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Motivations 

①  To implement an analytical solution solving jointly 
the assimilation, the stomatal conductance and 
the intercellular CO2 concentration 

②  To update the parameterisation and the formalism 
used, in better agreement with recent experiment-
based studies 

③  To better document the overall associated module  
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Three unknowns, three equations 

•  The rate of [CO2] assimilation, A 
–  A = min(Ac, Aj) where AC is the Rubisco-limited rate of CO2 assimilation  

           and Aj is the e- transport-limited rate of CO2 assimilation 
•  Both Ac and Aj  are function of Ci 

•   The intercellular CO2 partial pressure, Ci 
–  Ci = Ca – A ( 1/gb + 1/gs ) where Cs is the leaf-surface CO2 partial pressure 

                       gb the boundary-layer conductance 

  
•  The stomatal conductance, gs 

–  gs = g0 + ( A + Rd ) / ( Ci – C*
i ) fVPD where g0 is the stomatal conductance    

      when irradiance is 0  
     and Rd the dark respiration  
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Conductances and [CO2] within the leaf 

32 X. Yin, P.C. Struik / NJAS - Wageningen Journal of Life Sciences 57 (2009) 27–38

Fig. 3. The Z scheme for photosynthetic thylakoid reactions showing linear (solid arrows), cyclic and pseudocyclic (dashed arrows) electron transport routes. From reduced
ferredoxin, a fraction, fcyc, of the electrons follows the cyclic mode around PSI. Another fraction, fpseudo, of the electrons that have passed PSI follows the pseudocyclic mode
for supporting processes such as the water–water cycle (WWC, see [69]), or nitrite reduction, or other minor metabolic processes. The remaining fraction, 1 − fcyc − fpseudo,
is transferred to NADP+—the terminal acceptor of the linear electron transport for generating NADPH in support of CO2 reduction or photorespiration. The efficiency of ATP
synthesis along the chain depends on the operation of the Q-cycle. The scheme shows that a fraction, fQ, of the electrons followed the Q-cycle (dotted arrow) through the
concerted action of the Rieske FeS and b6 of the cytochrome b6f complex, and the remaining fraction, 1 − fQ, is transferred directly towards plastocyanin (Pc). Chl, chlorophyll;
h!, photons absorbed either by PSI or by PSII. Redrawn from Yin et al. [70].

Combined measurements of CO2 exchange and chlorophyll flu-
orescence over the range (e.g., low light and high CO2 levels) where
A is limited by Aj, could be used to determine the value of s, that is,
as the slope of linear regression, based on Eq. (12), between A and
Iinc˚2/4, obtained under the non-photorespiratory condition (low
O2 and/or high CO2), at which" * can be practically set to zero [20].

If parameter s is known, the efficiency for converting Iinc into
LET under the strictly limiting light condition, #2(LL), is given by:

#2(LL) = s˚2(LL) (13)

In analogy to Eq. (4), the equation for calculating J but as a func-
tion of incident irradiance can then be established as:

J =

!
#2(LL)Iinc+Jmax−

"
(#2(LL)Iinc+Jmax)2−4$Jmax#2(LL)Iinc

#

2$
(14)

Then, Aj could still be calculated by Eq. (3a), with J being
given by Eq. (14). This way of calibration accounts for any occur-
rence of alternative e− transport. An advantage of using Eq. (14)
with parameter #2(LL) over Eq. (4) is that parameter #2(LL) can be
determined from combined measurements of gas exchange and
chlorophyll fluorescence without the necessity to measure param-
eter ˇ, which is very hard to measure and is often approximated
by total leaf absorptance (note that there is probably significant
absorptance by non-photosynthetic pigments in leaves). With this
calibration procedure, only a single lumped parameter #2(LL) is
needed, obviating the need for knowing individual underlying
parameters ˇ, %2, fcyc and fpseudo, which would need more detailed
measurements to estimate specifically. Yin et al. [20] showed for
wheat leaves, that #2(LL) can be related to leaf nitrogen (N) content
(in g m−2) as: #2(LL) = 0.2048 + 0.0435N. So, if no chlorophyll fluores-
cence or non-photorespiratory measurements were conducted for
performing the aforementioned calibration procedure, #2(LL) can be
first derived practically using this equation.

4. Coupled modelling of C3 photosynthesis and diffusional
conductance

The FvCB-type models, in principle, require Cc to be known a
priori, although Farquhar et al. [3] initially used the intercellular

CO2 level (Ci) in places of Cc of Eqs. (2) and (3a), (3b). Diffusional
conductance (including boundary-layer, stomatal and mesophyll
components) is involved along the path of transfer from ambient
CO2 level (Ca) to Cc (Fig. 4). The first two components determine
the drawdown of Ci relative to Ca. Of the three components, stom-
atal conductance (gs) was formerly considered as most important,
so in applying the FvCB model, Ci was then being treated as equal
to Cc (e.g., [16]). In recent years, mesophyll conductance (gm) for
CO2 transfer has increasingly been found to be small enough for
the existence of a significant drawdown of Cc relative to Ci (see the
review of [39]). As it is the level of Cc rather than Ci that together

Fig. 4. Micrograph of the abaxial surface of a typical leaf, illustrating the pathway
of CO2 transfer from ambient air (Ca) through leaf surface (Cs) and intercellular air
spaces (Ci) to the Rubisco carboxylation-sites in chloroplasts (Cc). Boundary-layer
conductance (gb), stomatal conductance (gs), and mesophyll conductance (gm) are
indicated. Revised from Flexas et al. [39].

Ca gb 

Cs 

gs 

Ci 

gm 

Cc chloroplast 

stomate 

•  Ca : Ambient air CO2 
 partial pressure 

•  Cs : Leaf surface CO2 
 partial pressure 

•  Ci : Intercellular CO2 
 partial pressure 

•  Cc : Chloroplast CO2 
 partial pressure 

•  gb : Boundary-layer 
 conductance 

•  gs : Stomatal 
 conductance 

•  gm : Mesophyll diffusion 
 conductance 
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Solving A, gs and Ci 

•  Often done by numerical iteration approach 

•  In ORCHIDEE, an approximate solution was calculated, using the 
Ci value of the former time step with a “relaxation” term 

•  Combining the 3 equations leads to a standard cubic equation for 
A : A3 + pA2 + qA + r = 0 (more details in Baldocchi (1994)) 

 
•  Yin et al. (2009) propose an analytical solution for C3 and C4 

plants (All the details in the Appendix of Yin et al.) 
–  Three roots, one being most suitable for solving both Ac or Aj under any 

combination of Ci, radiation, temperature and VPD. 
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Temperature response of photosynthesis parameters 

•  Two types of equations are commonly used 

Ea : Activation energy 
Ed : Deactivation energy 

ΔS : entropy factor 
 
 

 

Peak function 

Arrhenius function Function used for the all 
temperature-dependant 
parameters except Vcmax 
and Jmax 
 

Function used for Vcmax 
and Jmax 
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Temperature response of photosynthesis parameters 

Peak function 

Arrhenius function 

Temperature (°C) 

•  Arrhenius vs. Peak functions 
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Temperature response of photosynthesis parameters 

•  Formerly, in ORCHIDEE, temperature response for Vcmax and 
Jmax (for C3 species) is defined using Tmin, Tmax and Topt with the 
following equation 

•  For C4 species, the former temperature response is a peak 
function => no change 

f (T ) = kopt
T −Tmin( ) T −Tmax( )

T −Tmin( ) T −Tmax( )− T −Topt( )
2

Peak function with Ea = 71500 J mol-1 

               ΔS = 653 J mol-1 K-1 

               Ed = 200000 J mol-1 

“Old” function with  Tmin=-2°C 
  Tmax=38°C 
  Topt=25°C 

Temperature (°C) 
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Temperature response of photosynthesis parameters 

•  From reference value at 25°C to reference value at Topt (see 
Medlyn et al., 2002) 

 with                                             in Kelvin 
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Temperature acclimation 

•  Response to long-term temperature 
•  Formerly in ORCHIDEE, only for C3 grass : Tmin, Tmax and Topt are 

function of the long-term temperature 
•  Kattge & Knorr (2007) analysed data, searching for temperature 

acclimation of Vcmax and Jmax related parameters 

–  Vcmax,25 

–  Jmax,25 

–  Topt 

–  ΔSJmax and ΔSVcmax 

–  Jmax,25 / Vcmax,25 

p = a + b x tgrowth
   

` 

  with tgrowth the monthly temperature (°C) 
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Temperature acclimation: ΔS parameter 

significantly, as the slope’s 95% confidence interval (twice
SE) included zero (Fig. 2a,b, Table 3).

The activation energy, Ha, of Vcmax varied from 45 to
90 kJ mol-1 with three outliers above 100 kJ mol-1, and an
average of 72 ! 3.3 kJ mol-1 (SE, with an SD of 21 kJ mol-1,
see Fig. 2c). The activation energy of Jmax varied between 35
and 108 kJ mol-1, an average of 50 ! 2.4 kJ mol-1 and an SD
of 15 kJ mol-1 (Fig. 2d).The slopes of the temperature accli-

mation functions were slightly negative, but this was again
not significant (Table 3). This result was independent of the
choice of data, either including or excluding outliers or
pretreatment.

The temperature acclimation functions of the entropy
terms, DS, had negative slopes, -1.07 ! 0.19 J mol-1 K-2 for
Vcmax and -0.75 ! 0.21 J mol-1 K-2 for Jmax, with an intercept
of 668 ! 3.6 and 660 ! 4.1 J mol-1 K-1, respectively
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Figure 2. Parameter values of individually fitted functions to characterize the temperature dependence of Vcmax (a,c,e,g) and Jmax

(b,d,f,h) in relation to plant growth temperature: (a,b) standard values at 25 °C; (c,d) activation energy (Ha); (e,f) entropy term (DS); (g,h)
optimum temperature (Topt). Open symbols: plants grown in glasshouses with controlled temperature; closed symbols: plants grown at
naturally variable temperature regimes. Linear regressions are shown in dashed lines and are based on all points except when pretreated
(rectangles) and those shown in grey [(a,c,e,g): points excluded with optimum temperature above 50 °C; (b,d,h): points excluded with
optimum temperature below 20 °C].
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Vcmax Jmax 

Temperature (°C) 

Tgrowth=25°C 

Tgrowth=15°C 

ΔSVcmax= 668 – 1.07 tgrowth 
 
ΔSJmax= 660 – 0.75 tgrowth 
 

From Kattge & Knorr (2007) 
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Temperature acclimation: rj,v parameter 
From Kattge & Knorr (2007) 

J a b t V H T T T RTmax max exp= + ∗( ) −( ) ( )[ ]rJ,V rJ,V growth c a l ref ref l
25

11

1

+ + ∗( ) −⎛
⎝

⎞
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+ +

exp

exp

T a b t H
T R

T a b

ref S,J S,J growth d

ref

l S,J

∆ ∆

∆ ∆SS,J growth d

l

∗( ) −⎛
⎝

⎞
⎠

t H
T R

(10)

The base rate, Vcmax
25, still needs to be specified according

to species and nutrition, while the activation energy, Ha, is
derived as the average from the compilation and is the same
as for the model with and without temperature acclimation
(72 ! 3.3 kJ mol-1 for Vcmax and 50 ! 2.4 kJ mol-1 for Jmax).
The values, a and b, of the temperature regression param-
eters can be found in Table 3, and the deactivation energy,
Hd, is fixed at 200 kJ mol-1.

To evaluate the derived general models with and without
temperature acclimation, we compare them against the
individually fitted functions, using the RMSE (RMSEV and
RMSEJ) as described by Eqns 6 and 8. The individually
fitted functions describing Vcmax, fi(Tl), show small relative
variations below 25 °C and high relative variations above
25 °C (Fig. 4a). Therefore, RMSEV against the general nor-
malized temperature function without acclimation is small
below 25 °C and large above 25 °C (Fig. 4c). Including the
temperature acclimation of DS (Table 3; Eqn 9) had almost
no impact on the temperature dependence of Vcmax below
25 °C, but the optimum of Vcmax was shifted to higher tem-
peratures and higher values with increasing plant growth
temperatures (Fig. 4e). Accordingly, the temperature accli-
mation of DS did not affect the RMSEV range below 25 °C,
but reduced RMSEV by up to 25% at temperatures above
25 °C, depending on leaf temperature (Fig. 4g).

For Jmax, we show the temperature function rJ,Vg(Tl),
which assumes the value of Jmax

25/Vcmax
25 at 25 °C. This ratio

varies among the different temperature functions fitted to
the individual data sets. As a consequence, the variability
between individually fitted functions is relatively high for
the whole range of leaf temperatures (Fig. 4b), and RMSEJ

against the general normalized temperature function
without acclimation is relatively constant (Fig. 4d). Jmax nor-
malized to 1 at 25 °C would show a variability similar to
Vcmax. If the general model includes the temperature accli-
mation of DS and rJ,V (Table 3; Eqn 10), the optimum of Jmax

is shifted to higher temperatures with increasing plant
growth temperature, but almost constant optimum values
(Fig. 4f). Including the temperature acclimation generally
reduces the RMSEJ compared to no acclimation for a wide
range of leaf temperatures (Fig. 4h).

Impact of temperature acclimation
on modelled photosynthesis

Figure 5 presents the impact of the temperature acclima-
tion of Vcmax and Jmax on modelled light-saturated RuBP
carboxylation-limited photosynthesis (AC) and RuBP
regeneration-limited photosynthesis (AJ), using the general
model with temperature acclimation. Increasing plant
growth temperature from 10 to 25 °C shifts the optimum
temperature of AC from about 23 to 29 °C, and the optimum
temperature of AJ from about 29 to 33 °C. These results are
in good agreement with the optimum temperatures of pho-
tosynthesis published by Medlyn et al. (2002a). Maximum
values of AC increase, while maximum values of AJ

decrease. Both AC and AJ at low leaf temperatures are

Figure 3. (a) Individually fitted values
of the ratio Jmax/Vcmax at standard leaf
temperature of 25 °C (Jmax

25/Vcmax
25 = rJ,V)

against growth temperature. (b)
Individually fitted optimum temperature
of Jmax against Vcmax. (c) Jmax against Vcmax

at 25 °C leaf temperature but individual
growth temperature. (d) Jmax against Vcmax

at 25 °C leaf temperature extrapolated to
25 °C growth temperature using the
linear regression shown in (a). Open
symbols: plant growth temperature
> 18 °C; closed symbols: plant growth
temperature < 18 °C. Linear regressions
are shown in dashed lines and are based
on all points except when pretreated
(rectangles) and those shown in grey [(b):
points excluded with optimum
temperature above 50 °C; (a–d): points
excluded with optimum temperature
below 20 °C].
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rj,v= 2.59 – 0.035 tgrowth 
 
 
rj,v= 1.7 for tgrowth= 25°C 
rj,v= 2.0 for tgrowth= 15°C 
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Parameterization used 

•  Most parameter values used are those from Yin et al. (2009), 
Bernacchi et al. (2001), Medlyn et al. (2002) and Kattge & Knorr 
(2007) 

•  Formalism and associated parameterization used by Medlyn et al. 
and Kattge & Knorr do not account for the mesophyl conductance 
while Yin et al. do => so far, we neglect gm  

•  We use a peak function for the sensitivity to temperature for both 
Vcmax and Jmax (Yin et al. assume an Arrhenius function  for Vcmax) 

•  No acclimation for C4 species 
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Effects of other factors 

•  Water stress 
–  few studies: see Keenan et al., 2010 
–  Impacts on Vcmax and Jmax based on relative soil moisture. 
–  We keep the formulation used formerly in ORCHIDEE 

•  Nitrogen stress 
–  There is no explicit representation of nitrogen but we do account for a 

reduction of Vcmax and Jmax within the canopy assuming that leaf N is 
decreasing from top to bottom canopy 

humrel 

stress 

1 0 0.5 

1 
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•  A and gs are calculated at each 
LAI level 

•  Beer-Lambert decrease of light 
in the canopy : 

with k=0.5 
=> see Spitters (1986) 

•  N-limitation of assimilation, fN 

•  The others parameters (e.g 
temperature, CO2, VPD, ...) are 
held constants. 
 

 

From leaf to canopy 
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•  N-limitation of assimilation 

 

From leaf to canopy 

exp(-0.5l) 

exp(-0.1l) 
1-0.7(1-exp(-0.5l)) 

See Dewar et al., 2002 
Light extinction 

N-limitation ORCHIDEE 

“correct” N-limitation 
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Code management   

•  The new scheme has been merged in the trunk  
–  Revision 2031 – April 2014 

•  No epxlicit documentation (yet) but the references used are cited 
both in the diffuco_trans_co2 routine and in the parameter module  
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Evaluation of the modified scheme 

•  At site level GPP @ Hainich (Germany) 

Mean Diurnal Cycle – July 2003  

Obserfvation 
Old Scheme 
New Scheme 
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Evaluation of the modified scheme 

•  At site level DBF sites: month-to-month GPP variability 
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•  At global scale 
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Further improvements 

•  Modifying the vertical profile of the leaf Nitrogen within the canopy 

•  Optimization of the current scheme: 
–  Vcmax,25 
–  Acclimation parameters for Vcmax,25/Jmax,25, SVcmax, SJmax  

•  Accounting for mesophyll conductance and its effect on 
assimilation 

•  Accounting for partitioning between diffuse and direct light within 
the canopy 
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