
Appendix F. The Farquhar Photosynthesis & Ball-Berry model. 

Overview 

       Photosynthesis is described using a system of 3 equations in 3 unknowns; net rate of leaf 

photosynthesis (A), stomatal conductance (gs), and intercellular partial pressure of CO2 (Ci), 

whereby they all influence each other. We used the following equations; Farquhar’s non-linear 

equation (A vs Ci), Ball–Berry equation (gs vs A) and the diffusion equation (A = gs (Ca – Ci)). 

We solved all of these equations simultaneously by taking an iterative approach (Leuning 

1990, Collatz et al. 1991, Harley et al. 1992). The detailed algorithm for modeling 

photosynthesis is described below.   

 

Modelling Photosynthesis 

Both CO2 and O2 compete for Rubisco binding site in the processes known as 

carboxylation and oxygenation, respectively (Farquhar et al. 1980). To account for the 

competitive inhibition between CO2 and O2, net rate of leaf photosynthesis (A) is mathematically 

expressed as  

        𝐴𝐴 = 𝑊𝑊𝑐𝑐 − 0.5𝑊𝑊0 − 𝑅𝑅𝑑𝑑 = 𝑊𝑊𝑐𝑐 �1 − 0.5𝑂𝑂
𝜏𝜏𝐶𝐶𝑖𝑖

� − 𝑅𝑅𝑑𝑑,                                                                 (F.1) 

where Wc and W0 are the rates of carboxylation and oxygenation, respectively, and  Rd  is the 

mitochondrial respiration in the light, which is considered as 0.015*Vc,max (Farquhar et al. 1980). 

The factor 0.5 reflects the fact that for each two oxygenations of Rubisco, one molecule of CO2 

is released in photorespiration. The specificity factor for Rubisco (Jordan and Ogren 1984) is 

designated 𝜏𝜏, while Ci and O are the partial pressures of CO2 and O2 in the intercellular air 

space, respectively.  

1 

 



The rate at which Rubisco is carboxylated (i.e. Wc) depends upon (i) the amount, activity, 

and kinetic properties of Rubisco, and (ii) the rate of ribulose-l,5 bisphosphate (RuBP) 

regeneration via electron transport. Combining Eq. F.1 with the concept that carboxylation is 

regulated by the 'minimum' of these two limiting conditions yields the expression, 

 

𝐴𝐴 = min�𝑊𝑊𝑐𝑐,𝑊𝑊𝑗𝑗� − 𝑅𝑅𝑑𝑑 = �1 − 0.5𝑂𝑂
𝜏𝜏𝐶𝐶𝑖𝑖

�min�𝑊𝑊𝑐𝑐,𝑊𝑊𝑗𝑗� − 𝑅𝑅𝑑𝑑                                                         (F.2) 

In the text below, we describe the exact version of equations for calculating Wc and Wj, 

which were used in different studies.     

 

Version 1 

 

We use version 1 as the reference version – this version has been used by Wullschleger 

(1993) across a large variety of plant species. When the rate of carboxylation is limited solely by 

the amount, activation state, and kinetic properties of Rubisco, carboxylation can be described 

by, 

𝑊𝑊𝑐𝑐 = 𝑉𝑉𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚
𝐶𝐶𝑖𝑖

𝐶𝐶𝑖𝑖+𝐾𝐾𝑐𝑐�1+𝑂𝑂 𝐾𝐾0� �
                   (F.3) 

where Vc,max  is the maximum rate of carboxylation, competitive with respect to both CO2 and 

oxygen, and Kc and Ko are Michaelis constants for carboxylation and oxygenation, respectively. 

Likewise, when carboxylation is limited solely by the regeneration of RuBP via electron 

transport, the rate of carboxylation can be expressed by, 

 

𝑊𝑊𝑗𝑗 = 𝐽𝐽 𝐶𝐶𝑖𝑖
4�𝐶𝐶𝑖𝑖+𝑂𝑂 𝜏𝜏� �

                                                                                                                          (F.4) 
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where J  is the potential rate of electron transport, and the factor 4 indicates that the transport of 

four electrons will generate sufficient ATP and NADPH for the regeneration of RuBP in the 

Calvin cycle (Farquhar and von Caemmerer 1982). The potential rate of electron transport is 

dependent upon irradiance, I, according to the empirical expression of Smith (1937), 

𝐽𝐽 =
𝛼𝛼𝛼𝛼

�1 + 𝛼𝛼2𝛼𝛼2
𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚2

�
1 2⁄  

 

where 𝛼𝛼, the efficiency of light energy conversion is considered as 0.25 (unitless) (Niinemets 

and Tenhunen 1997) and Jmax is the light-saturated rate of electron transport. 

 

Version 2 

Some studies used Version 2 (see Table A1). Here, when A is Rubisco limited the 

velocity of carboxylation can be expressed as 

𝑊𝑊𝑐𝑐 = 𝑉𝑉𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚
𝐶𝐶𝑖𝑖−

0.5𝑂𝑂
𝜏𝜏

𝐶𝐶𝑖𝑖+𝐾𝐾𝑐𝑐�1+𝑂𝑂 𝐾𝐾0� �
, provided 𝐶𝐶𝑖𝑖 > 0.5𝑂𝑂 𝜏𝜏�            (F.5) 

while the electron-transport limited rate of photosynthesis is given by 

𝑊𝑊𝑗𝑗 = 𝐽𝐽
𝐶𝐶𝑖𝑖−

0.5𝑂𝑂
𝜏𝜏

4�𝐶𝐶𝑖𝑖+2
0.5𝑂𝑂
𝜏𝜏 �

, provided 𝐶𝐶𝑖𝑖 > 0.5𝑂𝑂 𝜏𝜏�                 (F.6) 

 

 

Ball-Berry Model 
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The stomatal conductance (g, m/s) was evaluated by the Ball-Berry empirical stomatal 

conductance model (Ball et al. 1987): 

𝑔𝑔 = 𝑔𝑔0 + 𝑚𝑚𝐴𝐴.𝑅𝑅𝑅𝑅
𝐶𝐶𝑎𝑎

                                                                                                                        (F.7) 

where RH is the relative humidity (unitless) at the leaf surface, Ca is the CO2 concentration at 

the leaf surface, and g0 and m are the minimum stomatal conductance (0.0005 m/s) and the 

slope, respectively.  

The estimation of A could be sensitive to the choice of maximum stomatal conductance 

slope, which we set the same for all species, despite the evidence that this parameter varies both 

within and across species (Harley and Baldocchi 1995, Wilson et al. 2001). A recent synthesis 

provides the first analysis of the global variation in stomatal slope based on an alternative 

algorithm that considers representation of optimal stomatal behavior (Lin et al. 2015). However, 

following CLM4.5, which uses the Ball-Berry empirical stomatal conductance model (Ball et al. 

1987), we fixed the value of stomatal slope (m) as 9 for all PFTs in our study. 

 

Calculation of photosynthetic rate  

Using Eqs. F.3 and F.4, photosynthetic rate (A) was determined by solving Eqs. F.2 and F.7 

simultaneously by taking an iterative approach (Leuning 1990, Collatz et al. 1991, Harley et al. 

1992). The following steps were followed: 

1) Given the initial values of Ci (where initial value of Ci was assumed 0.7 x ambient CO2 

concentration), the temperature dependence functions of Vc,max and Jmax (see Appendix 

E), and the temperature dependence of Rubisco kinetics (O, 𝜏𝜏, Kc and Ko, see Appendix 

D), A was calculated from equation F.2.  
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2) CO2 concentration at the leaf surface (Ca) was determined by calculating the difference 

between Ci  and the partial pressure due to A, wind speed and the dimension of the leaf.  

3) Given A and Ca, and using equation F.7, stomatal conductance (g) was determined. 

4) Next Ci was determined by calculating the difference between Ca and partial pressure 

due to A, boundary conditions of the stomata. 

5) Using the leaf energy balance, leaf temperature was calculated. Then again steps 1-5 

were executed.  

The above four steps were repeated in a systematic way until g was equilibrated. The final value 

of A was then recorded.   

 

 

LITERATURE CITED 

 

Ball, J. T., I. E. Woodrow, and J. A. Berry. 1987. A model predicting stomatal conductance and 

its contribution to the control of photosynthesis under different environmental conditions. 

Pages 221-224 in Proceedings of the 7th International Congress on Photosynthesis, 

Dordrecht, The Netherlands. 

Collatz, G. J., J. T. Ball, C. Grivet, and J. A. Berry. 1991. Physiological and environmental 

regualtion of stomatal conductance, photosynthesis, and transpiration: A model that 

includes a laminar boundary layer. Agricultural and Forest Meteorology 54:107-136. 

Farquhar, G. D., and S. von Caemmerer, editors. 1982. Modelling of photosynthetic response to 

environmental conditions. Heidelberg-Berlin-New York: Springer-Verlag. 

5 

 



Farquhar, G. D., S. Von Caemmerer, and J. Berry. 1980. A biochemical model of photosynthetic 

CO2 assimilation in leaves of C3 species. Planta 149:78-90. 

Harley, P. C., and D. D. Baldocchi. 1995. Scaling carbon dioxide and water vapour exchange 

from leaf to canopy in a decisuous forest. I. Leaf model parametrization. Plant, Cell & 

Environment 18:1146-1156. 

Harley, P. C., R. B. Thomas, J. F. Reynolds, and B. R. Strain. 1992. Modelling photosynthesis of 

cotton grown in elevated CO2 Plant, Cell & Environment 15:271-282. 

Jordan, D. B., and W. L. Ogren. 1984. The CO2/O2 specificity of ribulose 1,5-biphosphate 

carboxylase/oxygenase. Dependence on ribulose-biphosphate concentration, pH and 

temperature. Planta 161:308-313. 

Leuning, R. 1990. Modeling stomatal behavior and photosynthesis of Eucalyptus grandis. 

Australian Journal of Plant Physiology 17:159-175. 

Lin, Y.-S., B. E. Medlyn, R. A. Duursma, I. C. Prentice, H. Wang, S. Baig, D. Eamus, V. R. de 

Dios, P. Mitchell, D. S. Ellsworth, M. O. de Beeck, G. Wallin, J. Uddling, L. Tarvainen, 

M.-L. Linderson, L. A. Cernusak, J. B. Nippert, T. W. Ocheltree, D. T. Tissue, N. K. 

Martin-StPaul, A. Rogers, J. M. Warren, P. De Angelis, K. Hikosaka, Q. Han, Y. Onoda, 

T. E. Gimeno, C. V. M. Barton, J. Bennie, D. Bonal, A. Bosc, M. Low, C. Macinins-Ng, 

A. Rey, L. Rowland, S. A. Setterfield, S. Tausz-Posch, J. Zaragoza-Castells, M. S. J. 

Broadmeadow, J. E. Drake, M. Freeman, O. Ghannoum, L. B. Hutley, J. W. Kelly, K. 

Kikuzawa, P. Kolari, K. Koyama, J.-M. Limousin, P. Meir, A. C. Lola da Costa, T. N. 

Mikkelsen, N. Salinas, W. Sun, and L. Wingate. 2015. Optimal stomatal behaviour 

around the world. Nature Clim. Change advance online publication. 

6 

 



Niinemets, Ü., and J. D. Tenhunen. 1997. A model separating leaf structural and biphysiological 

effects on carbon gain along light gradients for the shade-tolerant species Acer 

saccharum. Plant, Cell & Environment 20:845-866. 

Smith, E. 1937. The influence of light and carbon dioxide on photosynthesis. General Physiology 

20:807-830. 

Wilson, K. B., D. D. Baldocchi, and P. J. Hanson. 2001. Leaf age affects the seasonal pattern of 

photosynthetic capacity and net ecosystem exchange of carbon in a deciduous forest. 

Plant, Cell & Environment 24:571-583. 

Wullschleger, S. D. 1993. Biochemical limitations to carbon assimilation in C3 plants: a 

retrospective analysis of A/Ci curves from 109 species. Journal of Experimental Botany 

44:907-920. 

 

 

7 

 


