0¢g @ (1.17)

and this is applied through the analysis.

PlantMod: canopyranspiration, temperature and energy budget 6



The nonrectangular hyperbola is illustrated in Fig. 1.4 for a range-eélues. This is a powerful,
versatile equation that is easy to work with. The three parareeach control the key aspects of
the response: the initial slope, curvature and asymptote. This is the form of the equation that is
used to describe the light response for leaf gross photosynthesis. It is also used in tlesgoQse
function.

Ympr-----

Figure 1.4: Nomectangular hyperbola, eqgfi.16) for —increasing from O (lower line,)
to 1 (upper line). The initial slopg isand the asymptote is) .

1.3.3 Switch functions
LG A& a2YSGAYSa dzaSTdxd (22 ROOSNBPEBILAaOKR P2 deield F
equations for this are

n

_ X
Yon = Ym "+ KN (1.18)
which is quite similar to the rectangular hyperbola, and
Kn
=Y —— 1.19
yoff ym X" + Kn ( )
Both of these equations, which are illustrated in Fig. 1.5, take the valie whenw U.
1.2 - 1.2 4
1.0
0.8 -
- — =1
= 0.6 - — =2
0.4 - n=3
0.2 - ——n=4
0.0 T T T T 1
0 1 2 3 4 5
X X

CAIdzNBE wmBPP® 6 W F EANTOKY RO NI T e eqhgry8dnd 2 ya 3IA
(1.19), with®  p,0 pand¢ as indicated
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These functions are not actually used in PlantMod, but are presented here as simple extensions of
the rectangular hyperbola that may be of use in other modelling exercises.

1.3.4 CQ response function

The NRH will be used in the treatment of thlhoposynthetic response to GO However, it is
convenient to recast the equation. First consider the general equation given by

C+tp {(bC &) 4—ff€}: (1.20)

fe(C) =if

(D>%('D'

which is of the form eqrf1.16), where0 is atmospheric C{roncentration] is the initialslope,%o
T % p the curvature andQ; the asymptote.

In order to assist with parameterisation, the function is constrained to take the value unity at
ambient CQand_ at double ambient, so that

fC(C: Q:\mb) 4 l;
fc(C=2Gm,) ¥

which are the values at ambient and double ambient E€@hcentration, whered is theambient
atmospheric C@concentration, taken to bé oy T17T1,eqn(1.70) below.

(1.22)

For example, consider this equation as used for leaf grossopiiothesis at saturating irradiance. If
_ p®and’®Qy; ¢ then the photosynthetic rate increases by 50% when S@ouble ambient,
and is increased by 100% at saturating..C® is how necessary to calculate the appropriate values
off and%.in eqn(1.20) in order to satisfy(1.21). After some algebra, @an be shown that

=fC,mS/(me' 1) 'Z(me '/) ‘

12 (1om-1) 2(ten (22
and
M 123
2Cc\mb( )

so thatf and%oare evaluated in terms gf and™Q; . Care must be taken to ensureathvalues for_
and"Q; are selected suchthat %. pandf 1. To do so, note that

f=1 when fc ,=/; andf =0 when fc ,=//(2 - ) (1.24)
Since_ p, it then follows that the required constraint is

/
fe C—— 1.25
C,m 2./ ( )

This is checked in the program. Note that with the default values
/=15, fc, =2 (1.26)

it follows that

b=0.0032, f=0.8 1.27)

PlantMod: canopyranspiration, temperature and energy budget 8



The function is illustrated in Fig. 1.6 where ambient, double ambient, and the asymptote are also
shown.

2.0 -
S
9
©
S10+ = =
N
8 |

0.5 - |

|
0.0 L : : .
0 500 1000 1500 2000

CO2 concentration, ppm

Figure 1.6: Generic Ge@sponse functioriQ, eqn(1.20), subject to(1.21), (1.22), (1.23)
with 0 =380ppm; Q6 O =100 O =15"Q0° b =2.
1.3.5 Temperature response functions

Two forms of temperature response are used in the magelther with or without a temperature
optimum. For more details see Johnson and Thornley (1985), Thornley and Johnson (2000),
Thornley and France (2007).

Temperature response with out an optimum

The simplest equation to use is the-salled0d , which is given by

k=k Qff- )0 (1.29)
where (s the reaction rate;Yis temperature; Y is a reference temperature, taken to be
T, =¢ms3 (1.29)

Q is the value ofQat the reference temperaturéy, and0 is the temperature coefficient.
According to this equation,
k(T +10) o

k(r) ™
for all values of Y so that the reaction rate increases by a faclor for every 18 increase in
temperature. 0 s typicaly of order 1.5 to 2 for most practical applications.

(1.30)

An alternative equation that is sometimes used is the Arrhenius equation, which is defined by
k=Ag %=/RT (1.31)

whered is a rate parameter with the same dimensions@®© (J mof) is theactivation energy”Y
(K) is the absolute temperature, afd (& p tJU mol’is the gas constant. A derivation of egn
(1.312) can be found in Johnson and Thornley (1985) or Thornley and Johnson (2000).

PlantMod: canopyranspiration, temperature and energy budget 9



It is convenient to normaliz€l.31) so that it takes a reference value at the reference temperature
Y, which requires

A=k Fa/293.15R (132)

where the factor 293.15 is 20 converted to absolute degrees (K). Equaiip81) is now written

B eE, 81 1 ¢
k =k ex = 1.33
r p@e—R SEE T ¢ (1.33
so that
k=k (T ) (1.34)

In practice, the activation energ@ is treated as an empirical parameter to fit to data. This can be
compared to thed equation, eqn(1.28), by using the fact that they both take the val@ at the
reference temperature’Y, and then equating them at 30to give

5% 3038.15
10

E, =8.3145 £931 In(Qy) 74,1301In( Q) (1.35)

With typical values of 1.5 and 2 for , the corresponding values are

Q, =15, E, 229,960 J mol*

(1.36)
Q,=2, E, 51,216 J mal*

The0d and Arrhenius equations are illustrated in Fig. 1.7 for these parameter values. It can be seen
that the responses are virtually identical over a practical temperature range.

5 -
4 , Q=2
X
6]
T3 -
S Qi~1.5
& 2
()
xx
1 .
O T T T T 1
0 10 20 30 40 50

Temperature,T (°C)

Figure 1.7.0 equation, blue lines, and Arrhenius equation, dashed red lines, for the
0 values as indicated and activation energies given by(2@6). The twoequations
give virtually identical responses.

Given the close similarity between the two equations, the choice here is to usé thapproach

since thel parameter is intuitive to work with and is simple to relate to data. Furthermore, the
Arrhenius equation is based on a single chemical reaction, whereas processes such as plant
respiration involve sequences of many reactions which may have different individual energy
characteristics.
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Temperature response with an optimum

Temperature responses with &mperature optimum are more complex to deal with than those
without that were considered above. The scheme for the Arrhenius equation can be generalized to
generate a response function that has a maximum, and the resulting equation is

_ rep[E/RT
1+exp( B/R - DRJ

where, again,d is a rate constantO (J mof) is the activation energy“Y(K) is the absolute
temperature, andY is the gas constant. The additional parameters ¥irgJ K mol™) which is an
entropy term, andY"O (J mof') which is an enthalpy term. A derivation of ein37) is given in
Johnson and Thornley (1985) or Thornley and Johnson (2000). Eq(a®dnis illustrated inFig.

1.8.

(1.37)

1.2 -

o r
[e¢] o
1 1

Reaction ratek
o
()]

O-O T T T T 1
0 10 20 30 40 50

TemperatureT (°C)

Figure 1.8: Temperature response function, é487).
Blueline:d uv& o pm,0jY x® prKYYY 1t yyagyY pd pnK.
Redline:d ¢® pm,0jY p® prkKYYY ¢pYQyY c& pnkK

While parameter values can be selected in €t37) to describe temperature responses, it is quite
complex to vary the parameters routinely to adjust the details of the curve. As for the Arrhenius
equation discussed above, eqh.31), the underlying scheme thdéads to eqn(1.37) involves an
idealized single enzymsubstrate reaction where the enzyme can exist in either an active or inactive
state. There is little theoretical justification in using this scheme for the sequence of reactions that
occur in photosynthesis. It shoube noted that variations to eq(L.37) can be derived.

For the present purposes, a simpler empirical temperature response function is used. Following
Thornky (1998), Thornley and France (2007), consider the temperature response function given by

AT-T,, O TR, -T

fr(T) =z
T() d;.rr'-rmn 9Tr§ 'Tr

(1.38)

where”Y and Y are the minimum and maximum temperatures such that
fr (Trn) = fr (Ti) ® (1.39)

N pis acurvature parameter, an¥ is a reference temperature with
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fr (T, )=1 (1.40)

This equation has a maximum value at

Tn + 0T,
T, =—_mn mx 141
ot = (1.41)
from which
1+q)T, T
T = ( Q) opt ~'mn (142

q
Equation(1.42) can be used iil.38) to eliminate”Y , gving

f (T) :,é.l.T ~ Tmn Oqén(l-l-q)-ropt Ton @T (1.43)
! d:i-r - Ton %1 "Q) Topt fon OF

This equation describes the temperature response in terms of the minimum and optimum
temperatures, as well as the curvature coefficient Alternatively, if it was more convenient,
could be derived from eqil.41) to give an equation in terms of the minimum, optimum and
maximum temperatures. This is not presented here, and(&gtB) will be used.

In applying this function, the constraint
Ty ¢ Topt (1.449)

should be applied. While this is not absolutely necessary, it does ensure sensible behaviour of egn
(1.43).

The function is illustrated iRig. 1.9.

1.6 -

T
P
N M

Temperature functionf(

o
o

0 10 20 30 40
Temperature,T (°C)

Figure 1.9. Generic temperature function, g4m3). Parameters aréY ¢ 1 3
Y v 3°Y ¢ L 3nasindicated. Note thaQ'y “Y p.

This equation is versatile and simple to use, having easily interpreted parameter values, and will be
used for temperature responses that have an optimum. It should be noted that wWhemp the
temperature response is symmetric around the optimum temgtere. This rarely happens in
biological processes and valuesiah the range 2 to 3 are generally more appropriate.
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1.4 Plant composition components

The theory presented here involves plant dry weight (d.wt) as well as photosynthetic rates. While
the mde is the preferred unit for photosynthesis, in most plant growth experiments the units of

plant dry weight are usually kg d.wt. To reconcile these units, it is assumed that the plant comprises

sugars, which are mono and disaccharides, protein, and edllimaterial which is primarily cellulose

and hemicelluloses. Other components such as lipids are not considered here, although the analysis

could be extended to include them in a straightforward way. Taking the sugars to be primarily
disaccharides (suase, fructose), the following carbon compositions by mass are used:

Cell wall: 0.44 kg carbon( kg cell Wa)llgJ
Protein:  0.48 kg carbon( kg proteir)'1 L (1.45)
Sugars:  0.42 kg carbor{ kg sug)ir1 i,/
Denote the molar and dry weight fractions of plant material by
mole dry weight
Cell wall fraction: Q O
Protein fraction: Q O
Sugar fraction: Q O
It follows that the fraction of carbon in total plant dry weight is
Fc=0.44F, 0.48F, 0.42F, (1.46)

The conversions between mole and dry weight fractions of the ida&f components are:
fw =Fy 0.44/R:0
|
fo =Fy 0.48/Rsu (1.47)
fs =Fs 0.42/F¢y

As an example, consider the plant dry waigomposition to be 65% cell wall, 25% protein and 10%
sugars by weight, so that

O ™Yo ™Yo TP, (1.48)
which gives (working to 2 significant figures)

O ™ b (1.49)
and

N TR T8 XQ ™ (1.50)

Thus, while the mole and dry weight fraams of plant material do not vary greatly, they are,
nevertheless, not identical and appropriate care should be taken.

"0 can be seen to be relatively insensitive to moderate changes in plant composition, although the
carbon content of the plant compomés will affect the calculation 60.

For whole plant material,
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0,012
Fe

1 molC

kg d.w (1.52)

and, using eqii1.49), this gives
1 mol C =0.027 kg d.w (1.52)

or

1 kg d.wt=37 mol C (1.53

This is the conversion used here, although alternative valueSCfazould readily be used. The
parameter

37 mol C (kg d.wi) (1.54)

will be used to convert from dry weight to mole units.

1.5 Atmospheric composition

Photosynthesis is influenced by atmospheric €@ncentration, while transpiration and evaporation
depend on the water vapour concentration in the atmosphere. Methods for defining atmospheric
gas components are now considered.

Density is defined as kg ‘mand concentration as mol h From the gas Ves, the mole
concentration of any gas, (mol m®), is given by

P

RT (1.59)

whered (Pa) is the atmospheric pressuf¥, (K) is temperature an® (& p & K mol'is the gas
constant. Note that, whil® is often used to define concentration in analysis of this typés used

here to allowo to be used in the treatmentofr CQ. Also, the notatiofiY is used to avoid confusion

with "Y3 . The atmosphere is taken to comprise the dry air components plus water vapour, with the
principal constituents of dry air (working to 2 percentage decimal places) being nitrogen (78.08%
oxygen (20.95%), argon (0.93%), and carbon dioxide (0.04%). When water vapour is included, it can
account for up to around 4% of the atmosphere (although this is subject to considerable variation)
and in this case the proportions of the main atmospb&anstituents will decline slightly.

It is convenient to use either normal temperature and pressure (NTP) or standard temperature and
pressure (STP). NTP is usually taken to be 20°C and 101.325 kPa. STP is 0°C and 101.325 kPa. Note
that 101.325 kPa ithe Sl definition of pressure and is equivalent to 1 atmosphere (atm) which, in

turn, is equivalent to 760 mm Hg and is a traditional value for atmospheric pressure at sea level. In

all of the analysis here, NTP will be used, since 20°C is generally appoopriate temperature for

biological processes than 0°C, and is defined as:

NTP. 20°C, 101.325 kPa. (1.56)
Thus, at NTP
J ntp =41.574mol m® (.57

which is the molar concentration of any gas.
The density , kg n¥®, is given by
r=Mj (1.58)
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whered (kg mot!) is the molar mass, for example 44.a10° kg mot* for CQ.

In practice, the components of the atmosphere, such as, @) or water vapour are required.

Denoting the concentration of thetmosphere a2 , eqn(1.55) can be rewritten as
. P
/ atm =R_'|;( (159)

The partial concentration of any component of the atmosphere(mol mi®), such as GQr water
vapour, has concentration

. - 8
s 1.60
/i RT, (1.60)
where'Q (Pa) is the partial pressure of the gas.
The fractional concentration of g&3w mol gas'@mol atmosphere}, is simply
¢ =2 (1.61)
J atm
so that, using1.59)
. P
=G — 1.62
/i =6 RT, (162

which defines the molar concentration in terms of the fractional concentration, atmospheric
pressure, the gas constant and temperature. As an example, considext CDP, eqr{1.56), and
with @ o  Tmol mol* (equivalent to 380 ppm), so that the true concentration of, GO

J cq =0.01580" mol m® (1.63)

Similarly, the partial pressure of constituésing(1.60) and(1.62), is
§ =G P (1.64)

so that the sum of the partial pressures of all the constituent gas components is equal to the
atmospheric pressure.

In general, fractional concentration is indemkent of temperature and pressure so that, for
example, the proportion of oxygen in the air at the top of Mount Everest is the same as at sea level,
but the actual mole concentration will decline. Thusy is constant then eqiil.62) implies that

P

N 1.6

/i T (1.65)
and(1.64) that

g P (1.66)

Although fractional molar concentration is generally used in models and analysis, the true mole
concentration,» , is arguably more appropriate for describing physiological processes as it defines
the absolute number of molecules per unit volume. As an example consider humans breathing
oxygen. It is common knowledge that we struggle at high altitudes. In this desdractional

oxygen concentration is the same as at sea level but the true concentration declines substantially.
Clearly, our physiology is responding to the true concentration. One possible reason why fractional
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concentrations are used in plant phgbgy relates to the physiology of leaf photosynthesis, which is
discussed in Chapter 3.

Now consider the air. Equati¢h.58) gives

ro=M, j (1.67)
and for the constituent gases
r=M j (1.68)

For eqn(1.67) to be applied, it is necessary to derive an expreséiorthe molar mass of aif) .
This is generally evaluated for dry air and the standard values for the molar mass and fractional
concentration are given in Table 1.1. Denoting the molar massadidas)  , this is given by

Maay =My, Gy Mg Gy Mo Gy Mg Coo 0.02895 kg mol (1.69)

If watervapour is present, as is usually the case, therwill be slightly lower thaw  , although
the difference is small (around 1%).

Table 1.1: Composition of dry aib. is the molar mass angthe fractional concentration.
These values are takdrom Monteith and Unsworth2008), but adjusted so that
the CQ fractional concentration is closer to current ambient.

Gas Nitrogen Oxygen Argon CcQ
0 (kg mot) 0.02801 0.03200 0.03898 0.04401
(%) 78.08 20.95 0.93 0.04

1.5.1 CQ concentration

Asmentioned above, atmospheric G@oncentration is often defined iparts per millionor ppm,
which refers to volume parts per million, and is equivalent ol mol*, which isfractional molar
concentration or mole fraction. Following convention) will be used to define G@oncentration in
units pumol CQ mol air, or ppm, and the current ambient € taken to be

) cyTra2ya?f (1.70)

Equation(1.62) can be applied to the fractional molar concentratiof CQ, 6 pmol mol, to give

Jca :%R_:'; (1.72)
so that, for example, at normal temperature and pressure, Eob6)

J cg,ntHC= Carm) 9.01580mol CQm™ 1.72)
and, taking thenolarmass of C&to be 0.04401 kg mdlin eqn(1.68), the density is

rcg, NTHC= Coyi)0.0006953 kg CQ 1P =0.6953 g GO (173
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1.5.2 Water vapour

Atmospheric water vapour content can be defined using the same approach as faabOae.
However, the two most common methods are to use vapour densitykg HO mi°, or vapour
pressureQ kPa. Using eqr{&.67) and(1.68) with (1.59) and (1.60) gives

M, &
r,= [—~—> 1.74
B (1.74)
where subscriph refers to water vapour. Assuming can be represented by  , eqn(1.69),
and takingd T8t p Y,1this becomes

r,=0.622 5% (1.75)
It should be noted that in some texts the analysis leading to €ty74) and (1.75) uses the density

and pressure for dry air and then combines that with the water vapour, rather than the present
approach which considers the total air composition including water vapour. This leads to a similar
expression, but wh the term0  'Q in the denominator which is subsequently approximatedto

(see, for example, Thornley and Johnson (2000) pp 423 and 633). With the present approach, it is
necessary to assume that the molar mass of air can be represented by thefualds/ air. In
practice, any errors are small and edfs/4) and (1.75) can be used with confidence.

As the amount of water vapour in the air increases it eventually reaches saturationsaination
vapour pressureQ, is related to temperature and is given by Tetens formula (Campbell and
Norman, 1998)

e =0.611ex Z 11'2542 kPa (1.76)

which definesQ in units of kPa, witliYin 3 . The coefficients ifil.76) differ slightly from those
given by Alleret al. (1998), although the effect o is negligible. Equatiofl.76) is illustrated in
Fig. 1.10.

Saturated vapour pressure, kPa
O P N W b 01 O N
1

0 10 20 30 40
Temperature,’C

Figure 1.10: Saturated vapour pressue,as a function of temperature.

The vapour density; , is often referred to as thabsolute humidity and the ratio of the actual
vapour density to saturated vapour density is tiedative humidity"Q, that is
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v & 1.77)
ry €

where the prime denotes saturation and e@h74) has been used to convert between pressure and
density. Relative humidity cannot exceed unity and is often expressed as a percentage.

h{:

Vapour pressure deficit is widely used and is the difference between the saturated and actual
vapour pressure, that is

De, = ¢ (1.78)
which, using eqil.77), may be written
De, (1 ) (179

Relative humidity is a simple unit to work with and has appeal. However, it has limitations in terms
of defining plant and canopy processes since for a given amount of water in the atmosphere it will
vary substantially in response to temperaturd.o illustrate this point, Fig. 1.11 (left) shows the
relative humidity as a function of temperature witQ T1@&Q “Y ¢ 1 3 so that the relative
humidity at 20°C is 60%. It is quite clear that the relative humidity will vary substantially for a fixed
amount of atmospheric water vapour. The corresponding vapour pressure deficit is shown in Fig.
1.11 (right) which demonstrates that the driving force for transpiration and evaporation, the vapour
pressure deficit, will vary in response to temperature fdiixa@d vapour pressure. Equatigh.79)
should be used with caution ar{d.78) is preferable. In PlantMod, if relative humidity is prescribed,

it will be for a specified temperature.

120 - g7
o X
> - 6 |
I 100 - 5
S 80 - 35
S © 4 -
< 60 + 2
1) 0 3 -
2 40 - o
ks S 2 -
T 20 - 31
&
0 T T T 1 > O T T T 1
0 10 20 30 40 0 10 20 30 40
Temperature,’C Temperature,’C

Figure 1.11: Left: relative humidit® (%), as a function of temperature for vapour pressure
corresponding to 60% saturation at 20°C. THs; 60% at 20°C in this illustration.
Right: the corresponding vapour pressure deficit.

1.6 Stomatal conductance and resistance

The standard approach fanodelling transpiration, that is the flux of water, or photosynthesis which

is the flux of CQ across the leaf stomatdza Sa (G KS LINRPOSaad 2F RAFTFAzAA2Y 2
This has received considerable attention in the literatqiee, for examie, Jones (1992), Campbell

and Norman (1998), Monteith and Unsworth (2008). In its basic form as applied in plant physiology,

the flux of water vapour or G@s defined by

F=GD (1.80)
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where "0 (mol m? s%) is the flux density,"O (m s") the conductance, and/s (mol m?® the
concentration difference. Note that density (kg*jrtan be used instead of concentration and, in
this case, the flux density will have units kg st. "Orather than"Qis used for conductance siné@

is used later for commonly used units for stomatal conductamhech are considered below and in
the following sections dealing specifically with the flux of, @@ water vapour. The units it for
conductance are referred to here agandardunits.

Resistance can also be used instead of conductance, where the resistance is

1
== 1.81

G (1.81)
which is the reciprocal of conductance. For pathways in series, such as the nmbveinveater
vapour across the stomata and then from the leaf surface to the bulk air stream, resistances are
additive, whereas for pathways in parallel, conductances are additive. Thus, for two pathways in
series or parallel:

series: r=ry #,; 1,13 (1.82
G G 6
parallel: i-1 +£; G=G +G (1.83
rr r,

These equations can be extended to any number of pathways in\d@owsbmanner.

When considering the flux density of £for photosynthesis and respiration, or water vapour for
transpiration, if concentration units are used then g(rB0) applies directly. Thus, for G@he flux
density across the stomata and into the €&, , mol COm?s?, is

Fea :GC@(/' o a/ go) (1.84)

where subscriptso and arefer to the bulk air and internal leaf respectively. The corresponding
equation for water vapour is

Fv = Q/(/ v, '/;/,a) (1.85)

although this is now a flux density from within the leaf to the bulk air. It must be niotebese
equations that the mole concentrations in either the leaf interior or bulk air will depend on
atmospheric pressure and local temperature through €462).

Equationq1.84) and (1.85) are the basic equationdescribing the diffusion of G@nd water vapour
between the leaf and the atmosphere, and are defined in terms of mole concentration, Mol m
However, fractional concentration for GQas discussed above in Section 1.6.1, is often used, with
units ofeither mol C@(mol air)* or, more commonlypmol CO2(mol airy* which is ppm. Similarly,

for water vapour, fractional vapour pressure is often used (Section 1.6.2), which is the ratio of the
vapour pressure to atmospheric pressure. While these urdtigehsome attractive features, the
benefit of using concentration units (molnis that the standard physics of diffusion, dating back to
CA 01 Q& ¢ 2"Ndnturg, ¥an Bekafpliest directly. Two results in particular are of importance,
which relatethe conductance for different gases and the influence of atmospheric conditions. These
are considered in turn.

For molecular diffusion of a gas through the stomata, the actual conductance depends on the
molecular diffusivity of the gases which, in turs,related to their molar masses. According to
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root of their molar masses. Thus, for water vapour and 3 is T #p ¢ p®, so that the
conductances fowater vapour and CQliffusion through the stomata are related by

G =16G, (1.86)

It must be emphasised that this equation only applies to molecular diffusion. For turbulent transfer
the conductances are approximately equal. When defining stomatal conductance, it is therefore
essential to state whether it refers to water vapour dB,C Equation(1.86) gives a direct conversion
between the two.

The influence of the atmospheric conditions can be incorporated by considering difthstugh a
narrow pore. The details are not presented here but, according to Jones (1992, p 51),

° 175
_cak 9 R

where the subscriptt refers to a reference temperature and pressure, taken here to be NTP, egn
(1.56). According to this agption, the stomatal conductance increases in response to an increase in
temperature or a decrease in atmospheric pressure. It should be noted thatle®if) only includes

the influence of temperature and pressure on the actual movement of the gas and so does not
account for any influence on stomatal aperture.

1.6.1 Flux of CO

Although there is no direct consideration of the influence of stomatal conductance on
photosynthesis in PlantMod, the common approach for describing this in relation to fractional CO
concentration is briefly considered.

Equation(1.84) defines the flux of C&from the bulk air to the interior of the leaf in terms of mole
CQ concentrations. However, fractional mole concentration, éh61), isfrequently used to define
the atmospheric CO Using eqn(1.62) in (1.84) gives

F=Gg ga Ca % (1.88)

C Ka Kl

where subscript® and @, mol C@ (mol air)?, are the fractional COconcentrations in the
substomatal cavity and the bulk air stream respectively, aigdand “Yy , K, are the leaf and air
temperatures respectively. The fractional concentrations will not vary in response to temperature
and pressure and, for relatively small temperature differences between the leaf and air it is
reasonable to use air temperature.ofFexample, if the air temperature increases from 15 to 20°C,
which is 288 to 293 K, the changepin’Y is 1.7%. Equatiof1.88) can therefore be approximatl as

Feg = 9cglC€a-C) (1.89)
where
Ocg =G P molm?s? (1.90)
=G, _
Q 9 Rk

so that™Q has the same units @©in eqgn (1.88). The standard conversion is to use normal
temperature and pressure, eqii.56), to give
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Ueg (mol m 2 s'l) = 41.&3C@( m sl') (1.91)

although eqgn (1.90) is simple to use for other conditions. Now consider the influence of
temperature and pressure 02 . Combining eqnél.87) and(1.90) it is readily shown that

° 075
aT,

0
Kl %
Ocg = %, c ’ (1.92
2ok,
where "Q;, is the value ofQ at NTP. Note that the derivation of this equation leads to the

exponent 0.75 even though the exponent in g4t87) is 1.75.

Comparing eqn$l.87) and (1.92) it can be seen that with the concentration difference that drives
diffusion defined in mol M units, the conductance is dependent on pressure and temperature,
whereas with fractionaboncentration the conductance only depends on temperature. However,
due to the influence of temperature and pressure on mole concentration, the resulting equations
using either set of units are equivalent. It should be noted that for practical temperasaunges, the
direct influence of temperature on the diffusion of €6r water vapour is small: for example,
increasing the temperature from 10 to 30°C in €f192) results in a 5% increasem

1.6.2 Flux of water vapour

In the treatment of transpiration, it is common to use either vapour density, vapour pressure or
fractional vapour pressures to define the flux of water vapour.

With vapour density, eq(iL.58) can be used i({1.85) to give
F =G (ry - 6a) (193

where, again subscript refers to water vapour@tand @ are the leaf and air respectively, and now
the flux densityQ has units kg water ihs™.

With vapour pressure, using eqh.60) in (1.85) gives

__lae, &,
R=Gg Ta
g K, K .,a

(1.94)

As for the treatment of CQOn the previous section, it is reasonable to use air temperature in this
equation and write it as

F=go 2 (1.95)

where, analogous to eqf1.90), the conductance is now given by

p
RT«

mol m?s* (1.96)

9 =G
a

and the conversion factor 41.6 in e@h.91) again applies. The influence of temperature ‘6
corresponding to eq(l.92), is

o 075
alg, O

gv = gOvéﬁ-K_o 8 (1-97)
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where"Qy is the value ofQ at NTP.

Note that, from egng1.90) and (1.96), the facta 1.6 in eqn(1.86) still applies, so that
9, =1.69cq (1.99)

An interesting application of the theory is to consider the effect of atmospheric pressure on
transpiration. It is generally observed that transpiration increagesesponse to a decrease in
atmospheric pressure (Gale, 2004; Bruce Buglpees. commn). but, as mentioned earlier, the
fractional partial pressure, or fractional concentration, of water vapo(j 0) is relatively
insensitive to atmospheric pressuressaiming the proportion of water vapour in the air is unaltered,
egn(1.66). As will be discussed in Chapter 5, the water vapour in the substomatal catgtg igery

close approximation, saturated for leaves even when there is a degree of water stress. Thus, taking
the vapour pressure within the leaf to be at saturati¢h95) can be written

aej (T
F,= g,?—q“é ) %_Pa (1.99)

Now, saturated vapour pressureindependent of atmospheric pressure so that decrea8ingsults

in an increase in the first term in the brackets in this equation, while the second term is relatively
unaffected. Thus, the term in brackets increases) ateclines so that, even thotgQ, which is
given by eqn(1.97), is independent of), the overall response is f60 to increase a® declines.

Note that the same result can, of wse, be derived using the water vapour flux equation in terms of
mole concentration of vapour, using e§h85). The influence of atmospheric pressure omaay
transpiration is illustrated in Chapter 5 when transpiration is considered in more detail.

1.6.3 Which units to use?

The analysis presented here considers the standard physics units bfan stomatal conductance
as well as the units of mol Ms" which are widely used, although not universally, in plant
physiology. Which are preferable?

With m s' conductance is interpreted as the mean speed at which the gas moves. Resistance, which
is the inverse of conductance and has units s the tine taken to move a unit distance. Both of
these interpretations are quite simple concepts to grasp. The added advantage of using these units
is that the basic physics of diffusion, which was developed over 150 years ago, can be applied with
confidence. fie disadvantage is that the units for @ water vapour concentration, mol frare

less familiar to work with than ppm or fractional vapour pressure. Also, these quantities vary in
response to temperature and pressure, although in practice the tempegatesponse is small..

With mol m? s*, conductance has the same units as flux density and is interpreted as the change in
flux density per unit change in fractional concentration difference fos, @D fractional vapour
pressure for water vapour. If ris¢éance is used, which is the reciprocal of conductance and has units
m?s mol', it is more difficult to ascribe a simple interpretation. The advantage of these units is that
atmospheric C@content is defined in fractional unitsthat is ppmg that arewidely used and with
which people are familiar. By using fractional vapour pressure, transpiration is then defined
analogously to photosynthesis. The considerable advantage of using fractional concentration or
pressure is that these quantities are indaqaent of temperature and pressure.

It seems appropriate, therefore, to regard the standard units for conductance, along with true mole
concentration for gases and water vapour, as the more fundamental approach to the treatment of
diffusion of either C@or water vapour across stomata. On the other hand, the use of fractional
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concentration and pressure, in which case conductance is expressed as“sblcan be regarded
as a derived framework that has its own advantages. In either case, the influeremmdrature
and pressure as described in the previous sections can be applied.

Stomatal conductance is only used in PlantMod for water vapour and, in keeping with current
trends, fractional concentrations for G@nd water vapour will be used in the ansily, so that
stomatal conductance has units mol®ns*. In the PlantMod program conductances can be
displayed in either set of units. An appreciation of the traditional physics of diffusion will definitely
be of benefit in the study of photosynthesiscatranspiration.

1.6.4 Environmental effects on stomatal conductance

The analysis presented here has considered the effect of atmospheric pressure and temperature on
stomatal conductance through the influence on the actual process of diffusion. Howevernsespo

to environment are also observed that are a direct result of climatic conditions on stomatal
aperture. The symbdl is used for stomatal conductance which can refer to the conductance for
either CQ or water vapour.

A concise discussion is givey bhornley and France (2007, p. 378) and, as discussed in that text,
there is no clear method for incorporating the influence of environmental factor&»n Various
empirical approaches have been proposed relatifigto vapour deficit or relative huidity,
atmospheric C® concentration and either net photosynthesis or light intensity. There are
challenges when working with net photosynthesis which can lead to circularity in the mddel
photosynthesis affected by or affecting stomatal conductararg] vice versa Some authors (for
example, Blonquist Jet al., 2009) have used such an approach successfully, although Bunce (2000)
compared various approaches with mixed results.

A simple approach is used here which captures the general behavioundsdls that are used, with
"Q being defined by

0s(210.9= grer Bl P §p( 9 &4 F (1.100)

where the "Qfunctions define the response 6€ to irradiance ,0 (J n¥ s?) (Chapter 2), relative
humidity, 'Q (fraction) (Section 1.5.2 above), and atmospherig E@hcentration,§ (umol mol*)
(Section 1.5.1 above), ari); is a reference value fof) so that, at the reference values
Qr .0

fgyJ(Jref)z fgh(hr,ref) :fg,c( Cref) E (1.1201
The irradiance function is
_é‘]ref + KJ 5 J
£ &%

where0 , (J nf s?) is a curvature parameter. This is a rectangular hyperbola, written so that it takes
the value unity ab 0 as required, and increases from zero to an asymptotéinsreases. The
default parameter values are

fg.2(9) (1.102)

Jor =400 J ni? &

(1.103
K,=100J ni* &
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The relative humidity function is

:I-:elfgh mn+(1 'fgh mn)c h( Og’ hr h?’ref

fon (R)=1 W (1.104)
i h
:'hr;ef’ hr>href

which is a simple function that takes the vali@, ; when Q T increases to 1 wdn
‘Q Qp , and is proportional t6Q as™Q increases. A nomero value a¥2 approaches zero is
required to allow the stomata to remain open in very dry air. In order to ensure that the slope of
this curve is continuous 8 Q; , theexponenty is given by

1

- - 1.10
On 1- fg,n . ( S

The default parameter values are

h, =0.5(50%)

06 (1.106)

fg,r} ,mn

so that at zero relative humidity stomatal conductance is reduce@0% of its maximum value at
the reference relative humidity of 50%. Note that, with this valué@r

G, =2.5 (1.107)

Finally, the C&function is

foc(0)= faom {1 f4c m}m (1.108)

which takes the minimum valué),; at highd. According to this functionQ; declines ag
increases. The restriction that it does not change doless than 30Qumol mol* is to prevent

unrealistic responses at very loi, sincepj 0 © Hbasd © 1. |If studies require lowed than 300
then eqn(1.108) may have to be modified. The default value @y is

fycmn=0.2 (1.109)

which means that stomatal conductance willlf@d 20% of its value at ambient €@s the C®
concentration gets very larged is taken to be 38Qumol mol* (egn (1.70)). It should be noted
that at extreme C@ concentrations of the order 10,00Aamol mol*, stomatal conductance can
actually increase (Mackowiadt al, 1992). Such situations are not considered here.

Equationg(1.102), (1.104), (1.108) are illustrated in Fig. 1.12 where it can be seen that they all take
the value unity at the reference conditions. Stomatal conductance increases in response to
increases in irradiance and relative humidity, but decreases gsirC€@ases. Note that while
stomatal conductance increases in proportion to relative humid@y,transpiration is also affected

by "Q through its influence on the vapour pressure gradient between the evaporating surface and
bulk air stream. Thus, the inBace of Q on transpiration is not solely due to the effect on stomatal
conductance.
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Figure 1.12: Stomatal conductarsealing functions for irradiance (left),
relative humidity (centre), CQright), as given by eqr{§.102), (1.104), (1.108)
respectively with parameters in eqis.103), (1.106), (1.109).

Note the different scales. From PlantMod.

This approach for defining the direct environmental effects on stomatatigctance is similar to
that proposed by Ba#t al (1987) that has been quite widely used, but with some differences:

1 The Ballet al equation incorporates photosynthesis rather than irradiance, althoigglis
seen to respond to irradiance see for example, Bunce, 2000, but note that Bunce uses a
negative exponential curve that has very similar behaviour to the rectangular hyperbola
used in eqr(1.102).

1 Ballet al prescribed an explicit minimum value f&®, whereas minimum values for tH@
and CQresponses are incorporated separately.

1 Their equation has a linear response to relative humidity. The apprbare is quite linear
in behaviour over practical values @, but with a nonzero minimum value at loViQ,
which is consistent with the analysis of Blongeisal (2009) (Bruce Bugbepers. comn).

Direct effects of temperature on stomatal conduat are not included, in spite of the fact that the
theory of diffusion shows as small response to temperature as discussed earlier. It is assumed that
the influence of temperature is included in the relative humidity effect, since relative humidity will
change in response to temperature for a given vapour pressure (see Section 1.5.2).

The present analysis provides a flexible and relatively simple way of incorporating environmental
effects directly into the description of stomatal conductance. Howeiteshould be noted that this

is an empirical approach and does account for the possible mechanisms that may be causing these
responses. It must be emphasised that these responses relate to the physiological influence of the
environment on stomatal aperterand not on the actual process of diffusion.

1.7 Final comments

The theory described in this Chapter covers the mathematical concepts of the background topics
that are required for the theory of canopy photosynthesis and energy balance, including canopy
transpiration and temperature, as described in the subsequent Chapters. Many of the topics
presented in this Chapter are discussed in detail in Thornley and Johnson (2000) and Thornley and
France (2007). These texts also cover a wide range of modefa@delling approaches in plant and

crop physiology, and agricultural simulation modelling in general.
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2 Radiation

2.1 Introduction

Radiation plays a crucial role in plant and crop physiological processes. The visible component of
solar, or shortwave, radiation is the fundamental enesgyirce for photosynthesis. The longwave
radiation that is emitted by terrestrial bodies as well as the atmosphere, combined with solar
radiation, is the key energy driver for the evaporation of water. A background to the basic principles
relating to radation components is now presented, but for a more complete discussion see, for
example, Jones (1992), Campbell and Norman (1998), Monteith and Unswaorth (2008).

In this Chapter, a background to the basic physics of radiation is presented, followed byalysisan

that is required for canopy photosynthesis and energy balance, which includes the calculations of
canopy transpiration and temperature in response to environmental conditions. Some of the
symbols in the early sections are used with different deébns later for the canopy calculations.
Symbols and their definitions are presented in Tables 2.1 and 2.2 at the end of the Chapter.

2.2 Black body radiation

The energy level distribution from a body is a function of its temperature, its wavelength andesurfa
properties. If the surface properties are such that there is no reduction in energy emitted due to

those surface properties, then that body is referred to aslack bodg tftryolQa fFgsx L
1900, is derived from quantum mechanics, and stétes
_2hc*a 1

I(/ -TK)_ he// KTk _ q (2.1)

/5 &
where 'O_R'Y is the spectral emittance W mi* (m wavelength} (sometimes written as W 1),

which is the energy per unit surface area per unit wavelength of the emitting body as a function of

its temperature”Y (K) (the subscripb is used to differentiate from °C), and wavelengttm) of the

emitted radiation. Q ¢ ¢ epm W & Aa tf | g Odasuiyp Giinsihsitie ypedd

of light; andQ p& y 1ty 1 J Kis the Boltzmann constantQ_R'Y is illustrated in Fig. 2.1 for

Y @ 1 tKniwhich approximates to the external surfacefwd sun, andY o 1K (equivalent to

27°C) which is representative of temperatures on earth. The scales of these graphs are different

since the energy emitted by the sun is much greater than that from the surface of the earth. The
ultraviolet, photosynhetically active (see below) and infrared components of the solar radiation are

also indicated. It can be seen th&D AY peaks at a shorter wavelength for the higher
GSYLISNI GdzNB> FYyR 2SAyQa tlg OFy 0S RSNAGSR 6KAOK
_ 2897

m

/ 30 °m (22

K

sothat_ Y onnnmd gpmand_ Y omnm o® wpMm, whichmeans that the peak
energy emitted by terrestrial bodies has a much longer wavelength than for the; fismce the
terms shortwave and longwave. The longwave radiation is sometimes referred to as terrestrial or
far-infrared radiation.
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Figure 2.1: Smral distribution of radiation emitted from black bodies fof ¢ 1t TKIT
(lefty and”Y o 1t K (right), which correspond roughly to the surface of the sun and
earth respectively, as a function of wavelength. The red line is shortwave, or solar,
radiation, and the green line is longwave, or terrestrial, radiation. Also indicated for the
shortwave radiation are the ultraviolet (UV), photosynthetically active radiation (PAR)
and nearinfrared (IR). The longwave radiation is also known amfeared. The
components of radiation are discussed in the text. Note the scale for the shortwave
radiation axis (left) is faimes that on the right, which highlights the much greater
energy emission by the sun.

The total energy emitted at a particular temperaturettie integral of O_R'Y for all wavelengths,
which is the area under the curve shown in Fig. Zlhis can be derived from e¢1) and is known
as the &fan-Boltzmann equation, which (for a black body) is

E=sT¢ (2.3)

with units W m?, where ,, v X TpTT W m? K* is the StefarBoltzmann constant. Thus,
0Y emnunux®uv p ntWm’k x ® MWm?andO"Y o T T uW m? demonstrating
the greater energy emitted per unit area of the sun compared with the earth.

Of the radiation emitted by the sun about half of it is visible and this is the middle part of the
frequency distribution, ranging from around Oun (blue light) to 0.7um (red light). Ultraviolet

(UV) radiation is the component from below Qua, whilethe infrared (IR) component is the range

0.7 to 3um. These values, which are indicated in Fig. 2.1, are not exact since there is no sharp
transition between the different components. The visible component of radiation is also known as
photosyntheticallyactive radiation(PAR) as this is the component of radiation that provides the
energy for photosynthesis this is discussed below. The wavelength of the radiation emitted by
terrestrial bodies covers the range from about 3 to 100, which is much great than that for the

sun, and hence is referred to as longwave, ofdRyrradiation.
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2.3 Non-black body and gray body radiation

In practice, most terrestrial bodies do not behave like perfect black bodies an&)is modified
to give

E=e & (2.4)

where-fit - ph(dimensionless) is themissivity Equation(2.4) applies to bodies where the
emissivity is independent of wavelength. Black bodies therefore have an emissivity of 1 and bodies
with -  p are referred to agray bodies For most natural surfaces (including snevigs between

0.95 and 1. Although i$ reasonable to use the value 1, it is assumed that

€=0.97 (2.5)

for calculdion in PlantMod

2.4 Radiation energy for photosynthesis: PAR and PPF

As mentioned earlier, the visible component of the radiation emitted by the sun, which is in the
range 0.4 to 0.um (or 400 to 700 nm), provides the energy for photosynthesis. This is referred to
asphotosynthetically active radiatigror PAR, and is commonly assumed to be around half the total
solar radiation. However, the precise fraction depends on climatic festoch as cloud cover and

solar elevation. From the Clear Sky Calculatavv(.clearskycalculator.comit can be seen that a

more accurate conversion is for PAR to be 45% of the total solar radiaties fradtion is not fixed,

but increases when humidity increases and can reach close to 50%. The units for describing PAR are
W m?k Jm?s™

For photosynthesis studies, the energy is generally expressed as the molar flux of photons between
0.4 to 0.7um, and is referred to aphotosynthetic photon fluxor PPF. The term PPF will be used
throughout PlantMod for the definition of the energy source for photosynthesis.

There is no precise conversion between PAR and PPF that can be applied for all atmospheric
conditions since, as discussed above, the energy of the radiation depends on the wavelength and so
depends on the spectral composition of the light. A reasonabllgeyaising the Clear Sky Calculator

and based on summer conditions at Logan, Ut, (Bruce Bugbpers. comm.,
www.clearskycalculator.cojris

1 ymol photons PARR 0.218 J PAR. (2.6)

Finally, note that the termphoton flux density or PFD, is sometimes used, but this is now
discouraged in the literatureL QY 3INJ G SFdzZA G2 t NPFSaa2NJ . NHzOS . dz3«

2.5 Radiation units and terminology

In the theory presented above, both J?ra® (equivalent to W rif) and* mol photons nf s* have

been used for radiation energy. In the physicgéitere, J rif s* (W m?) is almost universally used,
while in photosynthesis studies the recent trend has been towdrd®l photons nf s*. In
PlantMod, both sets of units will be used, although this should not cause confusion. For discussions
of photosynthesis, the convention for usingnol photons nf s* (PPF) is followed, but for energy
dynamics and evaporation, J78* units are preferred, and this is referred to as irradiance which is
the total solar radiation and not just the photosynthetibahctive component. The choice of J gt

rather than W nf, which are equivalent, is because daily radiation values are also used which have
units J nfd™.
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2.6 Canopy light interception and attenuation

In order to model canopy photosynthesis in response to environmental factors, it is necessary to
develop models of light interception and attenuation through the depth of the canopy. The canopy
photosynthetic rate is then calculated in terms of the phgtathetic response to PPF of the leaves
within the canopy and the variation of PPF through the depth of the canopy. The approach taken
here is to look at the mean PPF through the canopy as well as the components of direct and diffuse
sunlight. In doing sahe PPF components within the canopy and those that are actually incident on
the leaf surfaces are considered. This component of the theory deals with the PPF withnoolits
photons n¥, where the area unit can refer either to ground or the leaf. Thedel for light
interception and attenuation can be explored in PlantMod and so only a few illustrations are
presented here.

2.6.1 Mean PPF

First consider the mean PPF within the canopy. In overcast conditions, there will be little variation in
the PPF in thénorizontal plane and so this approach is applicable without modification. However,
for clear skies with strong sunflecks in the canopy, there will be considerable horizontal variation in
the PPF. The following theory still applies to these situationstthds to be extended to identify

the direct and diffuse components of PPF.

As light is intercepted and absorbed by leaves within the canopy, the PPF declines, as described by
Beer's law:

1(0)=1qe" 2.7)

where Ois the PPF incident on the canopy a@is the canopy extinction coefficient. A derivation of
this equation is given ifthornley and Johnson (2000, Chapter 8). Note that didw#s dimensions
(mleaf) (m? ground) it follows thafQhas dimensions (frground) (nf leaf), and hence eqn (2.2) is
dimensionally consistent. However, for most purposes it is sufficient to dé@as dimensionless.
The PPF through the canopy as described by (B is illustrated in Fig. 2.2 fof 1@ which is
typical of cereals and grassesda® m@which is appropriate for canopies with more horizontally
inclined leaves.
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Figure 2.2: Mean PPF as a function of cumulative leaf area index through the canopy, as
given by eqr(2.7) for 'Q 1@ (solid) andQ 1@ (dash), and with the PPF incident on
the canopy given b0 p 1t Tumol m*s™. From PlantMod.
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The default value
k=0.5 (2.8)
is used in PlantMod.

A simple interpretation of the extinction coefficier) is the cosine of the angle betweéme leaves
and the horizontal plane. Thus, for perfectly horizontal lea@escos(0) = 1.

Equation(2.7) defines the PPF per unit horizontal (or grounaa but the PPF per unit leaf area is
required in order to calculate the rate of photosynthesis of the leaves in the canopy. This is given by

1, (¢)=ki(¢) (29

where the factor'Qprojects the leaf area index onto the horizontal plagdor a derivation, see
Thornley and Johnson (2000, p. 203)

2.6.2 Direct and diffuse PPF

The theory is now developed to identify the direct and diffuse components of PPF within the canopy.
This approach is based on the early work of Norman (1980, 1982) as well as that by Campbell (1977)
and Stockle and Campbell (1985). This treatment ofctiaad diffuse PPF is widely used and the
analysis presented here closely follows Johnebal. (1995) and has been applied, for example, by
Thornley (2002).

Using subscripts and'Qto denote the direct solar beam and diffuse PPF respectively, above the
canopy, the PPF is

lo=los *toa (2.10
Within the canopy at leaf area indébt is

1=l +, 2.11)

S
and the corresponding PPF incident on the leaf surfaces is

l=ls g (2.12)

It is assumed that the direct and diffuse component§decline through the depth of the canopy
according to eqrf2.7). DefiningQas the fractbn of total radiation that is direct, so that

los=fdo (2.13)
it therefore follows that

lg=fdoe™ (2.14)
and

lg=(1 -f5)lge™ (2.15)

To calculate the incident PPF on the leaves, it is necessary to evaluate the componeatsacéad
index which are in direct sunlight and diffuse PPF, denotefblaynd /b respectively./bis obtained
by noting that the reduction in the direct beam is intercepted/by so that

Klos=loo(1 €*) (2.16)
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from which

1 _ e- k¢

(g ”

2.17)

Thefactor ‘Qon the left hand side of eqti2.16) is required as this projects the leaf area inda,
onto the horizontal plane. The remainder of the leaves are in diffuse PPF and have leaf area index

ly=10 - (2.18)
The incident PPF dib is, applying egné.9) and(2.15)

o =Klg

=kly (1 -f;)e™ 219

The PPF incident ofb is the combination of the diffuse component and the direct solar beam, as
given by

I(,szklo,s +[,d

. 2.20)
_ K (
=klo&fs {1 ;)

Note that Norman (1982) relates the extinction coefficidato solar elevation. While this is a good
objective for detailed study of light interception in canopiglifficulties arise when looking at mean
values over the day (for further discussion, see Johes$ah, 1995). In PlantMod, one value for the
extinction coefficient for both direct and diffuse PPF is used and it is assumed to be constant.

The mean PF,"Qdirect and diffuse component®) 'O, and PPF incident on leaves in direct and
diffuse light,@, @, are shown in Fig. 2.3.
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Figure 2.3: The mean PRPdirect and diffuse component§) "O, and PPF incident
on leaves in gect and diffuse lightQ, @ , with’Q 1®. From PlantMod.

The theory presented here provides a complete description of the attenuation and interception of
the direct and diffuse PPF components through the canopy. It is necessary to deficentipy light
extinction coefficient’Q the PPF on the canop® and the fraction ofOthat is from the direct solar
beam,"Q In practice, the extinction coefficient may vary from around 0.5 for cereals and grasses to
0.8 for species with morhorizontally inclined leaves such as clover. For skies where the sun is not
obscured by cloud;Q may be typically around 0.7, although this can depend on atmospheric
composition.
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There are some simplifying assumptions in this approach, as discussed by Thornley and France
(2007). The main simplifications are that the leaves are assumed to be randomly distributed (see
Thornley and Johnson, 2000, for a discussion on leaf distriutiord variation in the direction of

the direct solar beam throughout the day is not included. Also, light reflection and transmission
through the leaves has not been incorporated directly, although in photosynthesis studies, the rate

of leaf photosyntheis is generally calculated in terms of incident light and not absorbed light. By
working with eqn(2.7) RANB OGt & 0. SSNNa I g0 >t thelreflektédd adB | 42 y |
transmitted components are incorporated implicitly. While the analysis is relatively simple, this level

of complexity is widely used in crop and pasture studies for the calculation of canopy
photosynthesis, which is considered in Cleapt.

2.6.3 Ground cover

In the analysis for the canopy energy balance the fractional ground cover is required. According to
egn(2.7), the solar radiation that igansmitted through the canopy is

I, =le (2.22)
Defining the fractional graad cover,’Q, as the proportion of solar radiation that is not transmitted,
it follows that

— - kL
f,=1 € (2.22)

This simple expression will be used in the analysis for the canopy radiation balance.

2.7 Clear-sky solar radiation and daylength

In the treatment of canopy transpiration, temperature and energy balance, it is necessary to
estimate the cleasky daily solar radiationY ;, MJ n¥ day. The theory presented here follows
Campbell (1977) and Thornley and France (2007).

Three standardS lj dzZ GA2yad NBfFGAy3d (2 (GKS 3IS2YSUNR 2F (K¢
sun are first presented without derivation. These are the solar declination angted), which is

GKS Fy3atsS 60SisSSy GKS St NI KQ&zZarth tp tae sur2 &l céountsit | yS |
F2NJ GKS GAfd 2F GKS SIENIKQa FEA& NBf L thtradS (2 GK
and the daylength’Q, as a fraction of the 24 hour period. dfs the day of year from 1 January,

(rad) thelatitude, then

P &, t-81
ad=-—23.45sin2 p—— 2.23
180 & P65 (223
f=sin"*(sin &in ckos cds ) (2.24)
1 1
fday:/_)COS ( -tan/ tan § (2.25)

and the number of daylight hours per day is
Pyay =24 3fgqy (2.26)

If _is prescribed in degrees then, using obvious notation,

p
[ =— 2.2
155 beo 227
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To convert] and %oto degrees, multiply by j7t. Also note that latitudes in the northern
hemisphere are positive while they are negative in the southern hemisphere.

1,%and™Q are illustrated in Fig. 2.4 for elevations of 0 (the equator), 20, 40, 60°. It can be seen
that the solar declination is positive in summer, negative in winter and zero at the spring and
autumn equinoxes (which are around 21 March and 22 Sept). Fdaudesi outside locations
between the tropic of Cancer and Capricorn, which ar@3.4° respectively, the solar elevation
angle at local noon%e is maximum in the middle of summer. However, at the equdilis
maximum at the spring and autumn equinoxasd, moving towards the tropics, the two maxima
converge. Finally, the daylength follows a familiar pattern and is seen to be fixed at 12 hours for the
equator while, for other locations it is, of course, greater in summer, with longer days and shorter
nights as the latitude increases.

Turning to irradiance, three sets of variables are used with appropriate subscyiptsag already
been defined above). These are:

W AyadlydlyS2dza ANNI RALFyYyOS ?ardaird’A RS (G KS SI NI K
Qyaildl yil yS2dza ANNI RALF yG6rdmfsh, 6 KS SI NIKQ& &dzNF
In all cases, irradiance is measured parallel to the horizontal plane at the surface of the earth.
¢tKS ANNIRAIFIYOS 2dziaARS GKSis SFINIKQa adza2NFI OS |G &z
Joon=9sin . (2.28)
where
9=1367 Jm?s* (2.29)
is the solar constant, and is the irradiance perpendicular to the sun at the edge of theKe@ra

atmosphere. It is now assumed that the potential, or cléay @ > A NN} RAFyOS |4 GKS
‘O, ,isgiven by

| t Jroon (2.30)

p,noon —

where T is an atmospheric diffusivity coefficient. While more complex equations have been used
this approach works well for a range of locations in Australia, as will be seen shodttyema is no
obvious reason to suggest other locations will behave much differently. Comparisons with
experimental data suggest

t=0.73 (2.31)

is a good default value, although it may be necessary to adjust this parameter for different sites.
However, this is relatively easy to estimate, as discussed below. It should be noted dlightly
different approach than a fixed constant in e{h30) is used by Allept al, (1998) although, as will

be seen below, the present approach works wé@; is illustrated in Fig. 2.5 for the latitudes
used in Fig. 2.4. It can be seen that the variatioiQjn  is most apparent as the latitude moves
further from the equator. It peaks at the equinoxes at the equator and, outside the tropics, it peaks
in midsummer, with the range between summer and winter increasing as the distance from the
equator increases.
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and the daylength’Q (hours), as given by eq&.23) to (2.26). The latitude is as
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prescribed in radians.
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Figure 2.5: Noon potential solar radiatié@; , as given bgqn(2.30).

To calculate the potential daily solar radiation, it is assumed that the potential solar radiation
throughout the day;O, varies sinusoidallgnd can be written

I, =1 pnoonSin(d ) ,d =0¢1 over the daylight period (2.32

so that themean daily potential, odailyclearsky, irradiance is

2
Rs,,=86,400 fday; | noor (2.33)

where 86400 is the number of seconds in a day. Thus,
Rg p=86,400 fdaygz‘ gin (2.34)
’ 1%

This is a simplequation for the cleassky irradiance in terms of latitude and day of year, and is
illustrated in Fig. 2.6 for the latitudes used in Figs 2.4 and 2.5. The general trévig figrsimilar to

that for’Q; , although the maximum value fof ; is greater as latitudes increase, whereas this is
not the case fofQ; . This difference is due to the fact that the maximum daylength increases at
higher latitudes and the total potential daily solar radiatiofiy) is the combinatiomf the potential
instantaneous solar radiatiorid) and daylength.
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Figure 2.5: Cleasky potential solar radiatioty ; (MJ n*d?), as given by eqf2.34)
for the latitudes as indicated.

In order to test the approach, data from two sites in Australia from 1901 to 2008 are used from the

SILO data set (Jeffrey, 2001). These sites are Barraba, NSW, at l&ukie and Albany, WA, at

latitude -35°. Potential irradiance for each day of the year is estimated as the maximum observed

for each day in the climate file. This assumes, therefore, that for each day of the year there was at

least one occasion in the 108 years where the sky was clear. Eidgushows the observed and

predicted cleassky irradiance. Also shown are the mean and minimum irradiance, to illustrate the

NI yasS 2F @FtdzSa GKFd 200dzNID ¢CKSNBE INBE 200l aaiz2
irradiance, but these may well be duto fluctuations in the accuracy of the measurement
equipment. The data and model for clesty irradiance are virtually identical which gives
confidence in the theoretical approach.
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Figure 2.6: Observed maximum daily irradiance (blue) and predicted values (red) using

eqgn(2.34). Note that the blue lines are obscured for much of the dhta to the close

similarity of the values. Also shown are the mean (green) and minimum (purple) daily
irradiance values.

Equation(2.34) has been tested foseveral other sites around Australia with similar close agreement
with the data. The key parameter defining potential solar radiation is the atmospheric diffusjvity,
which may vary for different locations, although the value 0.73 has been found &pfr®priate in
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many cases. This equation will be used in Chapter 5 which considers canopy transpiration,
temperature and energy budget.

2.8 Net radiation

The net radiation balance, which accounts for both shortwave and longwave radiation components,
is central to the treatment of canopy transpiration, temperature and energy budget. The discussions
here relating to the net radiation balance at the canopy t® defined either for instantaneous (s)

or daily (d) time scales. The notation use§W m? k J m? s?) for instantaneous radiation
components andy (J n d?, although it is often expressed as M3 dt') for daily radiation.

The radiation balancef the canopy is shown in Fig. 2.7. Solar radiation is incident on the canopy,
which is either reflected and absorbed by the canopy or transmitted through the canopy. Longwave
radiation transmitted from the atmosphere is intercepted and absorbed bycdmeopy with a small
component that is reflected (and often ignored). Longwave radiation is also emitted by the canopy
as a function of its temperature. Both shortwave and longwave radiation components that are not
intercepted by the canopy will be transtted through the canopy.

The theory for the radiation balance of canopies is often presented with the assumption of full
ground cover. In the present analysis, partial ground cover is considered by usi(@22)yfor the
fractional ground coverQ, as a function of canopy leaf area index,

Incoming Reflected Incoming Reflected Emitted
solar solar longwave longwave longwave
Canopy —---------. Absorbed radiation -
Transmitted solar Soil heat flux

andlongwave

Figure 2.7: Schematic representation of the radiation balance of the canopy.

Denoting the incoming shortwave radiation component by and the absorbed, transmitted and
reflected components by, , U, U respectively, the solar radiation balance is

ka=% -4 -4 (239

Longwave radiation is generally not absorbed, but emitted by the canopy. Let the incoming,
reflected and transmitted components of longwave radiation bbg, U, U respectiely, and
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denoting the longwave component that is emitted as a function of temperatura) py the net
outgoinglongwave radiationy  , is

Ip=de {3 9 o) (2.3)

In addition to these terms for the shortwave and longwave components between the canopy and
the atmosphere, there can also be a heat flux between the canopy anddihe However, this is
generally small and can be ignored. Note that although the heat flux between the canopy and soil is
ignored, the radiation input to the soil from shortwave and longwave radiation that is transmitted
through the canopy is included the analysis.

The net radiation balance for the canopy is now
‘]n= ‘%,a - ‘Iln (2'37)
These components will be considered in turn.

2.8.1 Incoming shortwave radiation

In order to calculate the absorbed solar radiation,, the transmitted and reflected components in
egn(2.35) must be derived. Applying eq(&21) and(2.22),

k= 1<
=(1 o) %

Defining the reflection coefficient, or albedo, |asthe absorbed and reflected components of solar
radiation are simply

ko= fo(l ) & 2.39)
k= fad (2.40)

Note that eqns(2.38), (2.39), (2.40) sum to the total incoming solar radiation,, as required. The
expression foro in eqn(2.39) will be used in the analysis for the net radiation balance for the
canopy.

(2.38)

For daily values, the radiation components use the symbeith the same subscripts as above and
units J nif d™, or MJ i d™. Thus, the daily absorbed solar radiation is

Rs.a= fg(1 @) Rs (2.41)

2.8.2 Outgoing longwav e radiation

Longwave, or terrestrial radiation is the radiation emitted by a body as a function of its temperature.
Incoming longwave radiation from the atmosphere depends primarily on atmospheric properties
and temperature, generally increasing in resperto vapour density and cloud cover. Note that in
the analysis presented here, the net longwave radiation term is defined as outgoing rather than
incoming. In some texts, it is defined as incoming to be consistent with incoming solar radiation.
The chdce to use outgoing here is because this term is generally positive.

Instantaneous longwave radiation

First consider the emitted longwave radiation which, according to the S#@dizmann equation
(see section 2.3 above) is given by
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Je= fye . (2.42)

where , uv& x mp T W m? K* is the StefarBoltzmann constant’Y (K) is the canopy
temperature in absolute degrees, andis the canopy emissivity. For leaveds generally in the
range 0.95 to 0.99, and is taken to be 0.97 here. The fa&® used to account for the ground
cover so that it is assumed thate longwave radiation emitted by the canopy is proportional to the
canopy ground cover.

I O02NRAY3I (2 Yabdodptkis dogffieiant forllahgvavel radation is equal to the
emissivity, and hence the absorbed longwave radiation is
Ja=efyd; (2.43)

where, again, the fractional ground cover accounts for the component of imgpriingwave
radiation that is actually intercepted by the canopy. Thus, the reflected longwave radiatiois

=63 -da (2.44)
=fy(1 )3
The transmitted longwave radiation is given by, analogous to(238),
3e=(1-4) 9, (245)
Substituting in eqrf2.36) for the overall longwave radiation balance becomes
3n= e &Ko -1)) (2.46)

Now, in the following analysis to look at the canopy energy balance, the aim is to be able to
eliminate, or calculate directly, the canopy temperatuing;. As will be seen, this requires egn
(2.46) to be written in terms of the air temperature and the temperature difference between the
canopy and air. To do so, write

Tec=Tka + T (2.47)

where”Yy (K) is the air temperature and

DT =, T
e TKa (2.48)
:Tc 'Ta
which can use temperatures in either K or °C. It follows that
T .=Tka ¥Tp, D 6%, TD4Ty, T DT (2.49)

It is readily confirmed that terms of ordez’Y and higher are negligible, so that a good
approximation is

TI?,C:TIL(‘,EI -‘4Ti,a D

(2.50)
:Tlf,a -ﬂTg,a(TK,c TK,a)
Equation(2.46) can now be written
‘]_,n :efgg g-lg,a ":Li -lt) (}3 g( I -zE) (2-51)
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which uses theadiative conductangéQ (mol mi?s%), given by

_4e 3,

Cp

O (2.52)

where @ ¢ & J mott K' is the specific heat capacity of air, so tH& is a function of air
temperature only. The advantage of introducing the radiative conductance is that it defines
longwave radiative heat loss in a way that is analogous to the sensible heat loss which will be
considered in the net radiation balance fdret canopy. Although this equation has temperature
raised to the third power, the response is virtually linear for practical temperature conditions since
this is absolute temperature, witfQ ranging from 4.6) mot* K* at 0°C to 7.0) mof* K* at 40°G
where- 10 X eqn(2.5), is used.

If the incoming longwave radiation,;, is known, then eqii2.51) can be used directly. However, in
many situations it is only the incoming solar radiation that is known and so an estimatipp ief
required. For full canopy ground cover and isothermal conditiom&nathe air and canopy are at

the same temperature, which is most likely to occur (at least approximately) to systems that are
freely transpiring, the net longwave radiation is termed tis®thermal net outgoing longwave
radiation, which is denoted by, , and settingYy "Yj and’Q pin egn(2.51), is given by

Jn=e( Ka-1) (253
This can be used in e®.51) to eliminate j; to give
‘:Ln = gg‘l,n +(E) g( I 'I) (2-54)

which defines the net outgoing longwe radiation in terms of the corresponding value for
isothermal full ground cover systems, the temperature difference between the canopy and air, and
the fractional ground cover.

The use of the isothermal net radiation in the study of the energy balahtfge canopy, rather than
assuming a fixed longwave radiation component, improves the accuracy of the analysis considerably
(Thornley and France, 2007).

Daily longwave radiation

The above equations for instantaneous longwave radiation can be appliedigi@daily values, so
that the equations corresponding {@.53) and(2.54) are

Rin=€(86,400 &, -R,) (2.55)
and

Ron=f,8R, 86,4006, g(T I) (2.56)
where the daily radiation values have units 3 dt.

2.8.3 Isothermal net radiation

An acceptable expression for thdaily isothermal net outgoing longwave radiatioty, ;; , is the
approach used by Allegt al.(1998, eqn (39)), which is
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Ri,=86,400s T¢ ,(0.34 0.1 ev,a)%l-%::— 0.35 (2.57)
¢ P

“Y (K) now represents the mean daily temperature,is the StefarBoltzmann constant, where

., L@ x T Jn?sKY, 'Qp (kPa) is vapour pressurd, (J nf d?) as defined above is daily
solar radiation, andy ; (J nfd?) is the potential, or cleasky, solar radiation withY 'Y ;. Clear

sky solar radiation was derived in terms of the latitude and day of year in section 2.6 above. The
factor 86,400 is the number of seconds per day and converts the radiation components in the
StefanBoltzmann equation to daily values. According to Adieal. (1998), the T®& T T T Qf

term corrects for air humidity and declines as humidity increasd®e p& 0Y 'Y, 1@ vterm
incorporates the influence of cloud cover and decreases as cloud cover increases, since this will
result in a reduction ifiY . The approach of eqf2.57) is widely used; for example the SILO dataset
(Jeffrey, 2001) available in Australia, which gives access to daily climate data from the late 1800s to
the present day for any location in Australia, uses this approach for thelatdn of the net
radiation balance. Note that Alleet al. (1998) incorporated the daily maximum and minimum
temperatures, although using a single mean daily temperature gives very similar results. Equation
(2.57) can be used in eq(R.56) to give the canopy daily net radiation balance in terms of readily
measued quantities.

Y isillustrated in Fig. 2.8 for the same two sites in Australia that were used to illustrateskiear
solar radiation in Fig. 2.6 above. It can be seen that the minimum, mean and maximum values for
Y are relatively conmnt throughout the year at both these sites. Furthermore, comparing Figs
2.6 and 2.8 it is apparent tha¥ ; is generally considerably smaller than the solar radiation
component, although it is certainly not negligible. Note also that the minimwatues are
occasionally negative, although the values are small, which is likely to occur for cloudy conditions
and means there is a net inward flux of longwave radiatidhe range of values shown in Fig. 2.8 for

the daily net outgoing longwave radiatigtypical of most locations around the world.
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Figure 2.8: Minimum (purple), mean (green) and maximum (red) isothermal net
outgoing longwave radiation as given by €8r57) for Barraba (latitude30.5°) and
Albany (latitude-35°). Note that the minimum values are occasionally negative.

In the analysis for canopy transpiration, temperature and energy balance t&€Hapseparate day
and night conditions are considered. Thus,Yf and Y are the mean day and night
temperatures, then the mean day and night isothermal net outgoing longwave radiation are given by

PlantMod: canopyranspiration, temperature and energy budget 42



8 2eRs
Jingay =S Taom(0-34 0.14]¢, )g1.35- 0.35 (2.58)
& R
and
a
Jipsignt = W agn (0-34 0.1 Q,a)gfl..35& 0.35 (2.59)
& Feo
so that the total daily values are
Ri n gay =86,400 fday I day (2.60)
and
Rli_,n,night :86’400(1 'fday) ‘]_,H.,night (2.61)
with the total given by
I:‘)Ii_,n:86!4008]cday ‘l_,ﬂl,day '(1 'fday) ‘:Ln,riight (2-62)

where™Q s the daytime fraction as given by e(fh25). In practice, sincéY is almost linear over
realistic temperature ranges, separating out day and night moments, eqn(2.62), is virtually
identical to using a single daily temperature value, €j67). However, since the analysis does use
day and night temperature it is simple to apply €gr62) with (2.58) and (2.59)

For studies where the instantaneous solar radiationjs used rather than the daily valu¥,, egns
(2.58) and (2.59) are not used. In this case, edR®.57) can be adapted for the instantaneous
isothermal net outgoing longwave radiatian;, , as

Jin=5R,(034 0146 )8135((9 035 (2.63)

where "Q is a function of cloud covery with @ i being no cloud cover and full cover
respectively. Itis assumed that

f.(c)=1 0.7c (2.64)

According to this definition, no cloud cover, wheie TT, corresponds to the actual daily solar
radiation being equal to the potential value, and for full cloud cover, which i, the actual daily
value is 30% of potential. Equati¢a63) with (2.64) is used in PlantMod. From the daily edu
'Y i, shown in Fig. 2.8, it follows thét; will generally be lower than 100 Js".

2.8.4 Net radiation balance

Using eqn(2.54) for 0 , , the instantaneous net radiation balance for the canopy, €387), is now

J=53. -8, 6d T 3 (2.65)
whereU j;, is given by eqi2.39).

It is convenient to define theanopy isothermal net radiatigranalogous to the canopy isothermal
net outgoinglongwaveradiation, eqn(2.53), as thenet incoming radiation balance for a canopy with
full ground cover and with no temperature difference between the canopy and air. Usin@.84h
with"Q pand setting’Y “Yin(2.65)and™Q p, this is given by
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J=(1-a)d -Jj (2.66)
and hence eqii2.65) may be writen
h=5834 -g (T J) (2.67)

where 0 is evaluated during the daytime or nighttime froegns (2.58) or (2.59) as appropriate.
Equation (2.67) is the expression for the net radiation balance that will be used in the energy
balance calculations in Chapter 5.

The corresponding total daily netdetion balance is

Ri=18R -69(T ) (268)
where the daily isothermal net radiation balee is
Ri=(1 a)R R, (269

where'Y j; is evaluated from eqr{2.60), (2.61) or (2.62) as appropriate for daytime, nighttime or
total daily net radiation calculations.

2.9 Final comments

This Chapter starts with the basic physics of radiation and then deals with the theory ofaadiati

it is required to model canopy photosynthesis and energy balance, including canopy transpiration
and temperature, which are considered in the following Chapters and are the main focus of
PlantMod. The distinction between shortwave and longwave taiais crucial in the study of
photosynthesis and energy dynamics. The visible component of shortwave radiation is the source of
energy for photosynthesis, and is known as photosynthetic photon flux (PPF). The direct and diffuse
components of PPF havedn considered, and are used in the description of canopy photosynthesis.
The overall canopy energy balance includes both shortwave and longwave radiation, and care must
be taken to ensure that these components are described appropriately. Direct meazsoie of
longwave radiation are often not available and methods have been discussed in this Chapter for
estimating longwave radiation, and the overall canopy energy balance, in relation to incoming
shortwave radiation, air temperature and relative humidity

2.10 Variables and parameters

Table 2.1: Model variables, definitions and units. Model parameters are defined in
Table 2.2. Unless stated otherwise, areas refer to ground area.
Note that J (11f ground) 8 k W (m? ground).

Variable Definition Units

Sections 2.2, 2:®hysics of radiation

0 Energy emitted by a body W m?

0 Spectral emittance W mi? (m™* wavelength)
Y Temperature K

_ Wavelength m

Peak wavelength as a function of temperature  m
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Section 2.6: Canopy liginterception and attenuation
s¢ direct solar; d diffuse solar.

Fractional ground cover dimensionless
Solar radiation incident on the canopy Jnst
Solar radiation at LABn canopy. Jn?st

Solar radiation incident on leaves at & canopy J (n¥ leaf) s
Section Z: Clearsky solar radiation and daylength

Daylight hours hours

Daylength as a fraction of 24 hours dimensionless
Potential clearskysolar radiation during the day ~ J ni*s*
Potential cleassky solar radiation at solar noon ~ J m*s*
LyadlydlryS2dzz LNNI RALFYJIn?st
atmosphere parallel to the horizontal plane

Oevaluated at solar noon Jm?s?

Leaf area index in canopy m? leaf (m? ground)
Potential clearsky daily solar radiation Jm?d?

Solar declination angle Rad

Solar elevation angle at solar noon rad

Section 2.8 Netradiation

e ¢ emitted; i¢ incoming; g reflected; tgtransmitted; ag absorbed

Fractional ground cover dimensionless
mol m?s*

Jm?st

Radiative conductance

Longwave radiation components for tikanopy
Net outgoing longwave canopy radiation balance J n¥s*
Isothermal net outgoing longwave radiation for th J n¥ s*
canopy

Day and night values farp, Jm?st

Canopy net radiation balance (shortwave and Jnfst

longwave)

Canopy isothermal net radiation balance Jm?st

(shortwave and longwave)

Incoming solar radiation Jn?st

Solar radiation components for trenopy Jm?s?

Canopy leaf area index m? leaf (m” ground)
Daily net outgoing longwave radiation Jnd?

Daily isothermal net outgoing longwave radiation J m?d*
Day and night values fo¥ Jm?d?
Incoming daily solar radiation Jm?d?
Daily solar radiation absorbed by the canopy Jm?d?
Canopy temperature °C
Canopy temperature K
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Table 2.2: Model parameters, definitions, units, and default values. Model variables are
defined in Table 2.2. Unless stated otherwise, areas refer to ground area.
Note that J (nf ground) & k W (m? ground).

Parameter Definition Default value

Sections 2.2, 2.3Physics of radiation

o Speed of light 2998 10°ms!

0 ttlyol1Qa O2yaidlyid 6626 10*Js

ko) Boltzmann constant 1.3807 10%2JK

- Emissivity 0.97 (dimensionless)
, StefanBoltzmann constant 5.670 10°J n?s*K*

Section 2.6: Canopy light interception and attenuation

Q Direct solar fraction of solar radiatio 0.7 (dimensionless)
incident on the canopy

Q Canopy extinction coefficient 0.5 nf ground (n¥ leaf)

Section Z: Clearsky solar radiation andaylength

r Solar constant 1367 J st

_ Latitude rad

_ Latitude °

t Atmospheric diffusivity coefficient 0.73 (dimensionless)

Section 2.8 Net radiation

&) Fractional cloud cover {D) Dimensionless
&) Specific heat capacitf air 29.3J motK*
Qp Atmospheric vapour pressure 1.4 kPa
(60% relative humidity at 20°C)
Y Air temperature 20°C
“Yi Air temperature 293 K

| Canopy reflection coefficient, or albedo 0.23 (dimensionless)
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3 Leaf photosynthesis and respirati on

3.1 Introduction

Photosynthesis refers to the fixation of €08y plants in response to environmental conditions,
particularly solar radiation, temperature and atmospheric,@0Oncentration. The aim in this
component of PlantMod is to explore the responddeaf photosynthesis to environmental factors.

As discussed in Chapter 2, the source of energy for photosynthesis is the photosynthetically active
component of solar radiation, referred to as irradiance (PAR), or photosynthetic photon flux (PPF),
which B the term used throughout PlantMod. Other environmental factors included are
temperature and atmospheric G@oncentration. For general reviews of aspects of the effects of
changes in atmospheric €On plant and crop growth, see, for example, Allen8@Pand Gifford
(1992), Ziska and Bunce (2007).

When studying the carbon assimilation in plants, both gross photosynthesis and respiratory losses
must be considered. Gross photosynthesis is the synthesis of carbon via the Calvin cycle, which can
be summaized by the reaction:

ot/ o 1 u #( | o (3.1)

This reaction is catalysed by the enzyme ribulose bisphosphate carboxylase (RuBP carboxylase), and
is referred to as the photosynthetic carbon reduction (PCR) cycle which is illustrated schematically in
Fig. 3.1.

Cco sugars

2

PCR Cycle

RuBP

Figure 3.1. Schematic representation of the photosynthetic carbon reduction cycle

Respiration is associated with the production of energy (ATP: adenosine triphosphate) for plant
metabolic processes, and is summarized by the reaction:

#( |/ o u o I ol ce! 40 (3.2
This is the process whereby the plant can utilize sugars to release energy in the form of ATP for plant
metabolic processes, during which G©producedct K Sy OS G KS G SNY WNBAaALANI GA2

The other form of respiration is photorespiration, which differs from the respiration defined by eqn
(3.2), in that there is no production of energy in the form of ATP and it also requires light energy.
Photorespiration is the reverse of the carbon assimilation reaction, €y, so that RuBP
oxygenation rather than carboxylation occurs.

The following definitions are widely used and can be applied to the leaf, plant or canopy:
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1 net photosynthesigs the net C@exchange, taking into account &fixation and respiratory
losses;

9 gross photosynthesis the sum of net photosynthesis and respiration, and so is the total CO
fixed after accounting for photorespiration losses.

Denoting gross photosynthesis, net photosynthesis, and respiration rates,fbyRY respectely,
with unitspmol CQm?s™,

P, =P +k (3.3)

g n

In practice,0 is measured in the lighty in the dark andd is then estimated from those
measurements. These definitions do raise the question as to whether respiration proceeds at the
same rate in the light and dark, although it is almost universally assumethihatio.

b23GS GKIFIG GKS GSNXY WRIN] Q NB&LA NI BR)2oss nbtaneed 2 Y ST A Y
light energy, although this reaction can ocan both light and dark periods. However, this can be
misleading as it may be interpreted as saying this form of respiratidy occurs during the dark

GKAOK Aa y2i O2NNBOGO® ¢CKS GSNY WNBALANIdA2YyQ &
with the production of ATP in e(.2), as distinct from photorespiration.

Before looking at the model for leaf photosynthesis, a brief background &m€ G photosynthesis
is presented.

3.1.1 G and G photosynthesis

The two main forms of photosynthesis are known g G because the initial products in the
reactions are 3and 4carbon molecules respectively. In practice, the principal differenceatsGh
plants are able to suppress photorespiration and, since; pldhts there tends to be a shift towards
photorespiration at the expense of photosynthesis at higher temperaturgpladts are therefore
generally able to continue to photosynthesisehigher temperatures, whereas this is not normally
the case for g€plants. Some caution must be applied when generalizing abpanG plants since
there are ¢ species that grow well in fairly cool conditions, such as kikuyu, and sgrsgeCies,
suchas cotton, that grow well in hot conditions.

The G photosynthetic process involves the conversion of atmospheric carbon dioxide to organic
carbon (sugars), as summarized in €@8rl) and illustrated in Fig. 3.1. The chloroplasts in the
mesophyll cells capture light energy to produce ATP which is the light reaction of photosynthesis:
this ATP supplies the energy for the dark reactions. Using this ATB,d00Qverted to sugars (dark
reactions) via the photosynthetic carbon reduction cycle (PCR) or Calvin cycle, which involves the
carboxylation of ribulose bisphosphate (RuBP). The first product in this process iscdneo
compound 3phosphoglyceric aciPGA): hence the termsCPGA is then used to produce sugars
and regenerate RuBP.

The scheme for {plants is illustrated in Fig. 3.2. In this case, the light reactions produce ATP as for
G plants. However, the initial GQixation is catalyzed byhe enzyme phosphoenolpyruvate
carboxylase (PEP carboxylase) to produce oxaloacetate (OAA), whickasb®ad molecule hence

the term G. Other 4carbon molecules are rapidly produced, mainly malate and aspartate. Malate
and aspartate are then transped into the chlorophyll rich bundle sheath cells. Here,
decarboxylation of the £acids occurs to produce; Compounds and COso that effectively CQOs

being pumped into the bundle sheath cells. Thgc@mpounds are transported back to the
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mesophylicells where PEP carboxylase is regenerated. The RuBP carboxylase enzyme is located in
the bundle sheath cells and the normal PCR cyglpH@osynthesis) takes place.

PEP

Mesophyll cells Bundle sheath cells

Figure 3.2. Schematic representation of thepfbtosynthetic pathway.

Since PEP daoxylase has a higher affinity for £han RuBP carboxylase, @ants have a lower
substomatal C&concentration than do £plants (approximately 40% and 70% of the atmospheric
CQ concentration respectively). Consequently, plants can maintain the flux of G@cross the
stomata while the stomata are partially closed, which helps reduce water loss. Thus, water use
efficiency values (kg dry matter produced per kg water used) fptaDts are usually lower than for
G. Secodly, because of this high affinity for €&f PEP carboxylase, the gncentration in the
vicinity of RuBP carboxylase is higher jie@ves (bundle sheath cells) than inl€ves (mesophyll
cells). This increases the activity of the RuBP carboxydase also effectively causes the
carboxylation of RuBP to owgbmpete oxygenation, so that photorespiration is inhibited.
Furthermore, if any photorespiration does occur, the emitted, @y be refixed as it passes the
mesophyll cells, owing to the higlffiaity of PEP carboxylase for £O

While it is common to refer to [species as tropical species angl & temperate species, the
distinction is not always that clear. For example, the géParsicumcontains both €and G species.
There are also plargpecies that appear to have both &hd G characteristics.

In spite of the fact that fplants have a higher water use efficiency thamplants, the distribution of
G and G species is more closely related to temperature than available wates.pladts are
generally able to withstand higher temperatures thag plants, and this seems to be the more
important attribute in terms of geographical distribution.

Many pastures contain boths@nd G species, with each growing when conditions are suitable. For
example, in Australian native pastures, it is common for the pasture to conipasthonia(G) and
ThemedaG) species. Another example is in managed dairy pastures Hrapibal regions where

G, species such as Rhodes grass or kikuyu are growreistmmer and ryegrass, which is a C
species, in winter.

There is a third photosynthetic system, known as CAM plants (crassulacean acid metabolism). This
system is similar to n that it utilizes PEP carboxylase. However, the PEP carboxylase isaactive
night and then supplies GQor the carboxylation of RuBP during the day. By this means, the
stomata are only open at night, which reduces water loss. During the day, the stomata close and the
supply of C@for the carboxylation of the RuBP comes frohe C acids. The CAM pathway is
mainly found in succulents, and one of the few economically important CAM plants is pineapple.
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Further discussions of;@nd G photosynthesis can be found in most standard plant physiology
texts, and detailed mathematitaliscussions can be found in Thornley and Johnson (2000), von
Caemmerer (2000), Thornley and France (2007).

3.2 Leaf photosynthesis

Leaf gross photosynthesis is affected primarily by light energy, temperature, atmospheric CO
concentration, and photosyntheticenzyme concentration, while respiration responds to
temperature and enzyme concentration. The gross photosynthetic response is considered first and
then respiration is addressed. At the leaf level, the treatment of respiration is quite simple, whereas
the concepts of growth and maintenance respiration are incorporated at the canopy level when
canopy photosynthesis is considered in the next Chapter. Applyin@Bejrio the leaf, the rates of

leaf gross photosynthesis, net photosynthesis and respiration are related by

Pe=R, R (34)

This equation is applied by describidgg,and Yn.in relation to environmental conditions and then
evaluatingd

Biochemical models of leaf photosynthesis of varying levels of complexity, suclrateyH{1976),
Farquharet al. (1980), Collatzt al. (1991), Thornley and Johnson (2000), von Caemmerer (2000)
have been presented in the literature, with the model of Farquéiaal. (1980) being widely used.

The main value of these models is in thedstwf the underlying biochemistry of leaf photosynthesis
but, due to their complexity they are generally less suited to the study of canopy photosynthesis
than simpler empirical, or sereimpirical models. As discussed in Section 1.2, the hierarchical
structure of the processes in plant biology, means that the more organizational levels that are
incorporated in a model, the greater the model complexity. As complexity increases, models
become more challenging to parameterize, and more difficult to interpiigte model of Farquhat

al. (1981) is widely used in leaf photosynthesis studies, but models of crop and pasture systems
generally use simpler approaches that are more readily adapted to individual species: examples are
Reyengeet al. (1999), for cropnodelling; Thornley (1998) and Johnsatnal. (2008), for pasture
models. Furthermore, in spite of their complexity, biochemical models may have limitations that
need to be addressed (eg Ethier and Livingston, 2080jnal, practical limitation to uisg complex
biochemical models of photosynthesis in the study of canopy photosynthesis is that it is difficult to
define parameter sets routinely for different plant species for use in crop, pasture and ecosystem
models (eg Grace and Zhang, 2006). Bioct@&nmodels of leaf photosynthesis are therefore not
used in PlantMod, although discussion can be found in Thornley and Johnson (2000) and
von Caemmerer (2000).

The approach adopted here is to define the underlying photosynthetic response to PPF and then t
use empirical equations to define the responses of the parameters in this response curve to
temperature C@ and leaf enzyme concentration, for both &1d G plants. The objective is to
provide robust and realistic descriptions of leaf photosynthesid ¢an be used to calculate canopy
photosynthesis and that can easily be related to the varying photosynthetic responses of different
plant species with readily interpreted parametegsfor example, the light saturated rate of leaf
photosynthesis will be efined with a minimum, optimum and maximum temperature.

Before proceeding, recall that the energy source for photosynthesis is the photosynthetic photon
flux (PPF) with units mol photons nf s*, which was defined in Section 2.4 in Chapter 2, while
atmospheric C@concentration was considered in Chapter 1. Fos,Gla® true concentration has
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units mol C@m™ while the more commonly used fractional concentration is expressqdras CQ

(mol air)* or parts per million (ppm). Following convention, the fractional concentration will be used
here and referred to simply ancentration However, it should be noted that true concentration
may be more appropriate for detailed biochemical analysisesihis is the absolute amount of €O

per unit volume of air. Symbols and their definitions are presented in Tables 3.1, 3.2, 3.3 at the end
of the Chapter.

Some model illustrations are presented, but you are encouraged to explore the behaviour of the
modsd in the PlantMod program.
3.2.1 Light response

The rate of single leaf gross photosynthe8jg, * mol CQ (m? leaf) s', is described as a function of
PPF.Q' mol PAR (M leaf) §', by the widely used nerectangular hyperbola, which can be written
as

GP%y- (4 R)Rg +&R, O (3.5)
where the parameters are:
0 rate of single leaf gross phmgynthesis “ mol CQ (m*?leaf) '
at saturating irradiance
| leaf photosynthetic efficiency “ mol CQ ( mol photons)*
—TT — P curvature parameter dimensionless

The nonrectangular hyperbola was discussed in detail in Chapter 1. Note thawodkl| variables
are listed in Table 3.2 and model parameters, with default values, in Table 3.3 at the end of this
Chapter.

Equation(3.5) is the fundamentakquation upon which the treatment of photosynthesis is built in

this modelling approach. This equation is almost universally used for the leaf photosynthetic
response to PPE see for example Sands (1995), Antnal. (1995), Anten (1997), Thornley and
Johnson (2000), Thornley and France (2007), where numerous references can be found. It can be
derived from a range of simplified biochemical schemes, including Thornley (1976), €oltz
(1991). ltis also used by several authors in Boote and Lq@8%4), including Evans and Farquhar
(1991), Norman and Arkebaur (1991), Gutschick (1991). One point to note is that theatigtated

rate of photosynthesis)) , can be reached either when photosynthesis is RuBP limited or when the
rate of RuBP regemation is limited which is due to the maximum rate of electron transport.

O is given by the lower root of eq@.5), which is

= 1/2
Pospl o {(a R 4 o) 36

When— Ttit reduces to the simpler rectangular hyperbola

al,

= 3.7
(,9 al(+Pm ( )
and with— p it becomes the Blackman limiting response given by
eal,, 1,¢P / a
. m/ 3.9)
iP,, 1,>P./a.
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The influence of the parameterdi-R) on thel '@ is:

| : initial slope;

0 : asymptote as the curve approaches saturating irradiance;
— curvature of the curve.

In practice, the parametets and—vary little and, within their physiological range, typical variation

is likely to have a relatively small influence in the leaftpbynthetic response. On the other hand,

0 is much more variable and responds quite markedly to temperature, d@@6centration, and
photosynthetic enzyme status, as well as other factors such as plant morphology. Further discussion
of the parameterscan be found in Cannell and Thornley (1998, Appendix), where they emphasize
the fact that variation in leaf photosynthetic rates is dominated by the large variation that is

observed in the lighsaturated leaf photosynthetic rat@, . Typical values for and—are

| =0.08 mol CQ(mol photons) and—= 0.8. (3.9)
Whiled can vary considerably, representative values are

G: 0 =20; @ 0 =30 mol CQ(m?leaf) s (3.10)

Equation(3.6) is shown in Fig. 3.3 for a range-efalues as indicated.
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Figure 3.3: Leaf gross photosynthesis in response to PPR.&pior| = 0.08 mol CO
(mol photons), 0 = 20pmol CQ (m? leaf) s, and—as indicated.

The nonrectangular hyperbola, eqgf8.6), is the key equation used in this analysis for the description
of leaf gross photosynthesis in response to environmental factors. The equation rdiseittesffect

of PPK the effects of temperature, C{and photosynthetic enzyme content are described through
their influence on the model parameters.

3.2.2 Leaf photosynthetic response to temperature, CO , and enzyme concentration

The influence of temperatureCQ and nitrogen concentration on leaf gross photosynthesis is
dominated by the effect on the parametér in eqn(3.6). The leaf photosynthetic efficiencyalso
depends on temperature and GQalthough to a lesser extent than . There is less evidence that

the curvature parameter—esponds to these factors (Sands, 1995; Cannel and Thornley 1998) and
so this parameter is treated as constant. Thetlmes used here follow, or are adapted from,
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Cannel and Thornley (1998), Thornley (1998), and Thornley and France (2007). Before looking at the
parametersd and| , the generic COfunction that was presented in Section 1.3.4 in Chapter 1 is
discussed.

CQ response function, IF

To recap the discussion in Chapter 1, the genericr€ponse function)Q 6 , is given by the non
rectangular hyperbola

\

1

fo(C)=,66C +E 1 {( k) 4o, v (3.11)

(¢4 %('D

where 0 is atmospheric C{xoncentration] is the initial slope%. 1 %, p the curvature, and
", the asymptote. Rather than prescribeand %, the function is defined to take the value unity
at ambient C@Qand_ at double ambient, so that

fC(C: Q:\mb) 4 E
fc(C=2Gm,) ¥

where 6 is the ambient atmospheric G@oncentration, taken to b o THTI
(egn 1.70). ThusQ O is defined in terms of the parametersand 'Q; . The default values for
_AQ; are (1.5, 2) for €and (1.1, 1.15) for o that, for Gplants,0 increases by 50% at double
ambient CQ@ concentration and doubles at saturating £@hile for G plants the response is more
moderated with a 10% increase at double ambient, @®@d 15% increase at satti@n. This
difference in parameters forz@nd G species is due to the relatively small influence ot 6OG
plants as discussed later. The analysis for derivirgnd %.in eqgn (3.11) subject to (3.12) is
discussed in Section 1.3.4 in Chapter 1.

(3.12)

Equation(3.11) is illustrated in Fig. 3.4 with the default parameter values foar@ G plants. It can
be seen that, with these parameter values, the variation in the @8ponse is much lower for,C
than for G.
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10 |

CO2 function, fc(C)
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Figure 3.4: CQesponse function, eq(8.11), with _RQ; = (1.5, 2) folG; plants(solid line)
and (1.1, 1.15) for [plants (broken line). From PlantMod.
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Light saturated photosynthesis, |

The general characteristics of the response)ofto temperature, CQ and enzyme concentration
are:

f 0 increases from zero as temperature increases from some low value.

Theee is an optimum temperature above which there is no further increase in

1 The temperature optimum increases in response to atmospherig €@@centration, 0,
which is due to the fall in photorespiration.

f As temperature continues to rise there is a deelin0 for G species, also due to the
increase in photorespiration.

f For G speciespD may remain stable or may decline slightly as temperature increases past
the optimum.

f 0 increases in response to increasiign an asymptotic manner, approaing a maximum
value at saturatin@.

f 0 increases as the photosynthetic enzyme concentration increases, and it is assumed that
this enzyme concentration is proportional to the nitrogen content.

=

In addition, enzymes can be damaged at low or high tentpegaextremes. At low temperatures,
chilling stress can cause a phase change in the cell membranes from a liquid to solid gel, although
this does not generally affect temperate species. Freezing stress can result in severe cell wall
damage, although someold-tolerant plants have a variety of mechanisms to help tolerate freezing
conditions. At high temperatures, heat injury can lead to leaking cell membranes as the viscosity of
the membrane lipids falls. Enzyme inactivation can also result from thetutéms of protein
molecules. The effects of extreme temperature stress are not considered in PlantMod.

To incorporate the factors listed above, the light saturated leaf photosynthetic atejs defined
by
Pm = I:r)n,ref fC( C) t:’mTC( -I: (): me fé f} (3-13)

where "Q ¢ is the CQ response function discussed in the previous sectigh,; “YO is a
combined response to temperature and £@  is the response to plant enzyme, or protein,
concentration"Qmol protein C (mol leaf G) andd j is a reference value far , and is the value
of 0 at a reference temperature, rbient CQ concentration,& , and reference enzyme
concentration, as discussed below.

The functiodQ ; "YO is constrained by
me,Tc(T =TenC :Camk) E (3.14)

me, fp(fp: fp,ref) 4 (3-15)
The default values fa5 ; are
G0 =20; @0 ; =30 molCQ(m?leaf) s (3.16)

The enzyme response function is the same for batar@ G species and is defined simply as a ramp
function, so that
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_Ffp/fp,ref ’ fp ¢ fp,ref

=1
T fp,mx/fp,ref ’ fp> f p,mx

me, fp( f p) (3.17)
According to this function’Q  increases linearly as the enzyme concentration increases to the
maximum value, above which there is no further increase in the rate of photosynthesis in response
to the enzyme concentration. The default parameter values are

G forr =025 f 2.3

p,mx
G f =02 f . 925

p,ref p,mx

(3.18)

with units mol protein C (mol leaf €) The lower value for (lants reflects the fact thathese
species generally have lower nitrogen conteqthis will be explored theoretically later. This simple
function is illustrated in Fig. 3.5.

1.4

1.2 4

0-0 T T T 1
0 10 20 30 40

Leaf enzyme concentration, % mol protein C (mol ledf C)

Figure 3.5: Enzyme functic®  "Q, eqn(3.17), with the default parametevalues
for G plants as given by eqB.18). The function takes the value unity &

Various options are available for describing the temperature response, and this was discussed in
some detail in Section 1.3.5 in Chapter 1. The approach used here, following Cannel and Thornley
(1998)is to define the combined temperature and @sponse as

,%.\T'Tmn 06 @;\"‘q)Topt 'Tmn qr (3 19)
re

formnte(T,C)=
i ’TC( ) ? f Tmn §(]§ﬂ)Topt Tmn q:l;ef

where”Y is the minimum temperature, with

me,TC(T mn) =0 (3.20)
N pis acurvature pameter, and’Y is a reference temperature where

me,TC(T ref) =1 (3-21)

"Y is the optimum temperature and is related toaccording to

Topt,Pm: opt,Pm amb -angf ((C) t (3.22
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where™Q ¢ is once again defined by the €f0nction, eqng3.11), (3.12). The default value
Opm=10°C (3.23)
is used. Note that there is a maximum temperature at

_ (l + q)Topt -Tmn

Tox = a (3.29)
The congtaint
fomrc(T.C) =0, if T<T  or T>T (3.25)

is applied to ensure the function is never negative. The default parameter values are listed in Table

3.3. Also, the optimum temperature is constrained not to fall below the reference temperature, so
that

Topt 2 Tref (3.26)
This constraint is required to ensure sensible behaviour of the temperature functions.

Equation(3.19), is illustrated in Fig. 3.6 at ambhie@Q for a range off values, and it can be seen
that it is a versatile, flexible function for describing thengerature response.

1.6 -
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Figure 3.6. Temperature functio ; Y eqn(3.19), at ambient CQ Parameters
are:"Y ¢T3y v37Y ¢ L 3nas indicated.
Note that’Q Y 7Y p.

G and G species are treated in the same way, with the exception that f@pEcies the constraint
G fomtc(C.T)= meTC( G Ton Pr)w for T>Tonp (3.27)

applies, so that the temperature response does not fall when temperatures exceed the optimum. In
practice, photosynthesis may decline at high temperatures due eithevater stress or enzyme
damage. However, the analysis here aims to capture only the decline due to a shift towards
photorespiration and, since this is assumed to be eliminated pladts, the constraint in eq(8.27)

is reasonable. Note that although may not decline at high temperatures, there can be a fall in
net photosynthesis due to increases in respiration rate.
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Equations(3.19)-(3.27) completely define the functionQ  for G and G species. Re default
parameter values are given in Table 3.8. is illustrated in Fig. 3.7 for both; @nd G species with
the parameter values from Table 3.3.
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Figure 3.7. Light saturated leaf gross photosynthetic tateaqn (3.13), in response to
temperature for C@concentrations of 380 (current ambient), 570 (50% increase) and
760 (doubling) I T fol™ as indicated, with the parameters in Table 3.3.
Thesolid lines are for {plants and the broken lines for, @lants.

Leaf photosynthetic efficiency, »
The general characteristics of the photosynthetic efficiencytp temperature and Cgare:

1 | increases with atmospheric G€oncentration,0, although this is relatively modest foy, C
plants.

1 In G plants, at ambient CQOconcentration declines as temperature increases above 15
due to a shift from carboxylation (carbon fixation) to oxygenation (photorespiration) in the
photosynthesis reaction The critical temperature above whictstarts to decline increases
as the C@concentration rises.

1 The impact of increasing temperature oris reduced as G@oncentration increases.

1 increases in response to protein concentration.

In order to capure these responses, the photosynthetic efficiencigs given by
Q: a= acmmb,15fC(C) ta, fp( fp) 1:a,T(T)
G a= aamb,leC(C) £ fp( fp)

where| i, mol CQ (mol photons), is the value of at the ambient C@concentrationd
p L 3and reference protein concentratiomith default value

(3.28)

Aamp.15 =80 mmol CQ ( mol photor)é,l (3.29)

amb,1!

The function'Q & captures the direct influence @f on| , and is given by the G&nction that was
discussed in Chapter 1, Section 1.3.5 andlw®ve, eqng3.11) and(3.12).

The function’Q; “Y in eqn(3.28) defines the temperature response on as given by
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S
faTC(T,C)zﬁl_ fc(ac) (T 'T°F’"a) g T ot (3.30)
i1, T <Topt.a
where,, is a constant and
Topta =15 68fc(C) & (3.31)

where again the CQOresponse function, eqng$3.11) and (3.12) is used. As a precaution, the
constraint

f,+(T)20, forall"y (332

is imposed, although it would require fairly unrealistic parameter values to c&yse€Y to have
negative values.

Default parameter value in eq3.30) is

s,=0.02°c*! (3.33)
In PlantMod,, is restricted to

s,¢003C! (3.39)

to ensure realistic values for.

The coefficients in eq(8.31) are fixed since the value 15 is widely used and the value 6 is unlikely to
vary signicantly and the model is relatively insensitive to changes in this value. According to egn
(3.3D)"Y  increases from its ambient value ofdl%y ¢ 3 for a doubling of C{from ambient.

The protein response function is defined as a simple ramp functiongPalj 2005) taken to be

§05+05f, /T, o 0,

fo( o) glt . (3.35)

p,ref

This equation will not be valid for very I6@, but, for that situation, photosynthesis will be primarily
restricted by the influence ot

With these equationsthe photosynthetic efficiendy increases with increasing for both G and G
speciesput for G plants there is also decline for temperatures above 1&. The increase in in
response ta0 reflects the greater availability of GQwhile the detine in response to temperature

for G species indicates a shift towards photorespiration as temperature increases, while this shift is
reduced at increasing. The lack of temperature response fof pecies is due to the lack of
photorespiration in th@e plants. Furthermore, the G&sponse for £plants is small, again due to

the lack of photorespiration, as reflected by the parameter&ind , eqns(3.11) and (3.12). The
default parameter values are summarised in Table 3.3, and the responsdofemperature at

three CQ concentrationssillustrated in Fig. 3.8 for both;@nd G species.

The increase in in response tad and the decline a8Yincreases for £plants is consistent with
observations (eg Long and Drake, 1991), and the modest respong@lah€ is due to their lack of
photorespiration (eg Ehleringer and Bjorkman, 1977).

These equations fgr are simple in structure and therefore easy to program, while capturing the key
features of the response ¢f to CQ concentration and temperature. It should be noted that the
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coefficient , in eqn (3.30) is also taken to be dependent am by Cannell & Thornley (1998),
although this influence was found to be quite negligible dutimg development of PlantMod, with
the influence oB being dominated by théQ 6 function in eqn(3.28).

140 -

120 +

100 -

(0]
o

C=760
= C=570
e C=360

a, mmol motft
(o))
o
1

N
o
1

N
o
I

o

10 20 30 40
Temperature,T °C

o

Figure 3.8: Leaf photosynthetic efficiencyas a function of temperature for GO
concentrations of 380 (current ambient), 570 (50% increase) and
760 (doubling) I T ol as indicated. The solid lines are fapBints
and the broken lines for@lants.

3.3 Leaf respiration

The approach for leaf respiration is fairly simple, with a more complete treatment given for canopy
photosynthesis. It is assumed that the rate of leaf respiration is

R =Rer & r(T) ffp (3.36)
p,ref
where Yy is the leaf respiration rate at the reference temperature and enzyme concentration,
the function™Qy Y defines the temperature rgponse for respiration, and, "Q; are the leaf
enzyme concentration and reference concentration respectively, as defined earlier. According to
this definition, respiration is proportional to the enzyme concentration. The default valu¥sfor
is taken to be

Yy =2'1 1T €CQ(mZleahs’ (3.37)

Respiration in leaves tends to continue to increase with increasing temperature, although if
photosynthesis is severely restricted then respiration may decline due to limited substrate. The
approach here is to use the simple approach, which was disssed in Section 1.3.5 in Chapter 1,
and is given by

T-Teef )/10
for (T) =0 ™)/ (3.39)
where0 is a dimensionless parameter afii is the reference temperature with

frrr (T=Ther) 2 (3.39)
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For anyp Tt 3ncrease in temperature, the function increases by a factar of that is

f T+10
frur(T+10) Qo (3.40)
fRC,T (T)
The default value used here is
Q=15 (3.41)

which corresponds to a 50% increase in respiration for epemyincrease in temperature.

The more complex Arrhenius equation is sometimes used to describe this type of temperature
response. However, as discussed in Section 1.3.5 in Chapttee two approaches have virtually
identical behaviour, and there is little theoretical justification for using the Arrhenius equation to
describe the sequence of reactions involved in respiration. Th@gproach is preferred since it is
much easier tgarameterize.

3.4 lllustrations

The equations discussed above give a complete description of the rate of single leaf gross
photosynthesis and respiration in response to environmental conditions as well as leaf
photosynthetic enzyme concentration. The belvavi of the individual parameters in the leaf
photosynthetic response functioqthat is the lightsaturated rate of leaf gross photosyntheds,,

and the leaf photosynthetic efficiendy, ¢ can be explored in PlantMod, as well as the rates of leaf
gross and net photosynthesis and leaf respiration.

The rates of single leaf gross, net photosynthesis, and respiration are shown as functighef

PPF incident on the leaves) aidn Fig. 3.9 for the PlantMod default environmental conditions, and

the default Gand G species parameters (see Tables 3.1 and 3.3). These graphs have been produced
by copying directly from PlantMod. These figures display the expected characteristigafa G
species although varying the physiological and environmental parameters will generate a range of
responses.

=4 =4

lg Leaf carbon flux vs PPF lg Leaf carbon flux vs T
— 35 ~ o —
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Figure 3.9: Rates of single leaf gross photosynthesis (Pg,leaf), net photosynthesis
(Pn,leaf), and respiration (R,leaf) as functions of Ry, @nd temperature (right). The
solid lines are £and broken lines are,C Environmental and physiological parameters
are the PlantMod defaults as given in Tables 3.1, 3.3.
Note the different scales on theaxes. From PlantMod.
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The influence of G, on the rate of leaf net photosynthesi8g; , is shown in Fig. 3.10, again for the
default G and G parameter sets. In these illustrationsy is presented for ambient G@nd a 50%
increase in C&xoncentration. Some points to note are the gter response to CJor G than G,
and the increase in temperature optimum for thed€aph of0;z as a function ofY
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Figure 3.10: The rate of single leaf net photosynthesis as a function of PPF (left) and
temperature (right) for the defatilG plants (top) and £plants (bottom).
The solid lines are ambient §@80umol mol*, and the broken lines are for a
50% increase in GEB70pmol mol*. Note the different scale on theaxis for
the G temperature response. From PlantMod.

The illustrations shown here are typical of experimental observations, although it must be
emphasised that the values can vary substantially between different species and growing conditions.
The parameters in PlantMod are simple to adjust to capture the gengraracteristics of most
photosynthetic responses.

3.5 Final comments

The model of leaf photosynthesis described here incorporates the response to light (PPF),
temperature, C@and leaf photosynthetic enzyme content. A simple description of respiration is
also presented although the canopy photosynthesis model in the next Chapter includes a more
thorough treatment of respiration. The leaf photosynthesis model is designed to be simple to use,
with easily defined parameters that have clear physiological pretations. For example, the
temperature response for the lightaturated rate of leaf gross photosynthesis ) is defined in
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terms of the minimum, optimum and maximum temperatures, along with a single curvature
coefficient.

The model is ideally suitddr analysis of carbon exchange in leaves and for incorporation in canopy
photosynthesis models: canopy photosynthesis is considered in the next Chapter. Although more
complex models of leaf photosynthesis are often used, the objective here has belesddbe leaf
photosynthesis at a level that is appropriate for practical application in canopy photosynthesis
models, as easily defined and interpreted parameters, and is based at a similar level of physiological
detail as the description of respiratiorhich is considered in the next Chapter.

3.6 Variables and parameters

Table 3.1: Environmental variables.
These values are used in illustrations unless stated otherwise.

Variable Definition Units

0,0 Actual and current ambient atmospher 380 mol CQ (mol air)™*
CQ concentration

® Photosynthetic photon flux (PPF) incide 750umol photons nf s*
on the leaf.

Y Temperature 223

Table 3.2: Model variables, definitions, and units.
PPF is photosynthetic photon flyxmol m?s*. Environmental variables and
model parameters are defined in Tables 3.1 and 3.3 respectively.

Variable Definition Units
Org Leaf rate of gross photosynthesis pmol CQ (m? leaf) s".
Org Leaf rate of net photosynthesis pmol CQ (m? leaf) s~
0 Op at saturating PPF pmol CQ (m? leaf) s~
Y Leaf respiration rate pmol CQ (m? leaf) "
Y5 6 Optimum temperature fob as a °C

function ofo
Y i O Temperature at which starts to fall °C
| Leafphotosynthetic efficiency mol CQ (mol photons)

Table 3.3: Model parameters, definitions, units, and default values.
Environmental parameters and model variables are defined in Tables 3.1 and 3.2 respectiv

Parameter Definition Default value
O 0j0 y at"y ,'Q ,saturatingd G: 2.0, G 1.15
0 0 até ,"Y O G: 20; G 30pmol CQ (m?leaf) s
"Q; ReferencéQvalue for leaves G: 0.20; @ 0.15
mol protein Qmol leaf C}
RO~ Maximum™Qvalue forf)n; G: 0.30; ¢ 0.25
mol protein C (mol leaf @)
n Curvature parameter fob Y 2
Y Ypaté Y Oy G: 2; G 1.6umol CQ (m?leaf) §'
"Y Minimum temperature for G:5°C; £10°C
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Y i R Optimum temperature fod at6 G:20°C; £25°C

Y Reference temperature fas and'Yj, G:20°C; £25°C

| i | atd and 153 80 mmol C@(mol photons)'
r "Y O parameter 6 °C

r Y i parameter 10 °C

— Op; curvature parameter 0.8

_ 0j0f at’y ,’& ,¢ 6 G 15 G1.1

» Temperature parameter for the optimurr 0.02 °C
temperature for
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4 Canopy photosynthesis

4.1 Introduction

In this Chapter the instantaneous and daily rates of both canopy gross and net photosynthesis are
considered. The rate of instantaneous canopy gross photosynthesis is calculated by summing the
leaf photosynthetic rateover all leaves in the canopy. This is done by combining the treatment of
light interception and attenuation in Chapter 2 with that for leaf photosynthesis in Chapter 3, which
defines the rate of leaf gross photosynthesis as a function of photosynthietitop flux, PPFumol
photons n¥ s?) , incident on the leaves. This approach to calculating canopy photosynthesis is well
established. Early models were developed by Thornley (1976), and the basic concept has been
widely applied, with greater detail lieg incorporated into the descriptions of leaf photosynthesis

and light interception. The daily gross photosynthesis is then evaluated by summing the
instantaneous canopy gross photosynthesis throughout the day taking into account variation in
irradianceand temperature. Canopy respiration, including growth and maintenance components, is
then calculated which, combined with the canopy gross photosynthesis, gives the rate of canopy net
photosynthesis. This is then used to estimate the daily canopy grmatgh Some background to

the development of canopy photosynthesis models can be found in Joletsadn(1989), Johnsoet

al. (1995), Antenet al. (1995), Anten (1997), Cannell and Thornley (1998), Thornley and Johnson
(2000), Thornley (2002), ThornlepcaFrance (2007). The general scheme for calculating canopy
photosynthesis is illustrated in Fig. 4.1.:

Leaf gross
photosynthesis

Light interception

Canopy gross
photosynthesis

Canopy respiratio

Canopy net
photosynthesis

Figure 4.1: Schematiepresentation for calculating canopy photosynthesis. Canopy
light interception and leaf gross photosynthesis are combined to calculate canopy gross
photosynthesis. This is then combined with the growth and maintenance components

of respiration to estimate canopy net photosynthesis.
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It is well established that the leaf photosynthetic potential varies throughout the canopy due to
acclimation to the growth environment, which is the physiological adjustment of the plant to
environmental conditions (eg Kulp02). As discussed in Chapter 3, the {gfturated rate of leaf
photosynthesis is related to the leaf photosynthetic enzyme concentration. However, the
maintenance respiration rate is also related to the enzyme, or protein, concentration, since a
primary source of maintenance costs is the resynthesis of degraded proteins. It therefore follows
that for leaves in low light, an increase in leaf enzymes will result in relatively small increases in
photosynthesis, while maintenance costs may increaseifgigntly. Consequently, the observed
decline in leaf enzyme content and therefore ligiatturated rate of photosynthesis through the
depth of the canopy is a physiologically plausible acclimation strategy by the plant. Apart from
responding to the lighintensity, photosynthetic enzyme concentration also varies in relation to the
other key climatic factors of temperature and atmospheric..C8cclimation can occur over periods

of around 2 to 8 days (Thornley, 2004). This acclimatory response, whiskuss#d in Johnsast

al. (2010), will be examined here.

Since both canopy gross photosynthesis and canopy respiration depend on the distribution of
photosynthetic enzymes through the canopy, which can be directly related to leaf nitrogen content,
this dstribution is first considered, followed by the calculations of the canopy photosynthesis
components, and also canopy growth rate. All model environmental variables are listed in Table 4.1,
model variables in Table 4.2 and parameters in Table 4.3. T&fheletosynthesis variables and
parameters are given in Tables 3.2, 3.3 in the previous Chapter. Some illustrations of the behaviour
of the models are presented here, but you are encouraged to explore the models by using PlantMod.

In the following discugs2 Y2 G KS GSNY WadzoadN}XQiSQ Aa dzaSR (2
components that are available for plant structural synthesis. Carbon substrate is sugars while
nitrogen substrate is either nitrate or amino acids.

4.2 Photosynthetic enzyme distri bution through the canopy

To incorporate the decline in leaf photosynthetic potential through the canopy, CHadesrds
(1981, p. 70) assumed that the rate of leaf gross photosynthesis at saturating PiRFegn (3.5), is
proportional to the growth PF, so that

P,=PR,0€“ (4.2)
where 0  is the value at the top of the canop§t( m). This approach has been widely used (eg
Thornley, 2004), and is simple to implement.

Since it is assumed that is proportional to the photosynthetic enzyme concentration, eqns (3.17)
and (3.18), using eg@.1) for 0 implies that

- -kl
where™;  "QJb Tt is the value ofQfor leaves in full sunlight at the top of the canopy. Note
that in Chapter 2 thé response toQwas assumed to have a maximum valuéGt "G; . For

simplicity, this is noincluded in the present discussion, although it will included in the full analysis of
canopy photosynthesis that follows.

Equation(4.2) can be generalized as

fo (€) =(fp,0 _fp,b)e- K fiop 4.3
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where (), is a basal enzyme concentration that is not involved in photosynthesis. Vihen 1t

this is identical to eqi4.2). Note that eqn(4.3) is often written in terms of leaf nitrogen rather than
enzyme ¢ the latter is used here for convenience to allow plant material to comprise the
components of cell wall, prote and substrate that were discussed in Section 1.4 in Chapter 1.

Equations of the form of4.2) or (4.3) have been derived by several authors. For example, Sands
(1995) and Anteret al. (1995) separately showed that for a given amount of photosynthetic
enzymes (or N), then the rate of canopy photosynthesis isimmagd when eqn(4.3) applies.
Thornley (2004) has derived ed#.2) from a simple model of leaf photosynthetic acclimation to
light that incorporates the synthesis and degradation of the photosynthetic enzyme. It should be

Yy20SR GKIFG ¢K2NYytSeQa Y2RSt I aadzy Sphotasyatretic NaA @ y (1 K S 2

is proportional to PPF and if this is relaxed then other relationships for enzyme distribution will be
derived. The approach of eqi.1) and (4.2) has been widely applied in canopy photosynthesis
models: see, for example, Anten al. (1995), Johnsoet al. (1995), Kull and Jarvis (1995), Dewar
(1996) (@& Pury and Farquhar (1997), Anten (1997), Thornley and Johnson (2000) and, for more
discussion and references, see Thornley and France (2007).

In spite of the appeal of either edd.2) or (4.3), plant enzyme distribution rarely follows this pattern

of exponential decline. Indeed, in an excellent review of thgesitpKull (2002) makes the point
that the nitrogen gradient through the canopy is never proportional to the light gradient. Rather,
the distribution is fairly linear in the upper canopy and then curves at depth through the canopy.
Examples of such obsations can be found in Yiat al. (2003). Kull (2002) further argues
optimization models that lead to eq.2) or (4.3) fail to treat acclimation as a whole plant
phenomenon.

All of the optimization approaches are derived from light interception and attenuation models that
treat the light in the canopy as homgeneous rather than incorporating the direct and diffuse
components (see Section 2.6 in Chapter 2). However, as discussed by Jethalgd®95), de Pury

and Farguhar (1997), and others, the role of direct and diffuse PPF indicates that leaves within the
canopy may experience intensities of PPF that are greater than the mean at that intensity. For
example, at a depth equivalent to an LAI of 1 with the extinction coefficient equal to 0.5 and 70% of
the PPF in the direct beam, approximately 80% of thedsawill be in direct sunlight and their
incident PFD will have only fallen by 12%. However, according tetdyr) would decline by 40%
which seems exassive. This was highlighted by ¥iral (2003) in their discussion of experimental
observations of nitrogen distribution through canopies. There are other possible limitations to the
optimization schemes mentioned here and these are considered inoBet® below.

In order to capture the general pattern of enzyme distribution through canopies,(€8hcan be
generalized as

fo(0)=fo0 {Foo t|o,b)(1 e_'k[)gp @.4)

wherefl T is an empirical coefficient. With 1 eqn (4.4) simplifies to a constant enzyme
distribution defined by"QG;, with [ p it becomes eqn(4.3), and whenf p, & T it
becomes eqr{4.2). In the present analysis, the starting vali®s 1@ V'Q; T8t Yl o are
used, althoud variation in'(y; andl is considered later. Equatidd.4) is illustrated in Fig. 4.2, and
is a versatile equation for describing the possible enzgedine through the canopy. It should be
noted that although eqr(4.4) is defined in terms of cumulative LAKthis is really a surrogate for

PlantMod: canopy potosynthesis 68



the PPF witn the canopy relative to that at the top as given by eqgn (2.7) in Chapter 2, so that the
enzyme distribution is responding to variation in light within the canopy.

o 0.35 -
§ 030
S 0.25 -
g
& 0.20 - —10
c
[ 0.15 - —5
o
5 0.10 - 3
2 0.05 - —1
+20.00 : : : : .

0 1 2 3 4 5

Leaf area index}

Figure 4.2: Decline in photosynthetic enzyme concentration through the depth of the
canqy as defined by eqf#.4). The extinction coefficient i® 0.5, and values fot¥,
and"Q; .are 25 and 0.05 mol protein C (mol leaf @spectively.
Values fof (0.5, 1, 2,3) are indicated in the figure.

The mean enzyme concentration in the canopy is

(L) =% £, (¢)de (45)
(

S8

which can be integrated analytically with e@h4), provided’ is a rational number (that ishe
ratio of two integers). However, it is straightforward to solve numerically.

?p(L)=[é'l fp(gi) D (4.6)
i=1
where
6=(4) O3 (2=1). i lor @.7)
and
L
n—a (4.8)

According to this scheme, the canopy is divided into layers of defind™Q 0 is evaluagd at the
mid-point of each layer and the total enzyme content of the layer is this value multiplied by the layer
depth. This is a common scheme for numerical integration and, while more elaborate numerical
techniques can be applied, it works well for fhieesent purposes. The value

Dl 9.1 4.9)

is used throughout and is restrcted to intervals of 0.1 (which could be relaxed).
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4.3 Instantaneous canopy gross photosynthesis

The rate of instantaneous canopy gross photosynthésismol CQ (m? ground) &, is calculated by
summing the leaf photosynthetic rate over all leaves in the canopy, and is given by

L
Py = f.q( 1)ar (4.10)
0

where 0z mol CQ (m? leaf) &', is the rate of leaf gross photosynthesis (Chapter 3) and
"® mol photons(m? leaf)* s?, is the photosynthetic photon flux (PPF) incident on the leaf (Chapter
2),0 (m?leaf) (m? ground) is the total canopy leaf area index, did a dummy variable defining the
cumulative leaf area index through the depth of the canopy. All model variables are presented in
Table 4.2 and parameters in Table 4.3.

Separating the leavés direct and diffuse PPF, e(#h10) can be written

Ly Ly
Py = fR.g( Ls)dls + AH( 100 g 4.12)
0 0

which, using eqns (2.17) and ( 2.18)/ibland/b, becomes

L

L
Py =P ( 1) €Mdr + j'd)(l e“)df (4.12)
0

0

Equation(4.12) is the key equation for calculating the rate of canopy gross photosynthesis which,
combined with the previous theory, incorporates the effects of PPF, temperature, leaf nitrogen,
atmospheric C@concentration and total leaf area index.

The integrals in @n (4.12) have been solved analytically (Thornley, 2002), when (@dt) applies,
although the analysis is quite complex. However, for the present analysis, since the more general
equation given by(4.4) is being usedhere, eqgn (4.12) is solved numerically. This is quite
straightforward to compute and, analogous to the calculatioribf) in the previous sectiorn) is
evaluated as

1=n

R=8 o[ 1) (1 gt &) B 419
i=1

where the summation scheme in eq(#%7) and (4.9) again applies.

0, as given by eqr4.13), is illustrated in response to PPF incident on the candpy,and
temperature,”Y in Fig. 4.3 for a;@anopy with the default climate values as defined in Table 4.3,
leaf photosynthetic parameter values (see Chapter 3, Table 3.3), default canopy extinction
coefficient’Q 1@ (Table 4.2), and with 2 and 4. These graphs have been produced by copying
directly from PlantMod. It can be seen that increases in respae to0 as expected.0 can be
explored in further detail in PlantMod.
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Figure 4.3: Instantaneous canopy gross photosynth@sis) response to PPF (left) and
temperature (right). The solid lines die ¢ and the broken lines aré  T.
Note thedifferent scales on the vertical axes. Default values are used for all other
parameters (Tables 4.1, 4.3; Table 3.3, Chapter 3). From PlantMod.

4.4 Daily canopy gross photosynthesis

The daily canopy gross photosynthesis, mol CQ (m? ground) d is given by the integral af
throughout the day:

t
Pyaay =107 fRt (4.19
0
where 0is time (s),T (s) is the daylight period in seconds and the fagtam converts from' mol

CQ to mol CQ. This equation can be applied with any daily distribution of PPF and temperature.
For constant PPFD), and temperature;Y it is

Pyaay =107 Ry( b, T) (4.19)
whereas, ifOand”YWary, it is evaluated as
6i.=.n
Pycay =108 Pygb(t).T(t) @ (4.16)
i=1
where3-0is a small timestep,
t=( 4) tD% (2=1)2, i 1tome 4.17)
and
- (4.18)

Dt

Essentially, this scheme sumsas evaluated at regular intervals throughout the dahe @curacy

of the numerical scheme will increase as the time st {ets smaller, or the number of time steps

(€) gets larger, although the computation will take longer. However, continuing to decsedse

very small values can cause numerical errors to increase and the scheme actually becomes less
accurate. A generatrategy is to start with a relatively small value §oand with3-0calculated from
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eqn (4.18), gradually increasé until the estimate of0 ;  in eqn (4.16) is reached. In PlantMod
the mean daytime PPF and temperature values are used.

4.5 Canopy structure and carbon partitioning

In order to calculateeanopy net photosynthesis, it is hecessary to evaluate canopy respiration. This,
in turn, requires values for leaf area index as a function of plant mass and the carbon allocation
between the shoot and root.

Defining the shoot mass as mol C (nif ground) it follows that
L=s rV—V (4.19
/4

where,, , n? leaf (kg leaf d.wij is thespecific leaf ared is the leaf fraction of the shoot d.wt., and

“ converts from d.wt to mole units and is taken to be 37 mol C (kg dwutjch corresponds to 45%
plant carbon content(see Section 1.4 in Chapter 1). Whiteuld be defined with m& units and
the need for thel coefficient avoided, d.wt. units are used to be consistent with the common
definition of specific leaf area.

It is also observed that and” generally decline as the @€oncentration increases, corresponding

to thicker leaves and a smaller leaf fraction in the shoot. It should be noted that there is some
variation in these responses, and a discussion can be found, for example, in Pritchard and Amthor
(2005). It is therefore assumed that

s=—2amb_ gng p=_lamb_ (4.20)
fc(C) fc(C)
where™Q 6 is the CQresponse function as defined in Section 3.2.2 in Chapter 3 and in more detail
in Section 1.3.4 in Chapter 1.  and” are the values of and” at ambient CQ The square

root term is introduced to moderate the response. For exampldy Wit parameter values in Table

3.3 in Chapter 3pj "Q 6 takes the values 0.87 and 0.82 at 50% increase and doubling ,0of CO
respectively. These values are consistent with general observations in the litecatorea further
discussion of these resporsesee Hikosaket al. (2005). Equatiofd.19) now becomes

Samb ‘amb V_V

ERACHY

4.21

and this is the equation that is used to relate leaf area index and plant mass. The default values for
. and ” are taken to be 15 mleaf (kg d.wt) and 0.7 kg leaf d.wt (kg shoot d.ut)
respectively.

The carbon partitioned to the root is also required for the analysis that follows. There has been
much work done in relation to shoot:root partitioning, from the transpogsistance model of
Thornley (1972) to simpler schemes based on the functional hypotheses of White (1937), Brouwer
(1962) and Davidson (1969) that assume that the carbon allocation between the shoot and root is
such that the acquisition of resources from those organs is in some dbraquilibrium. There is
considerable variation in the observed carbon allocation between the shoot and root as CO
increases, although the general trend is for a shift towards root growth (Regets 1996), which is
consistent with the functional hypothesis. We therefore adopt the same approach asafwt” , by
assuming that the fraction of gross photosynthesis that is allocated for shoot procesges,
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h = —2mb (4.22)
fc(C)
which again incorporates a moderate decline-ias CQincreases. The default value TIBOIS

used. Although, a range of factors will influence shoot:root partitioning, (@f®) allows for the
influence of atmospheric G@rhich will be relativelytable as the plant grows.

While this treatment of specific leaf area, and leaf fraction’ , and carbon partitioning to the root,

—, gives a relatively simple description of the likely response to atmosphegicd@@entration, it

must be remembered Hat, in practice, these quantities respond to internal plant variables,
particularly carbohydrate and possibly substrate nitrogen (nitrate or amino acids). There are other
observed responses, such as thinner leaves at higher temperatures, lower lightgied nitrogen
nutrition. However, while these factors are likely to vary during plant growth, the ambientlO
remain relatively stable. Thus, shdéerm variation in,,, ” and — should be captured through the

parameters, , and—

4.6 Daily canopy respiration rate

It is now necessary to calculate the daily respiration rate. Respiration, excluding photorespiration
(which is incorporated directly into the calculation of gross photosynthesis, as discussed in Chapter
3) iscalculated using the McCree (1970) approach, that has been further developed by Thornley
(1970), Johnson (1990), and is widely used. This identifies the growth and maintenance components
of respiration. These components are helpful in understanding #spiratory demand by the
plants, although the actual underlying respiratory process whereby ATP is produced from sugars
with a respiratory efflux of Ceqn (3.2) in Chapter 3) is common to both growth and maintenance
respiration. Growth respiration ishé respiration associated with the synthesis of new plant
material, while maintenance is the respiration required primarily to provide energy for the re
synthesis of degraded proteins. Consequently, growth respiration is related to the growth rate of
the plant, or daily carbon assimilation, whereas maintenance respiration is proportional to the plant
dry weight or, more specifically, the actual protein content which may vary in response to plant
nutrient status, particularly nitrogen. For a background this treatment of respiration, see
Johnson (1990) or Thornley and Johnson (2000). One point to note here is that canopy respiration is
not solely the sum of all the leaf respiration since growth respiration occurs in meristems which may
not be included ifmeasurements of respiration if only a section of a mature leaf is used in the
experiment.

In its standard form, the McCrekhornley equation can be written:

al-Y 6w
Rjay=€e7 Ur mw (4.23)

where'Y  (mol C nf d?) is the daily dark respiration ratéy (mol C nf) is plant mass as discussed
in the previous sectionfwj Ad (mol C nf d?) is the growth rate which is discussed lateb,
(dimensionless) is the growth efficiency, so that for 1 mole of C utilized for growth, there are
moles of structural C produced ang ¢ respired (see below), and (d") is the maintenance
coefficient, with naintenance costs being a fractidn of plant mass. Variables and parameters are
defined in Tables 4.2 and 4.3. The terms on the #giridside of eqn(4.23) are the growth and
maintenance components of respiration respectively, denotetvy and’Y j , so that

I%jay = I%g,day +Rn day (4-24)
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These components are now considered in turn.

4.6.1 Growth respiration

According to the definition of the growth efficiena&y one unit of substrate that is utilised for
growth results ind units of plant structural material ando @ units of respiration. Thus, for 1
unit of growth, this can be represented by the scheme in Fig. 4.4:

1mol structural C

%mol substrate C

[Tj mol respiration C

Figure 4.4: Schematic representation of growth respiration.
Hence, in terms of the growth rate, where now the structural C producelvig Ao, the growth
respiration is

_&l-Y 6w

Ry day “Ey vy (4.25)

which is the first term in eqif4.23). The respirairy costs for cell wall and protein synthesis are
different, with the costs of the more complex protein molecules being greatedetailed discussion

can be found in Thornley and Johnson (2000). The plant composition components discussed in
Section 1.4n Chapter 1, are used, so that the plant structure comprises cell wall, protein and sugars,
with molar concentration&Q, "Qand " Qrespectively, and where

£+ 4, E (4.26)

w p

It is readily shown that, if the growth efficiencies for cell wall and proteiniateandd , then these
are related to the overall growth efficienay, by

al-Y gal1-Y, gv ai-y, o
e— de——- & -%— (4.27)
¢CY ¢ % + &Y 8]
from which
Y= (4.28)

- Ggron

1
a1-v, ¢ ai-y
1+ w 8/\/ p
T By

This allows for the direct influence of plant structure on the overall growth efficiency directly. The
modeldefaults are:

Y, =0.9; Y, .55 (4.29)
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so that, for example, with 20% sugars, 25% protein and 55% cell wall (on a moleasisly p
whereas, if the protein content is reduced to 20% and the cell wall increased to 60%, this becomes
@ T& o Values fotothat are observed experimentally agenerally in the range 0.75 to 0.85. For
more discussion, see Johnson (1990), Thornley and Johnson (2000), Thornley and France (2007).

4.6.2 Maintenance respiration

Maintenance respiration is generally regarded to be related to the plant live dry weighteamin
(4.23). However, maintenance respiration is primarily related to the resynthesis of degraded
proteins. There are other maintenance costs, such as tieegy required for phloem loading, but
these are not considered explicitly, so that it is assumed that the enzyme concentration is an
indicator of overall maintenance costs. In addition, as a rate process, it is strongly temperature
dependent. Incorporang these features, the maintenance respiration is assumed to be given by

fp
I %,day = Mgt fm(T) W (4.30)
p,ref

where"Q “Y is a maintenance temperature response function which takes the value unity at the
reference temperaturéY , ¢ (mol C nf) is shoot mass which is relatediidy eqn(4.21), "Qis the
mean canopy protein concentration as given by é41B) or (4.6), and"Q;, is the reference protein
composition, and& (dh) is the maintenance coefficient at the reference temperature and
enzyme content, with default value

Mg =0.03d! (4.32)

The maintenance coefficient in e@h.23) is now

f
m=mg; f,(T) > (4.32)

1:p,ref

The maintenance temperature response functiéf, “Y, is defined to take the value unity at the
reference temperaturéyY , so that

fm(T =T

ref

) 4 (4.33)

Common equations that are used for the temperature response function are either the Arrhenius

equation or simplel . These can be shown to give virtually identical behaviour (as discussed in

Section 1.3.5 in Chapter 1) and so the latter is used as it is simpler to work with. According to the
0 approach, the temperature function is defined by

fn(T)= Q{(T)'T'Ef )0 (4.34)

which is unity af'Y “Y , and so satisfies egf.33). More detail can be found in Section 1.3.5,
Chapter 1. Note that different day and night temperatures are required to calcifatéy and,
denoting these with obvious subscripts,

1:m (T) = 1:m (Tday) fd "'fm(Tnight)(l JF.d) (4.35)

where™Q is the daytime fraction of the 24 hour period. For maliscussion about calculating the
daylength, see Section 2.7 in Chapter 2. For variable temperature distributions throughout the day
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and night, a scheme similar to eq4.16) to (4.18) could be used, although there is very little
penalty to using mean temperature values.

Using eqn(4.21), eqn(4.30) can now be written
L f,

Samb Iémb fp ref

I%n,day = mref fm(T) (4.36)

which completely defines the canopy maintenance respiration rate, as a functinnmfesponse to
temperature, ambient C§& canopy structure, and enzyme distribution through the canopy.
According to this equation, wheX s related to leaf area indeX, it increases in response o
through the function'Qd . However, it shoulthe noted that this is due to the influence of ambient
CQ on the relationship between andw due to the effect on the specific leaf area and proportion

of carbon allocated directly to leaves. There will also be a response to the plant enzyme
concentrdion and, as will be seen below, this may decline in responge t&urthermore, a decline

in the enzyme concentration will result in a decline in the maintenance coeffidient) eqn(4.32).

4.7 Dalily growth rate and net canopy photosynthesis

The final part of the analysis is to calculate the daily net and gross canopy photosynthesis rates, and
the daily growth rate. The approach here allows for carbon bpartjtioned to the root but then
focuses on the shoot which is consistent with most practical applications. Consequently, the
estimates of canopy net photosynthesis and growth rate will be for the shoot, after allowing for
carbon to be partitioned to theoot.

Daily shoot net canopy photosynthesis is

Prday = Fyday ~Riay (4.37)

and the shoogrowth rate is

dw
= Pasey Ry (4.38)

where 0 j  is given by eqr{4.15) or (4.16), — by eqn(4.22), and the growth and maintenance
components ofY  as defined above. Combining e@i38) with (4.24) and (4.25) leads to

Riay=(1 V) Rgay ¥Riaay (4.39)

which can be used in eqi$$.37) and (4.38) to calculated ; andAmj Ad. Note thathw j Adis also
readily derived as

dW:P

F n,day -R

g,day(l h) (4.40)

which is consistent with the definitions of the growth rate and aad gross photosynthetic rategs
that is, the growth rate is the daily net shoot carbon assimilation less the carbon partitioned to the
roots.

This completely defines the shoot growth rate, net and gross canopy photosynthetic rates, along
with the growthand maintenance respiration rates
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Two derived variables of interest are tiearbon use efficiencgnd the canopy quantum yield The
carbon use efficiency is defined as the ratio of the shoot photosynthesis to the rate of gross
photosynthesis, so that

P
CUE= M (4.42)
g.day

Thecanopy quantum yields the ratio of moles of carbon fixed per moles of photons per unit ground
area absorbed by the canopy, and is defined by

P
CQY=— " (4.42)
I:)p%ay,abs
where0 0 "Oy , mol photons nif day” is the total PPF for the day that is absorbed by the canopy.

Again, it must be emphasized that0d @s defined here relates the net carbon fixey the shootc
that is total carbon fixed minus the shoot respiratigto the daily PPF.

The model behaviour is illustrated in Fig. 4.5, which shdwg A0 ,05 ,'Y 'Yy

Y 5 as functions of PPF and temperatufer the default environmental and physiological
parameters (Tables 4.1, 4.3, Table 3.3, Chapter 3). The mean temperature is defined as the mean of
the day and night temperatures, and the difference in day and night temperatures is 10°C for the
illustration. These responses are entirely consistent with general observations and demonstrate that
the model has the expected behaviour.

Daily carbon flux vs PPF Daily carbon flux vs T
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Figure 45:A0j A0, 0 .07 ,Y ,Ys ,Y forthe default environmental
and physiological parameters (Tables 4.2, 4.3; Table 3.3 in Chapter 3).
Left: PPF response. Right response to the average of the day and night temperature.
Note the different vertical scales for the graphs. From PlamtMo

4.8 Optimized plant enzyme content

The analysis presented so far defines daily growth rate as well as photosynthesis and respiration
components in response to plant and canopy characteristics, the environmental conditions, and also
enzyme distribution throgh the canopy as given by eqgd.4), which relates the enzyme
concentration to the value at the top of the canopg; , and light attenuation through theamopy.

Just as the enzyme concentration within the canopy will depend on irradiance, s@;wilEnzyme
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concentration and distribution will also vary in response to other factors such as temperature, as is
explored later.

Optimum, or goakeeking tetonomic models, have considerable appeal in the plant sciences. They
allow exploration of possible optimum system characteristics in response to a wide variety of
environmental conditions. Teleonomic models in biology have been discussed at length bg Mon
(1972). An example of teleonomic modelling is the partitioning of growth between shoots and roots.
As discussed earlier, the functional hypothesis that defines partitioning in relation to resource
acquisition, can be viewed as gealeking, and Johneaand Thornley (1987) developed this concept

to describe partitioning in such a way as to maximize the specific growth rate. Sands (1995) and
Antenet al. (1995) have derived exponential patterns of nitrogen distribution through the canopy by
optimizing he distribution of a given amount of nitrogen for canopies growing in homogeneous light
conditions.

While goal seeking models are attractive, they must be applied with caution. Any such model is
subject to the actual goal that may be defined. For exampdimum shoot:root partitioning under

good growth conditions may result in plants that have shallow root systems that are less resilient to
RNE LISNA2R& GKIFIYy RSSLISNI NR2GAy3 aLlsSOASa GKIFG Y
for nitrogen, orenzyme, distribution through the canopy, the underlying assumptions in the model,

as well as the choice of optimum behaviour, will influence the outcome.

Clearly, plant canopies do not always necessarily behave in an optimum manner. The definition of
optimum behaviour is unlikely to account for all acclimatory requirements and is subject to the
limitations of the model. Also, it may be possible to define different equally plausible optimization
criteria. Nevertheless, there is value in exploring pdssiptimum enzyme distributions since it
allows comparison across different environments and plant types. For example, if the optimum
enzyme concentration or distribution differs in different growth conditions this may point to a
general trend, such aswered enzyme concentration in elevated £ébnditions. Once these
optimum responses have been considered we can investigate variation witogtonum growth.

The optimization criterion applied here is simply to maximize the daily net photosynthesis, eq
(4.37), for specified growth conditions by varying both the absolute amount and distribution of
enzymes through the canopy. This accounts for the effectsboth carbon assimilation and
respiratory losses from increasing the enzymes. This differs from other approaches where it is
generally assumed either that there is a fixed total canopy enzyme (or N) amount, or that the value
at the top of the canopy isrpscribed and the subsequent decay is estimated. By looking at both the
amount and distribution, it is possible to examine acclimatory responses to factors such as elevated
CQ. It should be noted that Dewar (1996) calculated the optimum N concentratitre canopy by
balancing photosynthesis and respiration, and this analysis gave insight into the notion that net
LINAR Yl NBE LINBPRdAzOGAZ2Y A& 2F0SY LINPLERNIAZ2YI G2 G2
include several simplifications in the degtion of canopy photosynthesis and also used the
exponential distribution of N through the canopy, similar to €4ri), which, as discussed earlier,
does notagree with general observations.

The parameters to be varied are the enzyme concentration at the top of the caf@pyand the
coefficientf in eqn(4.4). Recall that p corresponds to simple exponential decline. The basal
enzyme concentration’(; , is kept fixed at the value 0.05 mol protein C (mat. CThe optimum
parameters are calculated using a simple search procedure.
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The optimum emyme distribution through the canopyf, is shown in Fig. 4.6 for the default
environment and parameters (Tables 4.1, 4.3; Table 3.3, Chapter 3), bui withto highlight the
likely variation ifQ The derived values fa@; and/ are:

fp.0 =29.8 mol protein C (mol leaf ¢)and g,=5.18 (4.43

It can be seen thatQis fairly uniform with a slight decline near the top of the canopy, but with a
greater decline as the depth through the canopy increases (as indicated by increasing LAI). This
general response is quite typical of general observatighdl, 2002). Further examples of possible
distributions for'Qare considered below.
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Figure 4.6: Enzyme distribution through the canopy that optimizes daily net
photosynthesis. The derived parameters are shown in(éa8). Default values are
used for all other parameters (Tables 4.1, 4.3; Table 3.3, Chapter 3). From PlantMod.

The illustration in Fig. 4.6 is for plants growing in a PPB o750 pmol photons nf s?, which is

fairly representative of daily average values for temperate pastures and crops. However, the light
environment is subject to considerable variation and the corresponding optimielistributions

are shown in Fig. 4.7 f8® 500 and 100@umol photons nf s* and it can be seen that the response

is quite substantial, with the overall mean enzyme concentration being 17.3 andr26.grotein C

(mol C). Although the optimizeQ can be seen to be quite variable in relation to the growth PPF
environment, in practice this has much less influence on photosynthesis, as apparent in Fig. 4.7
where the daily gross and net photosynthesis raies, and0 j , are shown alog with the

daily respiration rateY . The effect of increasinif is to increase botth ; and'Y
particularly at highQ. The effect o) ; s relatively small at low values @ although the
advantage of the greatéf) is apparent at higiQ. This relative lack of sensitivity 1@ may help
explain the wide range of2values and distributions that are reported in the literature. However,
while the response ob ;; to variation in"Q may be relativel modest,’Qis a direct reflection of
pasture quality, and may also be an indicator of likely grain yield in crops.
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Protein vs leaf area index Daily carbon flux vs PPF
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Figure 4.7: Enzyme distribution through the canopy (left) that optimizes daily net
photosynthesis, for plants growing in 500 (solid line) or 1,000 (dashed.lima)
photons n¥ s, This can be compared with Fig. 4.6 where the growth PPF jg7&0
photons m?s®. Thecorresponding) ; ,0; andY are also shown (right).
Default values are used for all other parameters (Tables 4.1, 4.3; Table 3.3, Chapter 3).

Turning to the effect of temperature and atmospheric C®ig. 4.8 shows the optimurfQ
distributions for the default environmental and physiological parameters, and either double ambient
CQ or the day and night temperatures increased or decreased by 5°C from the default values of 22
and 12°C respectivelylt can be seen that there is virtually no response tg,.C@lthough slight
reductions in nitrogen (and therefor€) as C@increases are reported in the literature, these may

well be due to a dilution effect due to elevated sugars (Pritchard and Am#@@)5), or variation in
plant nitrate.
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Figure 4.8: Enzyme distribution through the canopy that optimizes daily net
photosynthesis. Left: ambient (solid line) and double (dashed line) atmospheric CO
Right: day/night temperatures 17/7°C (solitel) and 27/17°C (dashed line). Default

values are used for all other parameters (Tables 4.1, 4.3; Table 3.3, Chapter 3).
From PlantMod.

These illustrations suggest that the main factors affecting both the overall amount and actual
distribution throughthe canopy of photosynthetic enzymes are the PPF and temperature.
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Before proceeding, consider the exponential type decline as in(€8h which is equivalet to the
general form fofQbeing used here, eq.4), but with the curvature coefficierit  p. In Fig. 4.9

the optimized'Q distribution as well ashe daily gross and net photosynthesis ratés;  and

0y , and the daily respiration ratdy  are shown for eqr(4.4), so that both'Q; andf are
optimized, and the exponential distribution, which is e@h3) with [ p so that only™Q; is
optimized. It can be seen that tH& distribution is quite different, while the respiration terms
deviate as the PPF increases. The differende jn at high PPF is because the photosynthetic
capacity of leaves near the top of the canopy is reduced quite substantially with the ex@bnen
distribution, even though they are at PPFs that could benefit from gré&erThe total canopy
enzyme concentration in these two optimized distributions is different, being 29% for the full model
and 22% for the exponential model, so that the amption of exponential distribution of enzymes
may result in lower estimations of total plant protein which could have significant implications in
other calculations such as pasture quality.
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Figure 4.9: OptimurfQdistribution through the canopy (left) and growth rate as a
function of PPF (right) for ambient €QOT'he solid lines correspond to the enzyme
distribution through the canopy described by e@™) with both"; andf being
varied while the broken line is for the exponential distribution, corresponding to
egn(4.3), in which casg p, and only'Q; is adjusted. Default values are used for all
other parameters (Tables 4.1, 4.3; Table 3.3, Chapter 3). From PlantMod.

The enzyme distribution given by eh4) is implemented in PlantMod, although the option to use
the exponential decline is also available on the interface. The default parameter values are

f,0 =30 mol protein C (mol leaf €)and g, =5 (4.44)

which are virtually identical to the optimized valuesigted in the above example. However, it must
be noted that different optimized values will be derived for variation in either the environmental or
physiological parameters. This is considered further in the illustrations below.

4.9 Non-optimum plant enzyme d istribution

Since it is by no means certain that plants will acclimate in an optimized fashion, it is instructive to
look at the model variation under different enzyme concentratons and distributions. In Fig. 4.10 the
"Q distribution through the canopyand PPF response for the canopy daily gross and net
photosynthesisp ; and0 ; , and the daily respiration ratdY  are shown with the default
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parameters (Tables 4.1, 4.3), and 0 reduced from 30 to 25 mol protein C (mol l&@y". It can

be seen that a substantial reduction @ results in a modest change to; . While reducingQ

does cause) ; to fall, it also results in a reduction in maintenance respiration, and so the
influence ond ;  is moderated. This suggests that net carbon assimilation is relatively insensitive
to variation over a fairly wide range of enzyme contents.
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Figure 4.10: Photosynthetic enzyme distribution through the cangpyleft) for the
default parameter glues (Tables 4.1, 4.3; Table 3.3, Chapter 3), solid linéQand
reduced from 30 to 25 mol protein C (mol leaf@ashed line. The graph on the right
shows the corresponding daily net (red) and gross (green) photosynthetic rates.

From PlantMod.

4.10 Further illustrations

The PlantMod program allows you to explore a wide range of canopy photosynthesis responses in
relation to plant physiological characteristics and environmental conditions, and it is not possible to
cover all of these here. Some sintidas have been discussed above, particularly the general model
behaviour and also the acclimation of photosynthetic enzymes through the depth of the canopy in
response to environmental conditions. It is instructive to look at a few further exampletheda
examples, all model environmental and physiological parameters take the default values (Tables 4.1,
4.3; Table 3.3, Chapter 3) unless indicated otherwise. As for Fig. 4.5, the mean temperature is
defined as the mean of the day and night temperatjrand the difference in day and night
temperatures is 10°C for the illustrations.

4.10.1 General model behaviour

The daily carbon balance was shown in Fig. 4.5 above as a function of PPF and temperature for the
default model parameters. The corresponding grapesunctions of atmospheric G@, and leaf

area index, are illustrated in Fig. 4.11. These graphs show the expected behaviour. In particular,
note that both0d ;  andAc j Adreach a maximum at arouridl v, although there is little decline

for greater values db.
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Figure 4.11A0j A5 0 .05 .Y Yy .Y forthe default environmental
and physiological parameters. Left: 8€sponse. Right LAl response.
Note the different vertical scales fordhgraphs.

The carbon use efficiency) "Y@qn (4.41), and canopy quantum vyield) O deqn (4.42), are
illustrated in Figs 4.12 and 4.13 as functions of PPF and temperature. Mean temperature denotes
the average of day and night temperature with a 10°C difference. These curves are congitste
general observations reported in the literature.
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Figure 4.12:6 “Y'@®r the default environmental and physiological parameters. Left:
PPF response. Right temperature response. Mean temperature denotes the average of
day and night temperature with a 10°C difference. From PlantMod.
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Figure 4.13:6 0 dor the default environmental and physiological parameters. Left:

PPF response. Right temperature response. Mean temperature denotes the average of

day and night temperature with a 10°C difference. From PlantMod.

Theé "Y@ndd 0 a@re also illustrated as fictions of6 in Fig. 4.14 where it can be seen that both of
these quantities approach asymptotic values at highNote that the maximum value the 0 @an

reach is the leaf photosynthetic efficien¢y,egn (3.4) in Chapter 3. This occurs at low Pikes

when all of the leaves are on the initial part of the PPF response curve, as illustrated in Fig. 3.3 in

Chapter 3.
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Figure 4.14:6 "Y'Qeft) andd O @ight) in response to atmospheric €&ncentration

for the default environmental and pisjological parameters. From PlantMod.

The maintenance coefficienfy eqn (4.32), is shown in response to temperature in Fig. 4.15, which
Note thalt ranges from around 2 to 3% at typical
temperatures, which is consistent with general observations.

demonstrates the exected response.
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Figure 4.15: Maintenance coefficiedt, eqn(4.32), in response to temperature for the
default environmental and physiological parameters. Mean temperature denotes the
average of day and night temperature with a 10°C difference.

The growth efficiencyip (4.28), is not illustrated graphically since it depends only on the prescribed
plant composition. For the default simulation its value is

Y =76.2% (4.45)

although this will vary in response to the enzyme contéat,

4.10.2 G, canopies

So far the ilistrations have focused oG; canopiesc G, canopies are now briefly considered. The
optimum enzyme distribution for the default;@nd G canopies, is illustrated in Fig. 4.16, but with
the day and night temperatures increased for thgd@nopy by 5°C ém 22/12°C to 27/17°C to
reflect the generally higher temperatures that suif @lants. It can be seen that the optimum
enzyme distribution for £species is considerably lower than fog, @vhich is consistent with
generally lower nitrogen contents in, @lants, which is reflected in their lower digestibility (eg
Lazenby, 1988).

Protein vs leaf area index

10

Protein, % mol C /mol C

O 1 1 1 1 1 1 1 1 1 ]
0.0 1.0 2.0 3.0 4.0 5.0
Leaf area index

Figure 4.16: Optimum enzyme distribution through the candwgqgn (4.4), for the G
(solid line) and gXdashed line) canopies. Default values are used for all parameters
(Tables 4.1, 4.3; Table 3.3, Chapter 3), with the exception of the day and night
temperatures for the gcanopy which are both increased by 5°C. From Madt
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The canopy daily gross and net photosynthesig, and0 j , and the daily respiration rate,
'Y , are presented in Fig. 4.17 as functions of PPF and temperature. These responses are as
expected with the ¢canopies having greateates of carbon assimilation.

Daily carbon flux vs PPF Daily carbon flux vs T
45 -
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Figure 4.17:0 ; ,0 andY as functions of PPF (left) and temperature (right)
for the defaultG (solid linesand C, (broken lines). Default values are used for all
parameters (Tables 4.1, 4.3able 3.3, Chapter 3), with the exception of the day/night
temperatures for the gcanopy, which are increased by 5°C to 27/22°C.

From PlantMod.

4.11 Final comments

The theory presented in this Chapter has combined the treatment of light attenuation and
interception in Chapter 2 and that for leaf photosynthesis in Chapter 3 to produce a versatile model
of canopy photosynthesis that includes instantaneous and daily descriptions of canopy
photosynthesis. Gross photosynthesis, net photosynthesis and réspiae considered as well as

the growth and maintenance components of respiration and the derived quantities of carbon use
efficiency and canopy quantum yield. The distribution of photosynthetic enzymes through the
canopy has been considered and thimdae seen to be important in the description of canopy
photosynthesis through its influence on photosynthesis and respiration. The optimum distribution
of photosynthetic enzymes has also been describecan@ G canopies are included.

The model is struared in terms of parameters that have simple physiological interpretations and it
is quite straightforward to define different characteristics such as cool or warm temperature species.
PlantMod allows for an extensive exploration of the model and a largaber of simulations can be
explored.
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4.12 Variables and parameters

Table 4.1: Environmental variables.
These values are used in illustrations unless stated otherwise.

Variable Definition Units

0,0 Actual and current ambient atmospher 380 mol CQ (mol air)™
CQ concentration

Q Direct solar fraction of PPF 0.7

0 Photosynthetic photon flux, PPF 750pumol photons nf s*

Y Temperature 223

Y, Y Day and night temperature 22,13

t Daylength p T o ¢ 18€CS (14 hours)

Table 4.2: Model variables, definitions, and units. PPF is photon flux dqalnslau'Ib/m'2 st
Environmental parameters and model parameters are defined in Tables 4.1 and 4.3 respect
Symbols are grouped for the canopy structure, light attenuatiod iaterception, and canopy

photosynthesis.

Variable Definition Units
Canopystructure

b/b, /b Total cumulative leaf area index (LAI) m?leaf (m? ground)

within the canopy, and the component
in direct gun) anddiffuse PPF

- Fraction ofgross photosynthesis -
allocated to shoot processes

" Leaf fraction of shoot mass -

» Specific leaf area m?leaf (kg d.wt}
Light attenuation and interception

Q Leaf enzyme, or protein, concentratior mol protein C (mol leaf €)
For canopy calculation¥Qis a function
of /b

x¢) Mean enzyme concentration in the mol protein C (mol canopy €)
canopy

‘Ob,0/b, 0O /b Total, direct and diffuse components ¢ pmol photons (rif ground) §

PPF within the canopy

"R/b'R /b,'® /b  Total, direct and diffuse components ¢ pmol photons (nf leaf) s
PPF incident on leaves within the

canopy
Canopy photosynthesis
60 ® Canopy quantum yield mol CQ (mol photons)t
6 YO Carbon use efficiency -
a Maintenance respiratiooefficient day*
0 Instantaneous rate of canopy gross  pmol CQ (m? ground) &
photosynthesis
0 Daily rate of canopy gross mol CQ (m* ground) d'

photosynthesis
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0 Daily rate of canopy net photosynthesi mol CQ (m? ground) d*

0 0 Qoo PPF for the day absorbed by the cano mol photons (nf ground) d".

Y Yy Y i Total respiration, and growth and mol CQ (m?ground) d"
maintenance components

@ Growth respiration efficiency -

Table 4.3: Model parameters, definitions, units, and default values.
Environmental parameters and model variables are defined in Tables 4.1 and 4.2 respectiv
Symbols are grouped for canopy respiration, and canopy structure. All leaf photosgnthes
parameters are given in Table 3.3 in Chapter 3.

Parameter Definition Default value
Canopy respiration

a Maintenance respiration coefficient at 0.03 day*
the reference temperature)y .

0 0 value for maintenance respiration. 1.5
Y Refgrence temperature foY (sameas G:20°C; £25°C

for 0 in Chapter 2)
@ Growth efficiency for protein synthesis 0.55
@ Growth efficiency for cell wall synthesis 0.9

Canopystructure

Qs Value of'Qat the top of the canopy 0.3 mol protein C (mol leaf €)
O Minimum value ofQfor a leaf 0.05 mol protein C (mol leaf €)
0 Canopy extinction coefficient 0.5 nf ground (n¥ leaf)
0 Total canopy LAl 5 nt leaf (m? ground)
r Enzyme variation coefficient 5
- Carbon fraction allocated for shoot 0.9

growth ato
" Leaf fraction of shoot mass at 0.7
, Specific leaf area &t 15m? leaf (kg d.wt)

" Conversion factor for d.wt tmole units  mo| C (kg d.wi)

PlantMod: canopy potosynthesis 88



4.13 References

Anten NPR, Schieving F & Werger MJA (1995). Patterns of light and nitrogen distribution in relation
to whole canopy carbon gain inb @d G mono- and dicotyledonous speciesOecologia 101,
504-513.

Anten NPR (1997). Modelling canopy photosynthesis using parameters determined from simple
non-destructive measurementsicological Research?, 77-88.

Brouwer R (1962). Distribution of dry matter in the plariletherlands Journal of Agricultural
Sciere, 10,361-376.

Cannell MGR & Thornley JHM (1998). Temperature and i@€ponses of leaf and canopy
photosynthesis: a clarification using the nmttangular hyperbola model of photosynthesis.
Annals of Botanyg2,883-892.

CharlesEdwards DA (1981)The mathematics of photosynthesis and productiviycademic Press,
London, UK.

Davidson RL (1969). Effect of root/leaf temperature differentials on root/shoot ratios in some
pasture grasses and cloveinnals of Botany33,561-569.

Dewar RC (1996). h& correlation between plant growth and intercepted radiation: an
interpretation in terms of optimal plant nitrogen contenfAnnals of Botany78,125-136.

de Pury DGG &arquhar GD (1997). Simple scaling of photosynthesis from leaves to canopies
without the errors of bigeaf models.Plant, Cell and Environme2(),537-557.

Hikosaka K, Onoda Y, Kinugasa T, Nagashima H, Anten NPR & Hirose T (2005). Plant responses to
elevated C@concentration at different scales: leaf, whole plant, canopy and population.

Johnson IR (1990). Plant respiration in relation to growth, maintenance, ion uptake and nitrogen
assimilation.Plant, Cell and Environmeii3, 319-328.

JohnsonR, Riha SJ & Wilks DS (1995). Modelling daily net canopy photosynthesis and its adaptation
to irradiance and atmospheric @@oncentration.Agricultural System$0, 1-35.

Johnson IR, Parsons AJ & Ludlow MM (1989). Modelling photosynthesis in mamscialna
mixtures. Australian Journal of Plant Physiologg, 501-516.

Johnson IR, Thornley JHM, Franz J & Bugbee B (2010). Photosynthetic enzyme distribution through
canopies and its acclimation to light, temperature and.d@ review

Johnson IR & Tnley JHM (1987). A model of shoot:root partitioning with optimal growihnals
of Botany 60,133-142.

Kull O (2002). Acclimation of photosynthesis in canopies: models and limita®wlogia, 133,
267-279.

Kull O & Jarvis PG (1995). The rdlaitvogen in a simple scheme to scale up photosynthesis from
leaf to canopy.Plant, Cell and Environmeii8,11741182.

Lazenby A (1988). The grass crop in perspective: selection, plant performance and animal
production. In: The grass crog the physiological basis of productiorEds MB Jones and A
Lazenby, Chapman and Hall, London.

PlantMod: canopy potosynthesis 89



McCree KJ (1970). An equation for the respiration of white clover plants grown under controlled
conditions. In: Prediction and measurement of photosynthetic prdoiity. Ed. | Setlik, Pudoc,
Wageningen, The Netherlands.

Monod J (1972)Chance and necessitfollins, London, UK.

Peri PL, Moot DJ, McNeil DL (2005). Modelling photosynthetic efficiehdgr(the lightresponse
curve of cocksfoot leaves grown undemperate conditions.European Journal of Agronondz2,
277-292.

Pritchard SG & Amthor JS (2008yops and environmental changBood Products Press, New York,
USA.

Rogers HH, Prior SA, Runion GB & Mitchell RJ (1996). Root to shoot ratio of inflpsraced by
CQ, Plant and Sqill87,229-248.

Sands PJ (1995). Modelling canopy production. . Optimal distribution of photosynthetic resources,
Australian Journal of Plant Physiolpg$,593-601.

Thornley JHM (1970). Respiration, growth and nsaiahce in plantsNature, 227,304-305.

Thornley JHM (1972). A balanced quantitative model for root:shoot ratios in vegetative plants.
Annals of Botany36,431-441.

Thornley JHM (1976 Mathematical models in plant physiology. Academic Press, London.

Thornley JHM (2002). Instantaneous canopy photosynthesis: analytical expressions for sun and
shade leaves based on exponential light decay down the canopy and an acclimatized non
rectangular hyperbola for leaf photosynthesignnals of Botanyg9,451-458.

Thornley JHM (2004) Acclimation of photosynthesis ta ligid canopy nitrogen distribution: an
interpretation. Annals of Botany93,473-475.

Thornley JHM and France J (2D07Mathematical models in agricultureCAB International,
Wallingford, UK

Thornley JHM & Johnson IR (200B)ant and crop modellindlacklorn Press, Caldwell, New Jersey,
USA.

White HL (1937). The interaction of factors in the growth@&hma XIl. The interaction of nitrogen
and light intensity in relation to root lengthAnnals of Botanyl, 649-654.

Yin X, Lantinga EA, Schapendonk Ad HCM, Zhong X (2003). Some quantitative relationships between
leaf area index and canopy nitrogen content and distributiénnals of Botany91,893-903.

PlantMod: canopy potosynthesis 90



5 Canopy transpiration, temperature and energy
budget

5.1 Introduction

The focus of this chapter is the instantaneous and daily transpiration from a canopy, its temperature,
and the components of the energy balance. The theory of canopy transpiration has received much
attention, and the most vdely used model is the Penmdwtonteith (PM) equation (Penman (1948)

and Monteith (1965)). This approach is based on sound physical principles, and describes the
influence of radiation, temperature, vapour deficit, windspeed and canopy structure on waéer u

As with any theory, there is always scope to incorporate greater complexity, but the PM equation
provides an ideal description of canopy water use for most crop and pasture physiological studies,
and is widely used in crop and pasture models. Fdhéurdiscussion see Monteith (1973), or the
later edition Monteith and Unsworth (2008), Campbell (1977), or the later edition Campbell and
Norman (1998), Jones (1992), Alitnal. (1998),Thornley and Johnson (2000), Thornley and France
(2007) Backgroud definitions for radiation, water vapour and conductance are given in Chapter 1,
while the canopy radiation balance was discussed in Chapter 2: this material will be referred to
frequently throughout this Chapter. Canopy transpiration is influenced amopy temperature
which, in turn, is affected by the prevailing environmental conditions. A key part of the analysis for
canopy transpiration is the elimination of canopy temperature so that transpiration is defined in
terms of air temperature and other nvironmental factors. Instead of eliminating canopy
temperature, it is possible to eliminate transpiration in the analysis and derive an expression for
canopy temperature as a function of environmental conditions. Once canopy transpiration and
temperature are known, the various terms in the canopy energy budget can be evaluated. The
analysis here will therefore consider canopy transpiration, followed by the equivalent approach to
calculate canopy temperature. The components in the canopy energy balamtieen presented.

For daily crop and pasture models that work with standard meteorological data, transpiration is
generally required in units of mm'do be consistent with rainfall. However, since PlantMod uses
mole units for conductance (Section Iir6Chapter 1), the analysis here derives transpiration with
mole units. The conversion is straightforward with

1 mol waterk 0.018 kg water (5.2)
and

1 kg water if k 1 mm water (5.2)
so that

1 mol water n¥k 0.018 mm water (5.3)

PlantMod allows transpiration and evaporation to be defineti@i as moles or mm water.

5.2 Transpiration

Transpiration involves the energy balance for the crop which, in turn, is defined in terms of the
shortwave and longwave radiation balance. The analysis is derived using the energy balance for a
canopy, as discusdein Chapter 2, and does not explicitly include variation in leaf transpiration
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through the canopy, but uses the standdidy-leaf approach whereby it is assumed that the canopy
can be regarded as a single big leaf. While it is common to present thesiarfalyfull ground cover,

the approach here is to consider the energy balance of the canopy in terms of actual ground cover.
The derivation is presented for the instantaneous canopy transpiration (mol wafes ynwhich is

then applied to give the dailvalue (mowater m?d™).

It must be emphasized here that, while the canopy calculations are expressed as per unit ground
area, they do not include the soil energy balance. Thus, they should not be interpreted as being the
total ground area energy balae calculations.

5.2.1 Instantaneous transpiration

The net radiation balance for the canopy,(J m?s*) , was derived in Section 2.8 in ChapterThe
energy balance of the canopy affects the following components:

1. the transpiration rateO (mol water n* s%);

2. heat transfer between the canopy and the &D(Jm?sY);
3. heat transfer between the canopy and the soil;

4. heat storage by the canopy;

5. metabolic process of photosynthesis and respiration.

Of these, the last three are generally negligible ancdusnignored in the analysis. Note that, while
the heat transfer between the canopy and the soil is ignored, the analysis for the net radiation
balance of the canopy does account for solar radiation that is transmitted through the canopy to the
soil. Thusneglectingcomponents 3, 4 and 5, the energy balance for the canopy is therefore

L=HA+E (5.4)

where _ (J mof') is the latent heat of vaporization of water. Whiledoes vary with temperature,
this variation is small, and a standard value that is widely uséd.i&kJ mot which is the value at
203 (see eqgn (1.91) in Chapter 1).

It is quite common to proceed from here to derive the canopy transpiration in terms of the canopy
net radiation balance. However, as was seen in Chapter 2, the net outgoing longwave radiation
actually involves the canopy rigperature, and the aim of the theory is to eliminate canopy
temperature to define transpiration solely in terms of atmospheric conditions. The separate terms
of the net radiation balance, egn (2.67) are therefore used.

Combining eqri5.4) with eqn (2.67) gives
f8%- 69(T -T) g+ /€ (5.5)

where"Q is the fractional ground cover by the canopy,(J n¥ s is the canopy isothermal net
radiation (see Section 2.8.3, Chapter@)js the specific heat capacity of the air (J ™igf), "Q (mol

m?s?) is the radiative conductance (eqn (2.52) in Chapter 2), ¥rahd"Y are the canopy and bulk

air temperatures (K o3 since the difference is the same for both unit3he sgcific heat capacity

of the air,&, will depend on the atmospheric composition but a good standard value to use is 29.3 J
mol™ K*, which is based on a value of 0.029 kg hfot the molar mass of dry air (see eqn (1.69) in
Chapter 1). The canopy teermal net radiation in eqr(5.5) was discussed in Section 2.8.3 in
Chapter 2, and is the net radiation balance, including both shortwave (solar) and langwav
components, for a canopy with full ground cover under isothermal conditions (thaf is "Y). The
second term on the lefhandside of eqn(5.5) accourts for the influence of the difference between
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the canopy and air temperatures on the net outgoing longwave radiatibhe ground cover was
derived in Chapter 2 and is given by

fg=1 €' (5.6)

whereQ (n? ground) (n? leaf), is the canopy extinction coefficient abd(m? leaf) (m? ground), is

the leaf area index.

ThesensblK SI G FtdzE 6Si6SSy GKS Oly2LkR FyR GKS | AN A
which can be written as

H= 14 0 (Te -Ta) (5.7)
where"Q is the conductance for heampl m?s"). Note the presence of the ground cover teffd,

EliminatingOfrom eqns(5.5) and (5.7) gives
fg (TC - Ta) Cp( O4 +gr) ig J /E (5.8)

The transpiration across the boundary layer from the evaporating surface to the bulk air sasam,
discussed in Section 1.6 in Chapter 1, is given by

E= q, M (59)

P
where Q and'Qy, (kPa) are the vapour pressures within the leaf and atmosphere respectively,
(kPa) is the atmospheric pressure, atd(mol m?s') is the conductance for water vapour. Again,
since the pressure ratios are used, there is no problem using kPa pragsits. This equation for
the canopy transpiration rate, does not include the fractional ground cover teftd since the

influence of leaf area index is included in the conductance t€as discussed later.

Equation(5.9) for ‘O involves the vapour pressure at the evaporating surfdeewhich is the sub
stomatal cavity of the leaves. It is readily shown that the vapour pressure (or densityis at
evaporating surface is, to a very good approximation, saturated (eg, Thornley and Johnson, 2000, p.
205), so that

e, °&(T) (5.10)

where 'Q "Y is the saturated vapour pressure at the canopy temperature. For most practical
situations this will be more than 99% accurat® “Y can be expanded as a Taylor series and,
takingthe first two terms, can be written as

&(T)=&(T) R T - (5.12)
where
_lde o
s=3 OIT(T T) (5.12)

is the of the slope of the saturated vapour density with respexttémperature at the air
temperature divided by atmospheric pressure, with unitsd¢ °C'. Using the Teten formula, egn
(1.76) in Chapter 1, and normal pressure 101.325 kPa, eq.12) can be evaluated as

254 ALTT
(T +241)° &t +241

(5.13)
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Using eqngb.10) and (5.11), egn(5.9) can be written

E=ggR,/P 4T 7 (5.14)
where
De,. ©(T) €. (5.15)

is the vapour pressurdeficit of the air (kPa).

Combining eqn€s.8) and (5.14) to eliminate Y Y leads to
E= f9;§‘11+/ &94 +g) E,a/ P

o . (5.16)
S] ag, + (0.7]
/ és+ d, aaigH 9 o
é ¢ %
where
c, . 41
9= 1664 10° mol water (mol air} K (5.17)

Is known as the psychrometric parameter. Note that sincaries slightly with temperaturé, is

not constant but will also vary with temperature. However, this variation has negligible effect on the
simulations and so the constant value in e@l7) is used. It can be seen from e{f16) that
canopy transpation is not directly proportional to ground covét), since this term is in both the
numerator and denominator.

It now remains to consider the conductance terifss and "Q. First consider the conductance for
water vapour,’Q. The water vapautransfer pathway includes movement out of the ssiomatal
cavities from the evaporating surfaces to the leaf surfaces and then from the leaf surfaces across the
boundary layer to the bulk air streamiQ can therefore be partitioned into the componenfor the
transfer across the stomates and then to the bulk air stream. Denoting thes& and "Q
respectively, it follows that

Note that the reciprocals of conductance are used, which are equivalent to resistances, and these
are summed since they are in series (see section 1. in ChaptefQl)is termed thecanopy
conductance, and is related to stomatal conductance, as discussed belowis termed the
boundary layer conductance.

For turbulent flow, the transport of both heat and water vapour is dominated by eddy diffusion so
that the processes are theame and so the conductances for heat and water vapour from the
canopy to the bulk air stream can be taken to be equal (Jones, 1992), that is

On=0a (5.19)

Equation(5.16) now becomes

I+ o 9)(Ya ¥g)
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This is the form of the Penmavionteith (PM) equation that is widely used, although it is generally
derived for full ground cover witiQ p. Earlier derivations (eg Thornley and Johnson, 2000) did
not incorporate the radiative conductanc®&). The PM equation describes the transpiration rate as
a function of the isothermal radiationy , the vapourpressure deficit,3Qp, the canopy and
boundary layer conductancesQ and "Q, the radiative conductance;Q, and the physical
parameters_, i and[ , which depend on air temperature, and are readily available from standard
tables or functions U is a function of solar radiatiom,, and the net isothermal outgoing longwave
radiation, 0 . 0O is related to temperature, vapour pressure, and cloud cover according to the
analysis in section 2.8.3 in Chapter 2. Leaf area ingeaffects the ground cover terniQ, through

egn (5.6), and it also influences the canopy and boundary layer conductances through=edfis
and (5.50). Equation(5.20) is attributed to Penman (1948) for his analysis that eliminated canopy
temperature, and to Monteith (1965) for the treatment of the canopy and boundary layer
conductances.

5.2.2 Dalily transpiration

The dailytranspiration rate,O  (mol water m? d?), is the sum of the instantaneous transpiration
rate throughout the day. In order to calcula@® , it is assumed that the stomata close at night so
that there is no transpiration during the dark pedio Thus, using the notation from Chapter 2 where
daily radiation terms are denoted BY, with the same subscripts as foto describe the individual
components, eqr5.20) can be applied to give

_ fy 85Ricay +86,400 {1/ 4% t9) R/ P
/&t dy(a 0)(Ve ¥a)g

where the temperature ad vapour deficit are mean daytime valuds;,  (J nf d?) is the total net
isothermal radiation during the daytime perio® is the daytime fraction (egn 2.23) and 86,400 is
the number of seconds in 24 hoursY j, , derived from egn (2.69) in Chapter 2, involves
temperature, vapour density, daily solar radiation, latitude and day of y&ar. is converted to the
more common units of mm water dayy using eqr{5.3), which gives

Egaymm =0.018E4, (5.22)

Eqey (5.21)

5.2.3 Summary of climate inputs

The analysis in the previous section has derived the canopy transpiration rate in terms of climatic
inputs. These inputs are briefly summarised here.

Instantaneous transpiration

§ Incoming solar, or shortwave, radiation, J gt
Air temperature (°C)

Vapour pressure (kPa)

Windspeed (m§)

Fractional cloud cover (0 1)

=A =4 -8 4

The fractional cloud cover is used in the calculation of the isothermal net radiatiopneqn (2.63).

Daily transpiration

f Incoming solar, or shortwaveadiation, J rif d* (often available as MJ fid™)
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Mean daytime air temperature (°C)

Vapour pressure (kPa)

Windspeed (m§

Latitude (° which is converted to rad in the calculations)
Day of year

= =4 =4 -4 4

The latitude and day of year are used in the calculatibpaiential daily solar radiation which is
used to calculate the daily isothermal net radiationy ; , seeSection 2.8.4 in Chapter 2.

Vapour pressure and relative humidity

In the PlantMod program, it is possible to specify atmospheric moistargent either as vapour
pressure in kPa units or relative humidity as percent. If relative humidity is used, then the vapour
pressure is calculated from temperature and is displayed on the PlantMod interface. On the other
hand, if vapour pressure is sp@ed, then the relative humidity is prescribed. For the daily
simulations, it is assumed that the vapour pressure is constant for the day and night. In this case,
daytime relative humidity can be prescribed and used to calculate vapour pressure shichuirn,

used to calculate nighttime relative humidity from the nighttime temperature.

5.3 Temperature

In the above analysis, eqis.8) and (5.14) were combined to eliminate the temperature difference
“Y "Y. Eliminating transpiratior), instead, leads to

(TC-Ta)gfgcp(gH +g,) Hsg g5Ed /9 e (5.23
so that, using5.17), (5.18), (5.19), it follows that

L fd(l/ g+l g) 4 8P
g+ dy(@ +a)(Va ¥a)
which is the temperature equalent to the PM equation. As for transpiration, the leaf area index,

affects the ground cover term;Q, through eqn(5.6), and the canopy and boundarlayer
conductances through eqr{5.44) and(5.50).

C a

(5.24)

The nmean daytime canopy temperature can be calculated by using the daytime valug®éction
2.8.3in Chapter 2), so that

T -T _!_fgqi],day(l/gc-'-l/ ga) -/ Qa/ P
ST s+ d,(q v9)(Va ¥a)

For the nighttime, there is no solar radiation and the stomata are closed, s6Qhatrt, and using
egn (2.66) leads to

(5.25)

=T 1:g‘]l._,n,night
a,night /an"'gr)

where the nighttime isothermal net outgoing radiation is defined by egn (2.59). It can be seen that if
Onr is positve then the canopy will be cooler than the air at night, whereas if it is negative, the

canopy will be warmer.

T

c,night (5-26)
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5.4 Energy components

The analysis deriving canopy transpiration and temperature involves the canopy energy balance,
which is defined in terms ofhe net radiation balance, the latent heat of vaporization and the
sensible heat flux of the canopy. The net radiation balance involves the absorbed solar, absorbed
longwave, and emitted longwave radiation, with the latter combining to give the net oujgoin
longwave radiation. Since both canopy transpiratiOnand the canopy temperatur€y, have been
calculated, it is quite straightforward to evaluate these components of the radiation balance and
look at how they each respond to the environmental ditions. These energy terms were derived
either in Chapter 2 or in this Chapter, and are summarized here.

The environmental inputs for defining the energy components are the incoming solar radiation,
the isothermal net outgoing longwave radiation ;, , and the temperature difference between the
canopy and airY "Y, as derived in this Chapter. The transpiration rate that is also derived here is
used for the latent heat flux. For daily energy calculations, the corresponding daily engirtaim
inputs, temperature difference between the canopy and air, and transpiration rate are used. Note
that in PlantMod, for daily illustrations the separate daytime and nighttime energy components can
be plotted.

5.4.1 Latent heat flux
The instantaneous lateriteat flux, which is the heat lost by the canopy, is

Canopy latent heat loss/E  J n¥’s* (5.27)
and the daily value is

Daily canopy latent heat loss E,,, Jm’d™ (5.28)

5.4.2 Sensible heat flux

The senible heat flux is the energy flux between the canopy and air as a result of their temperature
difference. The instantaneous value is

H=fyco oa(Te -To) I m’s? (5.29)
and for the day it becomes
Hyay =86,400f,c0, 2

gfday (Tc,day' Ta day) (1 f da)) (T ¢ night T'a nigh) Jnd? (5.30)

5.4.3 Absorbed solar radiation

The instantaneous absorbed solar radiation is

.= fy(1 a) & Infs? (5.30)
while the daily value is

Rs.a= fg(1 @)Rg Im*d* (532

5.4.4 Absorbed longwave radiation

The instantaneous absorbed longwave radiation is given by
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Ja= o8 Fa -1, In¥s? (5.33)
and for the whole day it is
R o= {386,401, T¢ o oay 86,4001 fup) @36qngn Ra Jmid’ (5.34)

5.4.5 Emitted longwave radiation

The instantaneous emitted longwave radiation is
J.= fe dg. Ints? (5.35)

The corresponding daily value is

R =86,400f6 €10 Th caay {1 F4a) Tk crign I M (5.36)
5.4.6 Net outgoing longwave radiation
The instantaneous net outgoing longwave radiation is
1n= 81, +go(T I) JIm’s (5.37)
O, is also given by
dn=de ~da
=, 8%, € {Te T, (5.39)

and it can be shown that eqr(5.37) and (5.38) are equivalent by using egns (2.51) and (2.53) in
Chapter 2.

The daily net outgoing longwave radiation is
RL,n = fg Fi,n +
2 2 g1
1486,4000,0, &finy (To oy Taday) {1 Fom)(Tonign Tangn JMd (5.39)

5.4.7 Net radiation balance

The overall instantaneous net radiation balance for the canoppus

$h=43a -4y (5.40)
where egng5.31) and(5.37) are used.
Similarly, the daily net radiation balance is

R.=Ra -Rn (541)
which uses egn.32) and(5.39).

5.5 Canopy conductances

The canopy and boundary layer conductances need to be specified in the PM equation and
associateccalculations for canopy temperature. The canopy height is first defined as a function of
leaf area index, as this is required in the calculation for boundary layer conductance.
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5.5.1 Canopy height

In order to evaluate canopy conductance as defined above nédgssary to prescribe the canopy
height. The usual strategy is to relate canopy height to LAI. Atleh (1998) assume a linear
relationship but a more general curvilinear form is used here, as given by

h=hy, (1 € %%/t) (5.42)

where”Q (m) is the maximum canopy height attained as leaf area indlexcreases, 0% =In(2),
and0 is the LAI at which the height is half maximal, so tat " Q j ¢when0d 0 . The default
values

L, =1, h, =1m (5.43
are used in PlantMod.

While eqn(5.42) is quite flexible for the relationship between canopy height and LAI, in practice this
may change during crop development. For example, following anthesis in cereals and pastures, stem
elongation occurs with little change in LAl. Equaf®4?2) is illustrated in Fig. 5.1.

E

_c.-

= ——Lh=05

2

% — =1
Lh=2

Leaf area index,

Figure 5.1: Relationship between canopy hei@lim), and LA, using eqr(5.42) with
Q p and different values fob as indicated.

The illustration in Fig. 5.1 is most applicable to a crop. Many applications of the canopy energy
balance focus on turf grass which may be maintaiaedaround 5 to 15 cm. |In this case, it is
necessary to séf) p to an appropriate value.

5.5.2 Canopy conductance

For canopy conductance, it is assumed that

9= L|iveg[ (5_4.4)

where,0 is the canopy live leaf area index aig}, mol ni” s*, is the mean stomatal conductance
for the leaves, and must account for both sides of the leaves. It is assumed that the live component
of the leaf area index), is

I-|ive = fL,IiveL (5-45)

where the default value
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f 0.8 (5.46)

Llive —
is used.

The possible dependence of stomatal conductance on environmental conditions must be
considered. With traditional units of ni $or stomatal conductance it is possible to apply the basic
physics of diffusion to derive the direct temperature and pressure effects, and thigia@asssed in
Section 1.6 in Chapter 1. Converting to mdl s1, the conductance depends on temperaturiere

and is given by eqn (1.91), although for practical temperatures this variation is quite small and can
be ignored. As discussed in Section 1.6.4 in Chapter 1, responses to environment are observed that
are a direct result of climatic conditions on statal aperture. A simple empirical approach was
introduced to capture these effects and is very similar to the widely used equation proposed by Ball
et al (1987). It is therefore assumed that the influence of the environmental condition§yos

defined by

g[ = g[,ref fg,J( J) fg,lp ( h) fg,C( C) (5-47)

where the three "Q functions capture the stomatal conductem response to irradiance or
photosynthetic photon flux) (Chapter 2), relative humidityQ (Section 1.5.2), and atmospheric £O
concentration,0 (Section 1.5.1), an@; is a reference value &, so that

g( ( ‘JS = ‘% refs hzh,ref' C =g‘nb) l:gref (5-48)

with the default value
O ref =0.2molm?s * (5.49)

The remainder of the default parameters are given in Section 1.6.4 in Chapter 1, where the response
functions are illustrated. Thesfunctions define the response to irradiance as increasing to an
asymptote as irradiance increase, increasing from a-zemo level as relative humidity increases,

and decreasing as atmospheriCQ increases This approach is applied directly for the
ingantaneous calculations and, for daily values, the mean daytime environmental conditions are
used.

5.5.3 Boundary layer conductance

Various slightly different expressions have been used for the boundary layer conductance, and for
references see Thornley andaRce (2007). A discussion is also given by Blongtiat. (2009).
Allenet al. (1998, eqn(4)) define the boundary layer conductari@mol m?s?, by

41.6k%u,
= 5.50
% Inéz— d Igéz -d (5:50)
&, Bae
c U ¢ K
wherel ™ P RAYSyaAiazyft Saao A (@3aYis thelwhdspegdieasDe ita G | y {
height a (m), Q (m) is thezero plane displacementvhich is he projected height at which the
windspeed is zero- (m) is the roughness length governing momentum transter, is the
roughness length governing the transfer of heat and water vapour, and 41.6 M the molar
density of air and converts condtance from m $to mol m? s (see Section 1.6 in Chapter 1). The

reference height is taken to be

z=2m (5.51)

PlantMod: canopyranspiration, temperature and energy budget 100



A similar equation, derived by Campbell (1977), is

41.6k%u,

(5.52)

A derivation of this equation is also presented in Thornley and Johnson (2000).

According to Blonquistt al. (2009), a more general equation based on the Me@ioukov Similarity
Theory (MOST) (Monin & Obukhov, 1954) is

41.6k>
e . & L _ (5.53)
e az-d O @ az -d O
dnge—— &/, @ M
ec'h = "ac kK -

where[ and[  are stability terms. These stability terms are difficult to calculate for practical
applications as is apparent from the discussion by Blongtiat (2009).

Regardless of which of these equations are used, the param&ers and — are generdly
assumed to be proportional to the canopy height and Blonggtistl. (2009) give these responses as

d=0.65h
I/, =0.14n (5.54)
i, =0.028h

\"

There are practical problems with each of these equations®owith (5.54) since™Q approaches

zero as either th windspeed0 , approaches zero or the canopy heigl},approaches zero. In
addition, the stability parameterrs and[  are difficult to define (see Blonquist al., 2009). If

"Q is zero, or close to zero, the canopy temperature which wesudsed earlier, becomes very large

¢ possibly in excess of 50°C above air temperatundnich is inconsistent with general experimental
observations (Bruce Bugbeggers. comn). These problems arise since the theory does not
adequately deal with low witspeeds or canopy height. With regard to windspeed, wieis at, or

close to, zero, buoyancy effects for vapour transport will be significant and the theory does not
adequately deal with this. For Io@ the linear relationships in eq®.54) are unlikely to be valid.

These limitations are important since the aim of PlantMod is to be able to deal with all practical
conditions, which will include veryvowindspeeds and canopy heights. For example, many studies

of canopy transpiration and temperature focus on turfgrass which may be maintained at heights of
around 5 cm.

Rather than attempt to add greater complexity to the theory, a much simpler approach is used in
PlantMod that captures the general characteristics of the expected behaviour for canopy
conductance.’Q is assumed to be given by

o

uah
uref (;i;ef

where "Qj, is the value of Q at the reference windspeed® and canopy heigh’Q . The
reference values for windspeed and canopy height are taken to be

(5.55)

s
ga = ga,O '(ga,ref gao) 8
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- -1
Uegt =2MS

(5.56)
he =0.3 m
and the default conductance parameters are
0.,=0.3mol m? s?
2,0 ) (5.57)

Oarer =0.8 mol m? s°

The values in5.57) have been derived by fitting to the data in Blonquéstal. (2009), and | am
grateful to Mark Blonquist for his comments and for derythese parameter values.

According to this approach is honzero when windspeed is zero or canopy height close to zero; it
varies linearly with windspeed and is proportional to the canopy height raised to the power 0.5
(square root). The reason fapt assuming thatQ is proportional to height is that it to reduce the
sensitivity of'Q to "Qas'(gets quite large.

Equation(5.55) for "Q, with eqns(5.56) and (5.57) is illustrated in Fig. 5.2 as a functiohLAl D, for
canopieswith maximumheight 0.1 m and 1 m: the relationship betwe@mand "Qis given in Section
5.5.1 above. It can be seen th&t is relatively insensitive t0 at the low™Q but is subject to more
variation in response to increasén0 for taller canopies. This behaviour is realistic.

30 —
20+ /

1/-/
10

0 1 1 1 1 1 1 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0
Leaf area index

BL. conductance, mm/s

Figure 5.2: Boundary layer conductari€g, eqn(5.55), with (5.56) and (5.57), as a
function of leaf area indexi. Canopy heightQ is given by(5.42), 0 p m and the
curves aréQ 1 m (solid line) and 1 m (broken line). From PlantMod.

These various approaches for definitghave been explad extensively during the development of
PlantMod and eqif5.55) has been found to be robust and to give realistic results for a wide range of
conditions. TIs is a subject that requires further exploration.

5.6 lllustrations

In PlantMod, instantaneous and daily transpiration, temperature and components of the energy
budget can be explored in relation to both the canopy parameters and the climatic conditions.
Sone illustrations of the behaviour of the models discussed here are now presented. All of the
graphs are copied directly from the PlantMod interface, and you are encouraged to explore some of
the many other possible simulations.
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In Fig. 5.3, the instantanes transpiration is shown as a function of windspeed for two different
temperatures. It can be seen that transpiration increases as both windspeed and temperature
increase.

Transpiration vs windspeed
150

100 -

50

Transpiration, mg / m2.s
' \
\

0 1 1 1 1 1 1 1 1 1 ]
0.0 1.0 2.0 3.0 4.0 5.0

Windspeed, m/s

Figure 5.3: Instantaneous transpiration ra®,as a function of windspeed.
The environmental parameters are the PlantMod defaults, apart from
“Y  15°C (solid linednd 25°C (broken line). From PlantMod.

An interesting scenario to consider is the influence of atmospheric vapour pressune, the daily
transpiration rate. Wile variation ind is generally negligible at a specific location, it does vary quite
substantially with latitude, falling by around 10 to 11% for every 1000m increase in elevation. For
example, at Mexico City where the altitude is 2,24@ mvill be aproximately 77kPa compared with

the standard sea level value of 101.3 kPa. Atmospheric pressure can be varied in PlantMod. In Fig.
5.4 the daily transpiration rate with default parameters is illustrated for sea lével,p Ti& kpa,

and an elevation of POOm withd ) TkPa. It is clear that pressure has a noticeable effect on the
daily transpiration rate. This is consistent with observations (Gale, 2004; Bruce Bpgbe,
comm)

Transpiration vs windspeed
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150 + _ -
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Transpiration, mg / m2.s

0 1 1 1 1 1 1 1 1 1 ]
0.0 1.0 2.0 3.0 4.0 5.0
Windspeed, m/s

Figure 5.4: Influence of atmospheric pressure on transpiration. dlitelme is for
standard pressurd) p mi@kPa, and the broken lineds  TkPa which
corresponds to around 2km altitude. From PlantMod.

In Fig. 5.5 the day and night canopy temperatures are illustrated as functions of windsedhl
the absolute tenperature and the difference between the canopy and air temperature are
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illustrated (these options are both available in PlantMod). Here it can be see that as windspeed
increases the daytime canopy temperature declines and falls below the air temperathie) is

due to the cooling effect of transpiration which increases with windspeed, as well as the greater
conductive transfer of heat from the canopy. However, the nighttime canopy temperature increases
slightly with windspeed, although it is lower thére air temperature. This is explained by looking at
egns(5.4) and (5.7) which show that when there is no transpiration (which occurs at night with the
stomata closed), the net radiation is balanced entirely by sensible heat loss. As discussed earlier, the
conductance for heat los¥2, is the same as the bodary layer conductancéQ, (eqn(5.19)) and,
since"Q is proportional to wind speed, eqb.50), it follows that any increase in windspeed will
result in a reduction in the difference between canopy and air temperature, that is the term
Y 'Y ineqn(5.7). Thus, the greater the windspeed, the greater the conductive heat transfer
between the canopy and air, and the closer the canopy and air temperatures become.

= -
= Canopy temperature vs windspeed Canopy minus air temperature vs windspeed
-~ 30 - 6.0
° -
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Figure 5.5: Daytime (solid) and nighttimegtdad) canopy temperature as a function of
windspeed for the default PlantMod parameter values. The day and night air
temperatures are 22°C and 12°C respectively. From PlantMod.

The day and night sensible heat and latent heat transfers, along with thepganet radiation
balance, are shown in Fig. 5.6, again as functions of windspeed. Note that the latent heat transfer at
night is zero because there is no transpiration, and so the net radiation balance and the sensible
heat flux are identical. It can ls=en that, during the day the latent heat increases with windspeed
corresponding to the increase in transpiration. However, the sensible heat declines due to the
combination of the increase in latent heat and the greater convective heat transfer. Megati
sensible heat corresponds to the canopy being cooler than the air.
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Energy balance vs windspeed
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Figure 5.6: Daytime (solid) and nighttime (dashed) canopy energy balance components
as a function of windspeed with PlantMod defaults. The day and night air temperatures
are 22°Gand 12°C respectively. The net radiation balance, sensible heat flux and latent
heat transfer are indicated. Note that the latent heat flux is zero at night (since there is
no transpiration) and so the net radiation balance is equal to the sensibleflozat
From PlantMod.

As a final illustration, the difference between specifying vapour pres&areor relative humidity,

"Q, is considered. The temperature responses¥a; (the vapour pressure deficit) ari® were
discussed in Section 1.5.2 in Chapter 1, and illustrated in Fig. 1.11. Figure 5.7 shows the
transpiration rate as a function of temperature with eith@r or 'Q being specified. It can be seen

that the responses are different. '@ is fixed hen, as temperature increases so dd@ssinceQ is

the ratio QjQp . Thus, at low temperaturesYQy is greater at fixed’Q while, at high
temperatures, it is greater with fixe@. The values foR and™Q used in Fig. 5.7 are sh that the
atmospheric vapour content is the same at 20°C.
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Figure 5.7: Transpiration rate as a function of temperature with either a fixed vapour
pressure (red), witf?  p& kPa, or fixed relative humidity (blue), wilh ¢ 1P
These values give treame atmospheric water vapour content at 20°C.
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5.7 Final comments

The models presented here define the canopy transpiration, canopy temperature and energy
balance components in terms of canopy physical parameters and environmental conditions. A key
part of this analysis is in the description of the net radiation balance for the canopy which was
discussed in Chapter 2 and is incorporated here. This includes the treatment for the longwave
radiation which is related to canopy temperature and is defined in teahthe isothermal net
longwave radiation, and is an improvement on defining a fixed net longwave radiation balance that
is independent of temperature. The analysis for instantaneous transpiration, temperature and
energy requires an estimate of cloud covehich is used in the radiation calculations, while for the
daily model calculations, the data and latitude are used, along with the ratio of actual to potential
solar radiation. The analysis also relies on estimates of both the canopy conductanceuaddry

layer conductance. Canopy conductance is calculated in relation to leaf stomatal conductance and
canopy leaf area index, with the leaf stomatal conductance being related to the atmospheric
conditions as discussed in Section 5.5.2, and boundaey ynductance related to windspeed and
canopy height. Both of these relationships are empirical, but they are at similar levels of complexity,
are quite robust, and are ideally suited to practical analyses at the canopy level.

The underlying physics fdefining the energy balance for crops, and therefore the transpiration and
temperature in response to climatic conditions, is well established. However, there are a number of
parameters relating to canopy physiology and structure that need to be presicaibé that can lead

to a wide range of possible responses to environmental conditions. The simulations in PlantMod
allow many aspects of these topics to be explored.

5.8 Variables and parameters

Table 5.1: Environmental variables and parameters. Radiatibpa@nents are
listed in Table 5.2 below

Variable or Definition Units and default

parameter value (parameters)

6 Atmospheric C@concentration pmol mol*

0 Ambient atmospheric C{&oncentration 380pmol mol*

Q Saturated vapour pressuies a function of temperature kPa

Qy Vapour pressure in the air 1.4 kPa

YQr Vapour pressure deficit in the air kPa

Q Relative humidity dimensionless

Qp Reference relative humidity for leaf stomatal 0.5 (50%)
conductance

0 Reference solar radiation for leaf stomatal conductar 400 J rif s*

0 Atmospheric pressure 101.3 kPa

Y Air temperature 22 °C

“Yh Daytime air temperature 22 °C

“Yi Nighttime air temperature 12 °C

6 Windspeed at heighdr m s'

a Reference height for windspeed 2m
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Table 5.2: Model variables, definitions and units. Model parameters are defined in
Table 5.3. Unless stated otherwise, areas refer to ground area.

Note that J (rif ground) § k W (mi® ground).

Variable Definition Units

Q Zero plane displacement m

Qi Vapour pressure within the leaf kPa

0 Canopy transpiration rate mol water ni* s*

0O Daily canopy transpiration rate mol water m? d*

O 5 Dailycanopy transpiration rate in mm mm water d*

(o] Sensible heat flux between the canopy and air Jn?st

O Daily sensible heat flux between the canopy and ai J m?d™

Q Daylength as a fraction of 24 hours dimensionless

"Q Fractional ground cover by the canopy dimensionless

Qs Leaf stomatal conductance for water vapour mol m?s*

Q Boundary layer conductance mol m?s?

Q Canopy conductance mol m?s?

Q Conductance for heat mol m?s*

Q Radiativeconductance mol m?s*

Q Conductance for water vapour mol m?s?

"0 Sensible heat flux between the canopy and air Jm?st

O Daily sensible heat flux between the canopy and ai J m?d™

0 Live leaf area index (m? leaf)(ni® ground)

Y Canopy temperature °C

Y, Canopy temperature K

Instantaneous radiation

0 Canopy net radiation balance (shortwave and Jnst
longwave)

0 Canopy isothermal net radiation balance (shortwave J m?s*
and longwave)

Ok Canopy isothermal net radiation balance during the J n¥*s*
day

Ofk Canopy outgoing isothermal net longwave radiation J n*s*
balance during the night

O Net outgoing longwave canopy radiation balance ~ J nm?s*

0r, 05 Canopy absorbed and emitted longwave radiation J n¥’s*
Incoming solar radiation Jm?s?t

Of Canopy absorbed solar radiation Jn¥st

Daily radiation

Y Daily canopy net radiation balance (shortwave and J ni*d*
longwave

Y h Daily canopy isothermal net radiation balance Jm?d?
(shortwave and longwave)

Y Daily solar radiation absorbed by the canopy Jm?d?
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Yi Daily net outgoing longwave canopy radiation balar J m?d*
Yi, VY Daily absorbed and emitted longwave radiation Jm?d?

Table 5.3: Model parameters, definitions, units, and default values. Model variables
are defined in Table 5.2. Unless stated otherwise, areas refer to ground area.
Note that J (rif ground) § k W (mi® ground).

Parameter Definition Default value

& Specific heat capacity of air 29.3 I motK*

§ O3 Live fraction of leaf area 0.8

Qf Basal value for boundary layer 0.3 mol n¥s*
conductance

Qf Reference value for boundary layer 0.8 mol n¥ s*
conductance, alQ ando

Qi Leaf stomatal conductance at the 0.2 mol n¥s*
reference values in eqb.49).

Q Reference height for boundary layer 0.3m
conductance

Q Maximum canopy height 1m

0 Solar radiation parameter for stomatal 100 J rif s*
conductance

o) Canopy extinction coefficient 0.5 nf ground (n¥ leaf)
Leaf area index 5 (nf leaf)(m? ground)
Leaf area index for half maximal canopy 1 (nf leaf)(m? ground)
height

I R Daytime and nighttime canopy °C
temperature

0 Reference windspeed for boundary laye 2 m s
conductance

| Canopy reflection coefficient, or albedo 0.23 (dimensionless)

- Canopy emissivity 0.97 (dimensionless)

I @2y YINXIyQa 0O2yaidod

I Psychrometric parameter 664 10°mol water (mol air) K*

_ Latent heat ofvaporization 44.1 kJ mol

, StefanBoltzmann constant 5.670 10°Jn¥s’K?
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