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Abstract The leaf photosynthesis models developed by Farquhar et al. (1980, https://doi.org/10.1007/
BF00386231) (FvCB) and Goudriaan et al. (1985, https://doi.org/10.1007/978-1-4899-3665-3_10) (G85)

are both used in Earth system and weather models to quantify ecosystem carbon assimilation. Despite their
common role, a systematic comparison between these two photosynthesis models is currently lacking in
scientific literature. In this technical report we compared the two models in a systematic way. Hereto we
performed a comparative analysis of the model structures as well as the modeled responses of photosynthesis
to light and CO, at leaf level. To facilitate future model comparison, we also constructed a lookup table

that presents FvCB model parameters fitted to CO,-response curves from G85 in a wide natural range in
photosynthetic capacity at standardized temperature. The structure of the FvCB model differs fundamentally
from the G85 model as the FvCB model considers rate-limiting processes due to Rubisco capacity, electron
transport and triose phosphate utilization in parallel, whereas the G85 model considers Rubisco activity and
triose phosphate utilization limitation to act in series scaled with quantum use efficiency. The models also differ
fundamentally in terms of the parametrization of dark respiration. Still, both models calculate near-similar
responses of photosynthesis to changes in light and CO, across a wide range in photosynthetic capacity with
only two free parameters each. Our work thereby highlights functional similarities between these model
approaches despite fundamental differences in model structure. Hence, standardized parameter sets that yield
similar photosynthesis responses to light and CO, may facilitate intercomparison of Earth system and weather
models.

Plain Language Summary In Earth system and weather models the exchange of CO, between the
vegetation and the atmosphere is primarily determined by photosynthesis at leaf level. Two commonly applied
representations of leaf photosynthesis are based on the models of Farquhar et al. (1980, https://doi.org/10.1007/
BF00386231) (FvCB) and Goudriaan et al. (1985, https://doi.org/10.1007/978-1-4899-3665-3_10) (G85).

A systematic comparison between the two model approaches is currently lacking in scientific literature. The
objective of our technical report is to provide such a comparison and thereby to contribute to an exchange of
ideas, data and applications between users of the respective models. We found that the two models calculate a
similar response of net photosynthesis to light and CO,, despite having considerable differences in their model
structure and representation of physiological processes. The main difference in model structure is that the
limitations to photosynthesis in the FvCB model are applied in parallel, whereas in the G85 model they are in
series. We also present a lookup table to express parameters from the G85 model in terms of their equivalent
FvCB parameters. This technical report thereby contributes to the comparison of models used across the Earth
system and weather modeling communities.

1. Introduction

Plants exchange CO, with the atmosphere through the processes of photosynthesis and respiration (Smith &
Dukes, 2013), thereby affecting the partitioning of surface fluxes in the carbon balances of the land and the
atmosphere (Lasslop et al., 2010; Mahecha et al., 2010). In land surface models (LSMs), the exchange of CO,
between the vegetation and the atmosphere is primarily determined by how photosynthesis is represented at
leaf level (Knauer et al., 2020). LSM simulations of CO, exchange have repeatedly shown to be sensitive to
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the physiological processes at the leaf level (e.g., Lemordant et al., 2018). Therefore, any representation of leaf
photosynthesis requires detailed consideration when embedded in large scale modeling (Busch & Sage, 2017).

The most widely used model for leaf photosynthesis is the one developed by Farquhar, von Caemmerer and Berry
(FvCB) (Farquhar et al., 1980), which is found in many LSMs used for Earth system modeling and appeared in
four LSMs that participated in the fifth Coupled Model Intercomparison Project (CMIP) (Rogers, 2014; Rogers
et al., 2017). The FvCB model predicts leaf photosynthesis mechanistically as the minimum of two biochemical
limitations related to the kinetic properties of the Ribulose 1,5-biphosphate carboxylase-oxygenase (Rubisco)
enzyme and to the transport of electrons as driven by light (Farquhar & von Caemmerer, 1982). Sometimes a
third biochemical limitation is included that relates to the export of photosynthetic end-products called triose
phosphate utilization (TPU) (Lombardozzi et al., 2018). An overview on applications and the different variants
of the model can be found in von Caemmerer (2013) and Yin et al. (2021).

An alternative to the FvCB model is the leaf photosynthesis model of Goudriaan et al. (1985) (G85 model).
The G85 model is based on phenomenological relationships of leaf photosynthesis and, similar to the FvCB
model, it includes representations of the biochemical limitations by Rubisco, electron transport and TPU. The
G85 model is traditionally used in meteorological research as part of the photosynthesis (A)-stomatal conduct-
ance (g,) model of Jacobs (1994). This A — g, model has its main applications in the LSMs of the European
Centre of Medium-Range Weather Forecasts (ECWMF) (Boussetta et al., 2013), of the Earth system model
operated by the Centre National de Recherches Météorologiques (CNRM-ESM1) (Calvet et al., 1998; Masson
et al., 2013; Séférian et al., 2016) and of the Dutch Atmospheric Large-Eddy Simulation (Vila-Guerau de Arel-
lano et al., 2014). Recently, the meteorological model of the ECMWF was used to model Earth system processes
and the meteorological model CNRM-ESM1 was included in the sixth CMIP (Arora et al., 2020; Boussetta
et al., 2021; Park et al., 2021). Thereby the G85 photosynthesis model has entered the Earth system modeling
community.

The objective of this technical report is to provide a conceptual and quantitative comparison between the two
models of photosynthesis. Our aim is to assess similarities and differences between the photosynthesis models
and facilitate communication and exchange of data between their users. In our comparison, we considered the
model parametrizations for C3 photosynthesis. Although the G85 model can be used for predicting C4 photosyn-
thesis with adjustments in model parameters only (e.g., Szczypta et al., 2014), we argue that comparison of C4
photosynthesis responses of beyond the scope of this technical report.

Our technical report consists of three components. First, we design a flowchart that conceptually displays the
structure of the two models and the way represented processes are coupled. Subsequently, we describe the behav-
ior of the two models by comparing the predicted response of net photosynthesis (A,) to the intercellular CO,
concentration of the leaf (C;) at constant photosynthetic active radiation (PAR) and to PAR at constant C;. We do
this since CO, and PAR are among the key environmental variables that determine A,. Although we acknowledge
the relevance of temperature and oxygen in shaping the response of photosynthesis, we argue that these factors
fall outside the scope of the current analysis and have been discussed in previous studies in greater detail (e.g.,
Bernacchi et al., 2009; Sharkey, 1988). Finally, to facilitate future intercomparison and the extension to new
processes in the representations, we provide a lookup table to enable users to switch back and forth between key
parameters of the two models.

2. Materials and Methods
2.1. Research Strategy to Harmonize the Intercomparison

In the subsections that follow we provided for both models the equations through which leaf net photosynthesis
is predicted. We only provided the equations that were used in our model comparison. We included the TPU
limitation in the FvCB model as this limitation is by default integrated within the G85 model. We chose to use the
model equations based on C; since the majority of LSMs, in which these leaf photosynthesis models are nested,
predict A, based on C; as well. Since leaf temperature and oxygen (O,) do not alter the way in which net photo-
synthesis is calculated, we analyzed all model responses at constant leaf temperature of 25°C and at constant
atmospheric oxygen of 0.21 mol(O,) mol~!(air).
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Throughout this section we will present the equations of the two models in their respective standard unit: mass
for the G85 model and moles for the FvCB model. This approach retains the parameter values that are commonly
used in their respective communities. In Section 3, however, we present the results using units of moles to facil-
itate intercomparison.

2.2. FvCB Model

Farquhar et al. (1980) assume that the net photosynthetic rate (A,; see Table S1 in Supporting Information S1 for
all FvCB model variables) can be calculated as:

A, =V.—=0.5V,— Ry (D

where V, and V, are the carboxylation and oxygenation rates of Ribulose 1,5-biphosphate (RuBP) as catalyzed by
Rubisco, respectively. R, is the leaf respiration during the day other than photorespiration (von Caemmerer, 2013),
often termed as “dark respiration” (Lambers et al., 2008). V, is the photosynthetic rate that is gross to R, and
photorespiration (Wohlfahrt & Gu, 2015), with the latter equal to half the rate of oxygenation since 0.5 mol of
CO, is released for every mole of oxygen that is oxygenated. Photorespiration is assumed to occur in the mito-
chondria and not available for carboxylation (von Caemmerer et al., 2009). The use of V, in the model is often
circumvented by simplifying Equation 1 to (von Caemmerer, 2013):

A, =V.(1-0.50)— Ry ()

where @ is the ratio of ¥, to V. and defined as (Farquhar et al., 1980):

o

%] C

3)
Here, I is the CO, compensation point in absence of dark respiration (Laisk, 1977): it is the internal CO, concen-
tration of the leaf at which photorespiration is equal to photosynthesis gross to dark respiration.

Equations 1-3 form the basis of the model. To complete the model, ¥, needs to be parametrized. Rubisco satu-
rates relatively fast for its substrate RuBP, which has led to the formulation that V, is either saturated by RuBP or
limited by the regeneration of RuBP (Farquhar, 1979; Farquhar et al., 1980; Farquhar & von Caemmerer, 1982).
The former case is also called the Rubisco limited rate of V,, as the active Rubisco concentration is limiting when
RuBP is saturating. The latter case is also called the electron-transport limited rate, as the transport of electrons
drives RuBP regeneration (von Caemmerer et al., 2009). TPU limits photosynthesis when the other two rates
are high and thereby sets the maximum rate that net photosynthesis can reach in the model (see Lombardozzi
et al., 2018).

V.is calculated as the minimum of three potential rates that relate to the above limitations (von Caemmerer, 2000):
Ve = min (W, W;, W) 4)

with W, the Rubisco limited rate of carboxylation, W the electron transport limited rate of carboxylation and W,
the gross rate of photosynthesis when limited by TPU.

Since Rubisco is both a carboxylase and oxygenase (Bowes et al., 1971), O, inhibits RuBP carboxylation and W,
is calculated using the Michaelis-Menten model for competitive inhibition (Badger & Andrews, 1974; Bowes &
Ogren, 1972):

I/cmaxcwi
0] Q)]
C+K (14—
(%)

0

I/I/cz

where V.« 1 the maximum rate of carboxylation representing the catalyzing capacity of active Rubisco. K. and
K, are the Michaelis-Menten constants of Rubisco to carboxylation and oxygenation, respectively. O is the O,
concentration in the intercellular airspace of the leaf.

W, is calculated according to (Farquhar et al., 1980):
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where J is the rate of electron transport. The number 4 represents the four electrons that are required to assimilate
one molecule of CO, in the Calvin-Benson cycle (Lambers et al., 2008). As J is utilized by both carboxylation
and oxygenation, their ratio (@) determines the number of electrons available for carboxylation (Farquhar, 1979).
The formulation of @ is hidden in Equation 6. J depends on absorbed PAR through the empirical equation of
Farquhar and Wong (1984):

12 + Jmax - \/(IZ + Jmax)2 - 40[2Jmax (7)

J =
20

where I is the absorbed PAR by photosystem II, Jy,.ax is the maximum electron transport rate and 6 is a curvature
factor (Evans, 1989). Recently, there are efforts to include a mechanistic description of electron transport in the
FvCB model (e.g., Johnson & Berry, 2021; see; Yin et al., 2021). Yet, these efforts have not been included in
Earth system models.

I, is subsequently defined as (von Caemmerer, 2013):

_ PAR(I — f)abs

I
: 2

®)
where f is a loss factor that accounts for the spectral quality of light (von Caemmerer, 2013). abs is the absorbance
efficiency of the leaf and smaller than 1 as some wavelengths within the wavelength range of PAR are absorbed
at a low efficiency (Evans, 1987). PAR is the intercepted PAR by the leaf. The number 2 accounts for dividing
PAR equally among photosystem II and photosystem I, whereas only photosystem II drives electron transport
(von Caemmerer et al., 2009).

W, can be parametrized in various ways. A common parametrization is the one of Sharkey (1985):

3T,

W= ——
1-0.59

©))
where T), is the export rate of triose phosphates from the chloroplast. The factor (1 — 0.5@) serves to make the
parametrization gross to photorespiration (von Caemmerer, 2013).

Using Equation 3 to substitute @ in Equation 2 and using Equations 5, 6 and 9 to substitute ¥, in Equation 2 yields
the potential rates of photosynthesis net of photorespiration:

chax (CI _F*)

A= 0N (10)
Gk (1+2)
J(Ci-T)

TR v
A, =3T, 12)

Subsequently, A, can be calculated according to (von Caemmerer, 2013):
A, =min (A, A;, A)) — Ry 13)

where R, is commonly parametrized as follows:

Ry = 0.015Vemax 14)
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2.3. G85 Model

The G85 modeling approach is based on the two essential conditions, namely either light or CO, as the limiting
factor, that together led to a representation of how photosynthesis responds to light (Jacobs, 1994). Subsequently,
Goudriaan et al. (1985) assume that the net photosynthetic rate (A,; see Table S2 in Supporting Information S1
for all G85 model variables) can be calculated empirically as:

ePAR )
— Ry

Av=(An+Ro)|1- e_(Am +Ra (15)

where A,, is the Rubisco limited net rate of carboxylation, R, the dark respiration, e the initial quantum use effi-
ciency and P AR the absorbed PAR by the leaf.

e is the initial slope of the light response curve and calculated according to (Goudriaan et al., 1985):

G-I

TG (16)

where ¢ is the maximum initial quantum use efficiency. The value of ¢, is based on the theoretical quantum
requirement of the Calvin-Benson cycle: at least 8 photons in the PAR wavelength range are required to assim-
ilate one molecule of CO, (von Caemmerer & Farquhar, 1981). Goudriaan et al. (1985) lowered the theoretical
maximum value of ¢, to account for PAR absorption by non-chlorophyll leaf tissue. The fraction in Equation 16
accounts for the energy cost and CO, release (i.e., photorespiration) by oxygenation.

Equations 15 and 16, combined with the parametrization of A,, in Goudriaan et al. (1985), predict an unlimited
net photosynthesis at high CO, and PAR. For that reason, Jacobs (1994) used the TPU limitation as an upper
boundary to A,:

gmp (Ci — F*)]

Ap=Ammx |1 —¢ [ Amma (17)

where Apmax is the TPU limited net rate of photosynthesis, g, the mesophyll conductance and p the air density.
Note that this use of g, has historically been common, but deviates from the current definition and use of meso-
phyll conductance (Knauer et al., 2019, 2020; Tholen et al., 2012). g,, represents the initial slope of the Rubisco
limited rate and of the CO,-response curve as well when PAR is not limiting. Aymax is based on the parametri-
zation of Collatz et al. (1991), although in the G85 model Ay is directly assigned a value and net of all leaf
respiration while in Collatz et al. (1991) the TPU limited rate has an explicit parametrization and is still gross to
dark respiration. The air density in Equation 17 is needed to correct for the units of the other variables.

The dark respiration remained unparametrized in Goudriaan et al. (1985) and was given a parametrization by
Jacobs (1994) following Van Heemst (1986):

An
Ri= 2 (18)

2.4. Model Parameters

To analyze the behavior of the two models we compared their calculated response of A, to C; at several levels of
PAR and their calculated response of A, to PAR at several levels of C;. The CO,-response curves were compared
at the PAR levels of 150, 800 and 1,800 umolm~2s~! and the light-response curves at the C; levels of 125, 280
and 2,000 ppm. Thus, in total, we constructed six response curves with each model. The PAR levels are equal
to approximately 22, 175 and 394 Wm~2 using a conversion factor of 4.57 pmol J=! (McCree, 1972).

We selected the PAR level of 1,800 pmolm~2s~! since it is a commonly used level to represent a saturating light
intensity during leaf gas exchange measurements. We choose the PAR level of 150 pmolm~2s~! to represent shade
conditions and the PAR level of 800 pmolm~2s~! as intermediate. Similarly, the C; level of 2,000 ppm is chosen
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:Zz;:ter Values of the G85 Model, as in Jacobs (1994), and the FvCB Model Corresponding to a Reference Leaf Temperature of 25°C
Model Symbol Unit Parameter Value
G85 s mg(CO,) kg~!(air) CO, compensation point at 298 K 68.5
Ammax298 mg(CO,) m~2s~! TPU limited net rate at 298 K 2.2
gm298 mm s~! Mesophyll conductance at 298 K 7
€ mg(CO,) J~! Maximum initial quantum use efficiency 0.017
FvCB Vemax298 pmol(CO,) m=2s~! Maximum carboxylation rate at 298 K 143
K208 pmol(CO,) mol~'(air) Michaelis Menten constant for carboxylation at 298 K 404.9
K08 mmolCO, mol~'(air) Michaelis Menten constant for oxygenation at 298 K 287.4
o pmol(CO,) mol~!(air) CO, compensation point at 298 K 45
Rinos pmol(CO,) m=2s~! Dark respiration at 298 K 2.3
Jmax298 pmol(electrons) m=2 s~ Maximum rate of electron transport at 298 K 234
a mol(CO,) mol~!(electrons) Quantum-use efficiency 0.24
0 = Curvature factor 0.85

Note. G85 model parameters g9 and Ammax20s follow the temperature inhibition response of Collatz et al. (1992), which lowers their calculated values at 25°C. The air

density in the G85 model was set to 1.18 kg m~

3, which corresponds to the air density of dry air in a standard atmosphere of 25°C. The non-fitted FvCB model parameter

values of K., K, and I'* in fitaci of Duursma (2015) originate from Bernacchi et al. (2001). The non-fitted parameter values of a and 6 are given by Duursma (2015),
where « is termed as quantum-use efficiency (mol(electrons) mol~!(photons)). & has different units compared to e of the G85 model. The multiplication PAR can be
used to substitute I, in Equation 7. The value of I'* . is equal in the two models, but is presented in different units.

298

since it is commonly used to represent a saturating CO, concentration during leaf gas exchange measurements. At
the other extreme, the C; level of 125 ppm represents the minimum atmospheric CO, concentration during the last
glacial period (Petit et al., 1991; Siegenthaler et al., 2005), using a typical ratio of 0.7 to convert from atmospheric
CO, concentration to C;. The C; level of 280 ppm is chosen to represent current atmospheric CO, concentration
(400 ppm), using the same ratio of 0.7.

To construct the response curves of the G85 model we used the set of parameter values given by Jacobs (1994)
(Table 1), which is a commonly used set in the literature (Ronda et al., 2001). Subsequently, we used the R pack-
age fitaci of Duursma (2015) to fit the FvCB model to the CO,-response curve of the G85 model at the PAR level
of 1,800 pmol m~2 s~!. The fitted parameter values for V., and Jy,. were then used to construct the six response
curves of the FvCB model (Table 1). A value for R, of the FvCB model was obtained using a different approach
which we explain in the next sub-section.

2.5. Parameter Conversion

In addition to fitting the FvCB model to G85 model with default parameters, we extended the comparison of the two
models to capture the natural range in photosynthesis response curves (Walker et al., 2014; Wullschleger, 1993).
Hereto we first constructed 36 different CO,-response curves with the G85 model which, when expressed in terms
of the FvCB parameters V,,.x and Jy,.x, encompass the parameters ranges presented by Walker et al. (2014). These
CO,-response curve combined six different values of g,.293 With six different values of A,max208 ranging from 2.8
t0 9.6 mm s~! (110-390 mmol m~2 s~!) and 0.88 to 3.08 mgCO, m~2s~! (20-70 pmol m~2 s~!), respectively. All
CO,-response curves were generated with otherwise standard parameters (Table 1) and a PAR of 1,800 pmol m~2

s~!. Corresponding FvCB parameters Vpax and Joa, were fitted using the R package fitaci of Duursma (2015).

Aligning dark respiration between the two models proved problematic as dark respiration in the G85 model is a
function of C; through A,, and thus not constant along the CO,-response curves like in the FvCB model. Therefore
we prescribed R, as a fraction of V., that can be derived as a G85 model parameter through (Delire et al., 2020;
Jacobs, 1994):

I/cmax

gm = —
, (0] (19)
I+ K (1+—

o

VAN DIEPEN ET AL.

6 of 14



A7t |

A\ Journal of Advances in Modeling Earth Systems 10.1029/2021M5002976
AND SPACE SCIENCE
startFucB (@) seness (b) Here, we used I'* of the G85 model and the Michaelis-Menten constants
l— Rubiscolimted rate «—_photorespiration e used for the FvCB model (Table 1). R, was set equal to 0.015 V. based
S mm:m on global-scale analyses (Atkin et al., 2015; Smith & Dukes, 2018; Wang
o ¢ +— PAR aborption by 7 oo et e < photorepratn et al., 2020).

energy cost of oxygenation

v v
— electron transport limited rate «—  Photorespiration

— TPU limited rate

vy
net photosynthesis «— dark respiration

b darkrespiration
energy cost of oxygenation

H v
quanturh use efficiency «— photorespiration

2.6. Statistical Analyses

vy :
net photosynthesis <

The goodness of fit between the CO,-response curves of the two models was

Figure 1. (a) Flowchart of the FvCB model equations and (b) G85 model
equations. The arrows indicate the sequence in which the equations are solved.
For explanation of the processes displayed in the chart: see Section 2.2 for the

determined by the root mean square error (RMSE) and coefficient of deter-
mination (+?). The RMSE was retrieved as a parameter from fitaci. The r?
was obtained using MATLAB's linear regression model function fit/m, with
r? based on Pearson's correlation coefficient.

FvCB model and Section 2.3 for the G85 model.

3. Results
3.1. Model Structure

Although the G85 and FvCB models both aim to predict photosynthesis at the leaf level, we observed consider-
able differences in the model structure and the representation of processes. To visualize the model structure and
how equations of separate processes are coupled we have developed a flowchart for each model (Figure 1). In
case of the FvCB model, we choose to follow the model structure based on Equation 13 to predict net photosyn-
thesis instead of Equations 2 and 4 since the former model structure is commonly present in LSMs (e.g., Bonan
et al., 2011; Clark et al., 2011).

A fundamental property of the FvCB model is that photosynthesis is calculated from the combined limitations of
Rubisco, electron transport and TPU (Figure 1a). Photorespiration is therefore considered in both Rubisco- and
electron transport limited rates of photosynthesis. The TPU limitation is insensitive to photorespiration (McClain
& Sharkey, 2019). The dark respiration subsequently is subtracted after the minimum of the three limitations is
taken so that net photosynthesis is obtained. In the FvCB model, the Rubisco limited rate consists of an mech-
anistic representation of Rubisco enzyme kinetics that follows a rectangular hyperbola function. Its initial slope
is given by Equation 19 (see also Equation 42 in Farquhar et al. [1980]). Both the initial slope and the saturation
rate of the Rubisco limited rate scale linearly with Vimax. The electron transport limitation consists of multiple
processes coupled together. PAR represents the intercepted PAR by the leaf and reduces to absorbed PAR after
accounting for the spectral quality of light and the absorbance efficiency of the leaf. Subsequently, the absorbed
PAR is empirically related to electron transport rate following a non-rectangular hyperbola function. Lastly, the
electron transport rate is reduced by a factor that accounts for the energy cost of oxygenation and for photorespi-
ration. The conversion of absorbed PAR into a carboxylation rate is done in two steps: a factor 2 is used to convert
absorbed PAR into electron transport rate and a factor 4 is used to convert electron transport rate into carboxyla-
tion rate. The initial slope of the electron transport limitation can be found by rewriting some of the formulations
(Text S1 in Supporting Information S1). The saturation rate of the electron transport limited rate depends on Jiax.

The limitations to photosynthesis in the G85 model are calculated in series and thereby coupled to each other
(Figure 1b). The TPU limited net rate of photosynthesis serves as the maximum of the Rubisco limited net rate
of carboxylation, which in turn determines maximum electron transport and saturates the light response. There-
fore, Ammax and A,, are potential net photosynthetic rates and the rate that results from the light response curve
is the final net photosynthetic rate. Photorespiration is accounted for in two parts: once in the saturation part of
the light response curve through the Rubisco limited rate and once in its initial slope through the quantum use
efficiency. The dark respiration appears twice in the light response curve: once as an increment to A,, so that the
factor ePAR saturates toward a photosynthetic rate gross to dark respiration and once as a subtraction to obtain
net photosynthesis. In the G85 model the Rubisco limitation has an implicit representation of Rubisco enzyme
kinetics through g, and saturates toward Ammax following a negative exponential function. The light-response
curve follows a negative exponential function as well. The conversion of absorbed PAR into a carboxylation
rate is done implicitly with the parameter €. Its value is reduced by a factor that accounts for the energy cost of
oxygenation and for photorespiration.
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Few similarities exists between the two models in terms of structure and their representation of processes. An
example is the representation of oxygenation, both its energy cost and its release of CO, (i.e., photorespiration).
Additionally, some processes are represented differently but can be substituted into one another. For instance,
the mesophyll conductance parameter of the G85 model can be explicitly calculated in terms of FvCB model
parameters using Equation 19. For that reason, Ve, of the FvCB model is represented through g, in the G85
model. Similarly, ¢y can be made explicit using FvCB model parameters (Text S1 in Supporting Information S1).
Furthermore, both models use an empirical formulation to describe the transport of electrons driven by light.

There are some essential differences between the two models in terms of structure and process representation.
The limitations to net photosynthesis in the FvCB model are applied in parallel, causing discontinuities at the
transitions between the limitations (von Caemmerer et al., 2009). Since the limitations in the G85 model are in
series, there is a smooth transition between them and not a discontinuity. The in-series applied limitations cause
some processes to be absent in the G85 model. As the Rubisco limited rate saturates toward the TPU limitation,
Vemax 18 NOt represented in its saturation part. Jy, is not at all represented in the G85 model as net photosynthesis
saturates toward the Rubisco limitation. Finally, the two models parametrize dark respiration differently. In the
G85 model dark respiration is a function of the Rubisco limited rate and thereby dependent on leaf temperature
and C;. Common parametrizations of dark respiration in the FvCB model cause dark respiration to be independent
of C; and merely a function of leaf temperature through V.

3.2. Model Behavior

By using FvCB model parameters fitted to a G85 CO,-response curve, the FvCB and G85 models predict
near-similar responses to combined changes in CO, and PAR (Figure 2). Although the FvCB model is fitted to
the CO,-response curve of the G85 model at a single level of saturating PAR, its fitted parameter values result in
an accurate fit with varying C; or PAR.

The calculated photosynthetic response of the two models to CO, follow a saturation type of curve that are simi-
lar in shape and magnitude (Figures 2a and 2b). The CO,-response curves start at a negative value due to dark
respiration and photorespiration. Although the dark respiration in the G85 model turns negative for C; values
below I'*, photorespiration pushes the net photosynthesis below zero. At a high PAR level (Figure 2a), net photo-
synthesis in the FvCB model is Rubisco limited for low values of C; and subsequently becomes electron transport
limited and TPU limited at higher values. Such transitions are not present along the CO,-response curves of the
G85 model: electron transport simply saturates toward the maximum rate set by the Rubisco limitation. At the
combination of high C; levels and high PAR levels, this maximum rate approaches the TPU limitation (Aymax)-
At the intermediate PAR level (Figure 2b), the transition point in the FvCB model shifts to the left compared to
the transition point at the high PAR level as the maximum rate of electron transport (J)) drops. In the G85 model,
the net photosynthesis at zero C; increases a bit compared to net photosynthesis at zero C; at the high PAR level.
This occurs since the initial slope of the CO,-response curve in the G85 model depends on PAR. If PAR is at
an unsaturating level, net photosynthesis does not reach the maximum value set by the Rubisco limited rate and
the initial slope will be less steep than it would be if PAR would be at a saturating level. At the low PAR level
(Figure 2c), photosynthesis in the FvCB model is limited by electron transport over the whole range of C; and the
transition point between the Rubisco limitation and electron transport limitation has thus disappeared. Also, net
photosynthesis at zero C; has increased as the initial slope of the electron transport limited rate depends on PAR.
The physical interpretation is that less electrons are available for both oxygenation and carboxylation, so that
photorespiration is reduced for a given C;.

Similar to the CO, responses, the calculated photosynthetic response of the two models to PAR follow a saturation
type of curve and are similar in shape and magnitude (Figures 2d-2f). The light-response curves start at a nega-
tive value due to dark respiration. Whereas dark respiration in the FvCB model is constant at all three C; levels,
it is not in the G85 model: dark respiration increases with C; and therefore net photosynthesis is most negative at
the highest C; level and least negative at the lowest C; level. At the highest C; level (Figure 2d), net photosynthesis
in the FvCB model is electron transport limited for low to intermediate values of P AR and Rubisco limited for
high values of PAR. At lower C; levels (Figures 2e and 2f), the transition between these two limitation shifts to
the left as the maximum Rubisco limited rate drops with C;. The Rubisco limitation in the FvCB model imposes
a sharp transition point onto net photosynthesis. Contrary to the CO,-response curve, net photosynthesis does not
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Figure 2. (a—) CO,-response curves and (d—f) light-response curves of the G85 model (blue), the FvCB model without TPU limitation (red) and the FvCB model
including TPU limitation (red dashed). The CO,-response curves range from a C; level of 02,000 ppm and the light-response curve range from a PAR level of
0-2,285 pmol m~2 57! (or 500 W m~2). The vertical dashed lines indicate the transition points between the limitations in the FvCB model. The letters R, E, and T
indicate the Rubisco limitation, electron transport limitation and TPU limitation of the FvCB model, respectively. Statistical parameter values for the fits are given in

the textboxes.

increase after the transition point as the Rubisco limitation is independent of PAR whereas the electron transport
is not independent of C;. As for the CO,-response curves, this transition is not present along the light-response
curve of the G85 model.

Despite using fitted FvCB model parameters, the two models cannot calculate an identical photosynthetic
response to CO, or PAR. A crucial difference between the models is that the FvCB model has discontinuities at
the transitions between the parallel limitations (for instance at 300 ppm in Figure 2a) and the G85 model does not
have such discontinuities since its model structure considers limitations in series. The relative difference in net
photosynthesis between the two models at the transition from Rubisco to electron-transport limited photosynthe-
sis is around 10%. The difference in net photosynthesis at the transition between the electron transport limitation
and TPU limitation of the FvCB model is negligible since this transition is located far into the saturation part
of the CO,-response curve. Furthermore, dark respiration in the G85 model is a function of C; which causes an
additional non-linearity that is not present in, and cannot be reproduced by, the CO,-response curve of the FvCB
model.

3.3. Parameter Conversion

The CO,-response curves of the two models show a high goodness of fit over the whole range of combinations
of the G85 model parameters g,,, R; and Anmax (Table 2). The coefficient of determination decreases slightly at
high values of g, combined with low values of Anmax, but is high overall (>0.99). The RMSE overall increases
with g,, and is highest when g, is combined with low values of Ammax, similar to 2. When comparing RMSE with
Ammax, it should be kept in mind that the unit of RMSE is a factor 22.73 (1,000/44) smaller than that of Apmax-

There are a few relations between key parameters of the two models. Voo increases with g, and remains approxi-
mately constant when g,, is combined with various values for Apmmax. Vice versa, Jyq, increases with Ammax. When
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Table 2

FvCB Model Parameters V gmay (1molCO, m=2 s71) and Iy (mol(electrons)
m~2 s~!) Fitted to 36 Combinations of the G85 Model Parameters g, (mm
571), Ammax (mgCO, m=2 s7!) and Ry (mgCO, m=2 s=!) at a PAR of 1,800

Amnmax 18 combined with various values of g,, Jn.x remains approximately
constant although consistently increases by a small amount. Not surprisingly,
the ratio of Jyux t0 Vomayx increases with A,y for a given g,,.

umolm=2s~!
n Ri  Awnx  Venx  Joax  Jun/Vemw »  RMSE 4. Discussion
2.8 0.92  0.88 58.0 93.1 L6l 0.99  0.44 Although the leaf photosynthesis models of Farquhar et al. (1980) and
1.32 588 134 2.29 1.00 0.62 Goudriaan et al. (1985) are currently used in Earth system and weather
1.76 633 173 273 1.00 071 models, the two approaches have not been subject to any type of comparison
29 682 208 305 100 063 yet. Despite fundamental differences in model structure, our results high-
264 8 240 329 100 052 light that both models predict near—s1m11.ar. responses to llg}.lt .and CO, when
common parameter sets are used. The validity of the mechanistic FvCB model
LD HIEA e SiE O to reproduce leaf-level responses in photosynthesis has been demonstrated
42 1.38 0.88 92.4 982 1.06 098  0.85 extensively (e.g., Crous et al., 2013; Kattge & Knorr, 2007; Kumarathunge
1.32 86.8 141 1.63 0.99 0.64 et al., 2019) and praised by many (Rogers, 2014; Rogers et al., 2017; Yin &
1.76 86.1 181 2.11 099 0.83 Struik, 2009; Yin et al., 2021). The phenomenological G85 model has rarely
29 884 219 248 0.99 1.04 been tested against leaf-level observations (Jacobs et al., 1996; Vila-Guerau
264 014 252 276 099 117 de Arellano et al., 2020). Yet, it appears in two well-known LSMS (.Boussetta
et al., 2013; Masson et al., 2013) that have recently been applied in a Earth
Sl S B = 10 = system modeling context (Arora et al., 2020; Boussetta et al., 2021; Park
5.6 1.84 0.88 114 102 0.90 0.94 1.39 etal., 2021).
1.32 124 147 1.18 0.99 0.95 . .
The G85 models is a central component of the integrated A — g, model of
Lolt® = 15 ) Lo el Jacobs (1994) that comes with a comprehensive and versatile model infra-
22 113 227 2.01 0.9  1.00 structure that is specifically designed for modeling canopy-level processes
2.64 113 262 2.31 0.99 125 related to land-atmosphere exchange. These formulations consists of,
3.08 115 204 2.56 099 146 among other things, an analytical method to upscale leaf gas exchange to
7.0 230 088 144 105 0.73 091 183 the canopy (Ronda et al., 2001) and an elegant canopy radiative transfer
scheme that includes the treatment of sunlit and shaded leaves (de Wit, 1965;
1.32 150 151 1.01 0.97 1.45 . . .
Goudriaan, 1977, 1986; Pedruzo-Bagazgoitia et al., 2017). Additionally,
1.76 151 194 1.29 0.99 102 A — g,is well-coupled to the atmosphere (Boussetta et al., 2013; Vila-Guerau
2.2 143 234 1.63 0.99 095 de Arellano et al., 2014) and, owing to its phenomenological character, its
2.64 140 270 1.93 099 1.14 equations can be directly used to model both C3 and C4 vegetation (e.g.,
3.08 138 304 2.20 099 139 Szczypta et al., 2014). Altogether, it makes this A — g; model suitable to be
8.4 276  0.88 182 108 0.59 088 218 integrated into LSMs for weather and Earth system modeling.
1.32 168 155 0.92 095 192 Although the two models calculate similar responses of net photosynthesis to
1.76 180 199 1.11 098 142 CO, and PAR and can be fitted with excellent goodness of fit for a wide range
29 178 240 1.35 099  1.07 of photosynthesis response curves using a limited set of parameters to cover
264 5 o 1.60 099  1.07 the overall model parameter set, there z?.re some considerable differences in
model structure and process representation.
3.08 165 312 1.89 0.99 1.25
The FvCB model has discontinuities at the transitions between the limitations
to net photosynthesis. This can result in computational problems when the
model is used as sub-model embedded with other process representations
(von Caemmerer et al., 2009). Observed responses of net photosynthesis to C; show less prominent discontinuities
(e.g., Wullschleger, 1993), likely as a result of spatial heterogeneity in leaf physiological properties and envi-
ronmental conditions at the sub-leaf scale (Chen et al., 2008). Therefore the FvCB model may overestimate net
photosynthesis around the transition points, which is especially relevant since recent optimality theory supports
the hypothesis of the Rubisco- and electron transport limitations being coupled such that they colimit photosyn-
thesis at C; levels corresponding to atmospheric CO, concentrations (Wang et al., 2017).
Variants of the FvCB model that are commonly used in Earth system modeling avoid these discontinuities
by smoothening the transitions between limitations. Collatz et al. (1991) do so using quadratic functions and
Kull and Kruijt (1998) by using a mechanistic response of photosynthesis to light instead of an empirical one.
Recently, Walker et al. (2021) compared the FvCB model with the Collatz et al. (1991) variant and found the
VAN DIEPEN ET AL. 10 of 14
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Table 2 smoothening functions of the latter to significantly reduce net photosynthesis
Continued mainly around the transition points. On a global level, photosynthesis was
@ R, A Vi Tone o/ Vs 2 RMSE .reduced by 4%-10% jbecause of that, demonstrating the risk of ove.restlmat-
ing net photosynthesis by the FvCB model compared to observations. The
= szl = Ll st Lan 24 G85 model has smooth transitions without having the need of additional
1.32 194 159 0.82 093 233 smoothing functions as in Collatz et al. (1991).
1.76 206 204 0.99 0.97 1.86 L . . -
The G85 model has dark respiration parametrized as the Rubisco limited rate
= = = Lt Ley Ly divided by a factor 9. As a result, dark respiration is a function of C; and turns
264 203 284 1.40 099 L1l negative when C; drops below I'* and is about a threefold larger compared to
3.08 196 320 1.63 099 1.14 observed rates of dark respiration at C; levels representative of atmospheric

Note. The vertical lines separate G85 model parameters (left), FvCB model

CO, concentrations (Figure S1 in Supporting Information S1) (Bernacchi

parameters (middle) and statistical parameters of the fits (right). Each pair et al., 2001). Typically, dark respiration covaries with the photosynthetic
of gy, and Ry is combined with six different values of Apmi yielding an  capacity of a leaf (Lambers et al., 2008) and often is parametrized accord-

equivalent amount of values for each FvCB model parameter and statistical
parameter. The fits are done without including TPU in the FvCB model. In
bold are the default G85 model parameter values. The RMSE is in units of
pmolCO, m~2 s~!, similar to net photosynthesis. For quick data copying the

ingly in the FvCB model and its variants. Therefore, it would be appropriate
to decouple dark respiration and C; in the G85 model and instead parametrize
dark respiration as a fraction of Ay.. In the past the model became numer-

values in Table 2 can be found in our repository: https://doi.org/10.5281/ ically unstable around C; =I'* when dark respiration was parametrized as

zenodo.6656163.

such. The instability occurred as the denominator and the numerator in Equa-

tion 15 did not turn zero at same value of C;. We presume that the current

parametrization of dark respiration was meant to circumvent model insta-

bility, although no confirmation of this can be found in Van Heemst (1986)
or Jacobs (1994). Goudriaan et al. (1985) did not assign a parametrization to dark respiration, but they were not
aware of potential model instability either. Within the A — g, model C; increases under elevated atmospheric CO,
concentration, causing dark respiration in the G85 model to increase as well. According to optimality theory and
observations V.m,y decreases under elevated CO, (e.g., Harrison et al., 2021), providing support that dark respi-
ration would decrease as well due to its tight link with V,,,.x. Thereby, dark respiration in the G85 model behaves
opposite to current knowledge.

Considering the enormous uncertainty that still exists in the magnitude of carbon-climate feedbacks in Earth
system models (Spafford & MacDougall, 2021) we argue that the availability of fundamentally different model
approaches capable of predicting near-similar responses in leaf-level photosynthesis can facilitate testing and
model development via intercomparison. Differences between FvCB and G85-based photosynthesis schemes
in future model intercomparison should be acknowledged while photosynthesis parameters between vegetation
types can be aligned to minimize model variance due to inconsistent model input parameters. Eco-evolutionary
optimality models of photosynthesis, stomatal conductance and gross primary production (GPP) provide poten-
tial opportunities to reduce the uncertainty in existing Earth system models. These optimality models have been
developed around the FvCB model framework to predict photosynthesis parameters based on the least-cost
hypothesis (Prentice et al., 2014; Smith et al., 2019; Stocker et al., 2020; Wang et al., 2017; Wright et al., 2003).
The results are promising, but further work is needed to refine model formulations of stomatal conductance to
environmental conductance, specifically soil moisture (Harrison et al., 2021). Application of optimality princi-
ples to the G85 and A — g, model formulations can potentially help in upscaling optimal stomatal responses from
the leaf-level to the canopy level.

5. Conclusions

This technical report provides a comparison between the Farquhar et al. (1980) and Goudriaan et al. (1985)
representations of leaf photosynthesis as part of Earth system and weather models. Our systematic compar-
ison consisted of three components: a conceptual overview of the model structures, a quantitative compari-
son between the predicted responses of net photosynthesis to CO, and PAR, and a parameter conversion table.
Despite having considerable differences in model structure and process representation, the two models predict a
near-similar response of net photosynthesis to CO, and PAR. A main difference between the two models is that
the Farquhar et al. (1980) model applies the limitations to net photosynthesis in parallel causing discontinuities at
the transitions between these limitations. The model by Goudriaan et al. (1985) has no such discontinuities as the
limitations are applied in series and scaled by quantum use efficiency. Second, the two models have a different
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