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1. Executive Summary  
This deliverable provides details of a new module that has been developed for use within the DO3SE 
modelling scheme that enables the estimation of both total ozone deposition and stomatal ozone uptake 
assuming a coupling between stomatal conductance (gsto) and net photosynthesis (Anet). This allows 
stomatal ozone uptake to be closely related to three processes that are considered primarily responsible 
for limiting Anet: (i) Rubisco activity (Ac), (ii) the regeneration of ribulose-1,5-bisphosphate (RuBP) 
which is limited by the rate of electron transport (Aj), and (iii) an inadequate rate of transport of 
photosynthetic products (most commonly triose phosphate utilization). The rate of Anet will determine 
the demand for CO2 which in turn is considered to feedback onto the CO2 supply which is determined 
by gsto. Theory suggests that gsto will vary to ensure that an optimum supply of CO2 is provided which 
at the same time limits H2O vapour loss from the plant.  
 
This theory is brought into the DO3SE model by incorporating the formulations of Farquhar et al.  
(1980), which allow the estimate of Anet according to biochemical processes; the core ‘Farquhar’ model 
is updated with new and additional formulations that are described in the scientific literature and have 
shown improvements in the estimation of Anet for a range of conditions and species. The coupling 
between Anet and gsto is achieved using the methods first developed by Ball et al. (1987) who 
discovered an empirical linear relationship, which relates gsto to a combination of Anet and 
environmental parameters, such as leaf surface relative humidity (Dh) and CO2 concentration (Ca). 
Again, this core method has been updated to ensure that the most recent developments that improve 
simulations of gsto in relation to Anet are included (i.e. use of (i) CO2 concentration at the leaf surface, 
(ii) methods that account for the CO2 compensation point and (iii) vapour pressure deficit rather than 
Dh).  
 
The new module also incorporates new methods to estimate the instantaneous effect of ozone on this 
Anet-gsto configuration. These rely on the fact that ozone damages the plants maximum carboxylation 
rate (Vcmax), supported by the literature (see datamining exercise conducted in WP9). A unique aspect 
of this new module is that it allows for recovery of Vcmax, this will be particulary important when 
applying the model to real world conditions (i.e. where ozone is episodic rather than the more 
continuous elevated ozone exposures applied in experimental fumigation studies). The resulting Anet - 
gsto module, with ozone damage function, has been incorporated into the DO3SE model framework 
(essentially substituting the previous gsto module, which used a multiplicative model to estimate gsto 
based on Jarvis, 1976). The model is currently being used with ECLAIRE experimental data collected 
in C3, WP10 and WP11 to help analyse the experimental data as well as to evaluate certain aspects of 
the model (e.g. its capacity to simulate key plant physiological variables such as An and leaf 
temperature). 
 
The model has been parameterised for European land cover types, consistent with those used by the 
EMEP model. This has required the identification from the literature of 5 parameter values for 9 
landcover types made up of 11 different species. Finally, the model has been coded so as to allow easy 
incorporation into the ESX modelling scheme. 
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Objectives: 
To improve an existing ozone deposition model (DO3SE, Deposition of Ozone for Stomatal Exchange) 
through  

1. development of model algorithms to incorporate photosynthetic based estimates of stomatal 
conductance to improve the stomatal and non-stomatal estimate of total deposition;  

2. to incorporate a feedback effect of ozone on stomatal conductance;  
3. parameterisation of the model for application across Europe within the EMEP model and;  
4. a model formulation coded so as to be easily available for use in EMEP (the ESX model).   

 

2. Activities: 
• Literature review to identify most appropriate algorithms for incorporation into new Anet-gsto module 

that is fundamentally based on Farquhar et al. (1980) and Ball et al. (1987). 
• Literature review to identify the most appropriate mechanism by which an ozone feedback can be 

bought into the model. 
• Literature review to parameterise the model for European conditions. 
• Work on programming the code to identify the mechanisms by which these algorithms can be 

incorporated into the ESX model framework. 
 
 

3. Results: 
• Identification of the algorithms that will together form the new Anet-gsto module 
• Identification of a method to incorporate the influence of ozone (and nitrogen) on photosynthesis and 

stomatal conductance 
• Parameterisation of the model for European land cover types 
• Coding of the new algorithms into the existing DO3SE model (substituting the existing multiplicative 

algorithms) 
   
 

4. Milestones achieved: 
MS 15: Literature review on the effects of ozone and nitrogen deposition on stomatal functioning.  
MS 17: Improved representation of the influence of environmental drivers on stomatal conductance 
 
5. Deviations and reasons: 
None 
 

6. Publications:  
None 
 

7. Meetings:  
None 
 

8. List of Documents/Annexes: 
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A coupled pollutant and carbon based 
growth model 

1. Coupled photosynthesis-stomatal conductance model (Anet-gsto) 
 
The objective of the coupled photosynthesis-stomatal conductance model (Anet-gsto) model is to 
quantify leaf or canopy scale gsto with the help of easily accessible environmental parameters such as 
air temperature (Tair), ambient CO2 concentration (ca) and irradiance (PAR). The Anet-gsto  model 
consists of a combination of two separate models, whose main components are outlined below and 
include i. the empirical Anet-gsto model that estimates gsto (Leuning, 1990) and ii. the mechanistic and 
biochemical Farquhar model (Farquhar et al., 1980) that estimates net carbon assimilation or net 
phostosynthesis (Anet).  
 
One of the first coupled Anet-gsto models was that published by (Leuning, 1990), though some other 
authors are often cited as the originating sources of the model (e.g. Collatz et al., 1991 and Harley et 
al.,  1992). The models they apparently developed independently are essentially equivalent. The order 
of description of the Anet-gsto modelling here follows the order in which they have to be computed.  

2. Biochemical Farquhar model for net photosynthesis (Anet) 
The underlying assumption to Farquhars’s 1980 model is that, according to prevailing environmental 
conditions, either rubisco activity (Ac) or the regeneration of ribulose-1,5-bisphosphate (RuBP), which 
is limited by the rate of electron transport (Aj), limits photosynthesis. Subsequent to Farquhar’s 1980 
paper, Harley et al. (1992) identified a third limitation resulting from inadequate rate of transport of 
photosynthetic products (most commonly this is due to triose phosphate utilization) (Ap). This limit has 
now become standard in many models of Anet (e.g. Sellers et al., 1996; Cox et al., 1999) and is included 
here. Taking these influences on photosynthesis into account, Anet is calculated by determination of the 
smaller of these theoretical CO2 assimilation rates, less the rate of dark respiration (Rd) (Farquhar et al., 
1980) as in eq. 1 and as described in Figure 1.  
 
𝑨𝒏𝒆𝒕 = 𝐦𝐢𝐧�𝑨𝒄, 𝑨𝒋, 𝑨𝒑� − 𝑹𝒅        1 
 
Figure 1 Scheme showing some of the processes that affect photosynthetic rate. For each of the three 
panels, any process in that panel will cause the photosynthetic rate to vary with [CO2] in the same way. 
From Sharkey et al. (2007). 
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Within the literature there are small variations in the precise methods to estimate Ac, Aj and Ap. One 
important application of our Anet-gsto model is that it is to be made with empirical data collected at sites 
across Europe. This provides the opportunity to use empirical data to parameterise the key components 
of the model. However, methods to perform this parameterisation should be consistent with these 
methods used to estimate Anet. Therefore our model will follow the eqs. recently described by Sharkey 
et al. (2007), since these are expected to represent both the most recent formulations as well as those 
that are consistent with the derivation of key parameters, described in more detail in section 3. The 
potential rate of assimilation limited only by Rubisco activity (Ac) is calculated according to Sharkey et 
al. (2007) as in eq 2.  
 

𝐴𝑐 = 𝑉𝑐𝑚𝑎𝑥 �
𝐶𝑖−Γ∗

𝐶𝑖+𝐾𝑐.�1+
𝑂𝑖
𝐾𝑜
�
�          2 

 
Where VCmax is the maximum rate of Rubisco activity, ci and Oi are intercellular concentrations of CO2 
and O2 respectively, Kc and Ko are the Michaelis-Menten coefficients of Rubisco for CO2 activity (in 
μmol mol-1) and O2 (in mmol mol-1), respectively, and Γ* is the CO2 compensation point in the 
absence of mitochondrial (dark) respiration.   
 
The potential rate of assimilation when RuBP regeneration is limiting is given in eq. 3. 
 
 
𝐴𝑗 = 𝐽 𝐶𝑐−Γ∗

𝑎.𝐶𝑐+𝑏.Γ∗
          3 

 
 
Where J is the electron transport rate and the parameters a and b denote the electron requirements for 
the formation of NADPH and ATP, respectively. The exact values differ slightly throughout the 
literature but are all close to a = 4 and b = 8 assuming four electrons per carboxylation and oxygenation 
(Sharkey et al., 2007). J is related to incident photosynthetically active photon flux density (Q) where 
the light response of a plants photosystem first follows a linear rise with an increase in radiation Q until 
it reaches an area of saturation where the electron transport rate J approaches its maximum value (Jmax). 
Mathematically this is represented by the quadric relationship shown in eq. 4 after Leuning (1990). 
 

𝐽 = (𝐽𝑚𝑎𝑥+∝𝑄)−�(𝐽𝑚𝑎𝑥+∝𝑄)2−4∝𝑄∅𝐽𝑚𝑎𝑥
2.∅

       4 
 
Where α is the quantum yield of electron transport, which determines the slope of the linear rise in the 
low irradiance regime, and Ø is the curvature of the light response curve normally acquired by 
experimental fitting. The value of α was fixed at 0.3 mol electrons mol-1 photon, based on an average 
C3 photosynthetic quantum yield of 0.093 and a leaf absorptance of 0.8 (cf. Medlyn et al., 2002). The 
value of Ø was taken to be 0.90 (Medlyn et al., 2002). These parameter values have only a slight effect 
on the estimated value of Jmax. 
 
Finally, the potential rate of assimilation when the utilization of triose phosphate is limiting 
assimilation (Ap) (i.e. when the chloroplast reactions have a higher capacity than the capacity of the 
leaf to use the products of the chloroplasts) is estimated rather simply by eq. 5 after Collatz et al. 
(1991). 
 
𝐴𝑝 =  0.5 . 𝑉𝑐𝑚𝑎𝑥         5 
  
The key parameters of the model Jmax and VCmax, as well as the parameters Kc, Ko and Γ*, all vary with 
temperature (Medlyn et al., 2002). Jmax and VCmax also vary between species, whilst Kc, Ko and Γ*are 
considered intrinsic properties of the Rubisco enzyme and therefore can be assumed constant between 
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species (Harley et al., 1986). Due to the temperature effects on the Rubisco enzyme, which catalyses 
the corresponding process, Γ* is temperature dependent as well. 
 
The original model of Farquhar et al. (1980) used a purely empirical polynomial from Brooks & 
Farquhar (1985), which approximated the temperature dependence of these different parameters. Since 
then many studies have investigated these temperature dependencies more thoroughly; here we follow 
the rational of Medlyn et al. (2002) who advised using the temperature relationships provided by 
Bernacchi et al. (2001) who used an Arrhenius equation to describe the processes and based these 
functions on measurements made in vivo without disturbance of the leaf. The rate of dark respiration 
Rd, Γ* and the Michaelis-Menten constants for CO2 and O2 (Kc and Ko) are computed using the 
standard formulations described in eq 6 and 7. 
 

𝑃(𝑇) =  𝑃𝑇,𝑅𝑒𝑓. 𝑒𝑥𝑝 �∆𝐻.(𝑇−𝑇𝑟𝑒𝑓)
𝑇𝑟𝑒𝑓.𝑅.𝑇

�         6 

 
 
 

𝑃(𝑇) =  𝑃𝑇,𝑅𝑒𝑓. 𝑒𝑥𝑝 �∆𝐻𝑎.(𝑇−𝑇𝑟𝑒𝑓)
𝑇𝑟𝑒𝑓.𝑅.𝑇

� .
1+𝑒𝑥𝑝�

𝑇𝑟𝑒𝑓∆𝑆−∆𝐻𝑑
𝑇𝑟𝑒𝑓.𝑅 �

1+𝑒𝑥𝑝�
𝑇∆𝑆−∆𝐻𝑑

𝑇.𝑅 �
      7 

 
where P denotes the different quantities, ΔH is the activation energy, ΔHd is the deactivation energy 
and ΔS is entropy for the processes; values for each process follow those given in Bernacchi et al. 
(2001). In general this formula describes a normal Arrhenius equation modified to incorporate an 
inhibition term at high temperatures.  
 
The parameters ΔHa and ΔHd (energy for activation or deactivation of the process) describe the shape 
of the response function. Their values are species dependent and have to be fitted to experimental 
laboratory datasets. Medlyn et al. (2002) give a review of experimental values, Leuning (2002) assesses 
uncertainties incorporated by using mean values and Wohlfahrt et al. (1999) quantifies the mistakes 
caused by a wrong parameterisation. The value of the two quantities at T = 25°C, PT,ref , can be more 
easily determined via gas exchange measurements. Wullschleger (1993) reviewed several experimental 
datasets and reports a wide set of values for different species.  
 
In summary, the Farquhar model mathematically quantifies a detailed mechanistic understanding of the 
biochemical processes in the chloroplasts which govern photosynthesis. It allows for the estimation and 
calculation of the CO2 assimilation rate as a function of leaf temperature, irradiance and internal CO2 
concentration.  
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3. Coupled photosynthesis-stomatal conductance (Anet-gsto) model. 
 
Based on earlier observations of the constant ratio of gsto to net CO2 assimilation rate (Anet), Ball et al. 
(1987) discovered an empirical linear relationship, which relates gsto to a combination of Anet and 
environmental parameters, such as leaf surface relative humidity (Dh) and CO2 concentration (Ca) as 
shown in Figure 2. 
 
 

 
Figure 2. The original BWB model. Stomatal conductance plotted against the BWB Index. From Ball et 
al. (1987). 
 
Leuning (1990 and 1995) modified the original Ball et al. (1987) relationship so that the function used 
leaf surface CO2 concentration (Cs) less the CO2 compensation point (Γ). They argued that the use of 
Cs rather than Ca (the CO2 concentration outside the leaf boundary layer) eliminates complications 
arising from the transfer of CO2 through the leaf boundary layer. The introduction of the Γ term allows 
the correct simulation of stomatal behaviour at low CO2 concentrations which will tend towards zero as 
Anet becomes minimal close to the Γ. The use of humidity deficit (Ds) rather than relative humidity 
(Dh) accounts for the fact that stomates respond to humidity deficit rather than surface relative 
humidity. This response is actually mediated through leaf transpiration (Etleaf), but the close link 
between Etleaf and Ds means that the use of Ds is appropriate for simulations. Leuning (1995) found 
that a hyperbolic function for Ds provided an improved humidity response by accounting for the 
response of Ds to leaf temperature. The resulting formulation they propose is given in eq.8.   
 
𝒈𝒔𝒕𝒐 = 𝒈𝟎 + 𝒎. 𝑨𝒏𝒆𝒕

[(𝒄𝒔−𝚪)(𝟏+𝑫𝒔/𝑫𝟎)]       𝟖 
 
The parameter g0 is interpreted as the minimal gsto (Leuning, 1990) and is equivalent to the intercept of 
the regression which is sometimes greater, but often close, to zero. The parameter m is the so called 
composite sensitivity of gsto to assimilation rate and humidity/CO2 concentration and can be obtained 
via a linear regression of gsto against experimental data from steady state gas exchange measurements. 
The value of m is surprisingly consistent amongst many different species, and ranges between 5 and 15 
(Kosugi et al., 2003) (if all quantities are in units consistent with Ball et al. (1987), m is dimensionless). 
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Despite the empirical and non-mechanistic nature of this model, it allows for the mathematical 
quantification of the key environmental feedbacks on stomatal behaviour: (1) Rising irradiance causes 
stomata to open (incorporated through the positive influence of radiation on Anet) until reaching the 
light compensation point; (2) Rising CO2 causes stomata to close (incorporated through the negative 
influence of limited RuBP regeneration); (3) To minimize water loss, stomata close when the 
transpiration rate rises (incorporated through the response to leaf surface humidity deficit).  
 
However, caution has to be exercised concerning interpretation of the model. It allows for no 
mechanistic explanation or causal interpretation of the feedbacks between the different parameters (see 
Aphalo & Jarvis (1993) for a discussion) and is, strictly speaking, only a statistical correlation. 
 

4. Micrometeorological CO2 supply model 
It becomes clear that to calculate gsto, the value of Anet is needed and for the calculation of Anet it is 
necessary to know gsto. Baldocchi (1994) found an analytical solution for parts of the problem, and Su 
et al. (1996) and Nikolov et al. (1995) developed solutions for other sets of coupled equations. Still the 
vast majority of published models had to use numerical loops to iteratively guess values for different 
parameters that satisfy the different equations as the available analytic solutions are limited to certain 
sets of given environmental quantities and model formulations. An additional cross dependency is 
added to the model when Tleaf values have to be computed from Tair, as transpiration is a main driving 
force for leaf surface temperature control. Therefore gsto is needed to calculate Tleaf, which can only be 
calculated when Anet is known and for this, again, Tleaf is needed (see Nikolov et al. (1995) for a 
solution). 
 
To facilitate the calculation of the internal (Ci) and surface (Cs) CO2 from ambient CO2 concentrations 
(Ca), a boundary layer model equivalent to that used for calculating the exchange of O3 across the same 
physical pathway is used. Cs is calculated as a function of Ca, Anet and gb; Ci also requires an estimate 
of gsto. These equations also follow those described in von Caemmerer & Farquhar (1981) and are as 
described in eq. 9 and 10. 
 
𝒄𝒔 =  𝒄𝒂 − 𝑨𝒏𝒆𝒕.

𝟏.𝟑𝟕
𝒈𝒃

         𝟗 
 
𝒄𝒊 =  𝒄𝒂 − 𝑨𝒏𝒆𝒕  𝟏.𝟔 𝒈𝒃+𝟏.𝟑𝟕𝒈𝒔𝒕𝒐

𝒈𝒃.𝒈𝒔𝒕𝒐
       𝟏𝟎 

 
The gb and gsto conductance values are for water vapour and therefore eqs. 9 and 10 use the factors 1.6 
and 1.37 (which are the ratios of the diffusivity of CO2 and water vapour in still and semi turbulent air 
respectively).  
 
Finally, the leaf surface humidity deficit Ds also has to be calculated. Firstly, the leaf surface relative 
humidity (hs) is calculated as described in Nikolov et al. (1995) and eq. 11. 
 
ℎ𝑠 = 𝑔𝑠𝑡𝑜.𝑒𝑖+𝑔𝑏.𝑒𝑎

𝑒𝑠 �𝑇𝑙𝑒𝑎𝑓�.(𝑔𝑠𝑡𝑜+𝑔𝑏)
         11 

 
where ei is the water-vapor pressure in the intercellular air space of the leaf, es(Tleaf) is the saturation 
vapor pressure at leaf temperature and ea is the vapour pressure in the ambient air (all in Pa). This 
implies that the air inside the leaf boundary layer is at leaf temperature. In the case of a wet leaf, Eq. 11 
does not apply because the air next to a wet surface is normally vapour-saturated and, therefore, hs = 1. 
 
Ds is then calculated using standard equations to convert relative humidity (here leaf surface relative 
humidity) into leaf to air vapour pressure deficits (here then leaf surface humidity deficit), which rely 
on temperature (here leaf temperature).  
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5. Incorporation of the influence of ozone and leaf nitrogen on gsto 
 
This work has focussed on understanding how pollutant deposition (for ozone described as stomatal 
ozone flux, fO3) might affect, and be affected by, key plant processes (this work has also benefited 
from close collaboration with the experimentalists in C3 in the ECLAIRE project). The means of 
incorporating photosynthesis (A) and stomatal conductance (gsto) are described above and govern the 
balance between CO2 supply and demand (and thereby determine internal and supply CO2 
concentrations (Ci & Cs)). The rate of respiration (R) will then determine the rate of net photosynthesis 
(An) and the ultimate rate of C fixation. The latter will lead to alterations in biomass, yield and other 
types of damage. These core leaf level physiological interactions that occur between these different 
processes are described in Fig 3.  

Fig 3. Connections between the different leaf level physiological processes that are affected by ozone 
and N deposition. 

 

From Fig 3 it is clear that the maximum carboxylation capacity (Vcmax) is central, influencing both 
pollutant uptake and hence ozone deposition, as well as those processes that will determine damage. To 
accommodate this important aspect that controls ozone deposition the DO3SE model (now termed 
DO3SE_C or the An-gsto DO3SE) has been developed to incorporate a method that allows for an 
instantaneous assessment of ozone damage on gsto. This mechanism is based on a method described by 
(Martin et al., 2000) which modify the maximum carboxylation rate (Vcmax) according to the 
instantaneous ozone flux (Fsty) according to ΔVcmax = k . Fsty (see also Fig 4 where k= 2 and y = 2). 
Importantly, this method allows for the photosynthetic complex to recover when Fst values are below 
the y threshold. 

Fig 4. The relationship between instantaneous ozone flux above a threshold ‘y’ (Fsty) and the % change 
in Vcmax.  

 

The development of this model provides an excellent opportunity to consider how combinations of 
pollutants act to influence leaf level plant physiology which will scale to canopy, stand and ultimately 
ecosystem level response. Tasks over the coming months will focus on evaluation of this method with 
ECLAIRE experimental data; this work will be conducted within C3. These methods can also be 
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introduced into the regional scale models used in C4 to bring consistency to the modelling methods 
used to assess the impacts of pollution on vegetation. 

6. Parameterisation of the new DO3SE_C model  
 
A literature review was conducted to parameterise the new model. This review focussed on the 
following key model parameters: 

Jmax - Maximum photosynthetic electron transport rate (a proxy for ribulose-1,5-bisphosphate 
regeneration) 
Vcmax - Maximum carboxylation rate of Rubisco 
m  - Species-specific composite sensitivity of gs to An,  
g0 – minimum stomatal conductance 

All values taken from the literature were measurements made at 25oC to ensure the values were not 
affected by temperature variation (Medlyn et al., 2002).   
 
These parameters were found for 9 land cover types (denoted in bold in Table 1) and within these cover 
types, 11 species. These species and cover-types are those already defined by the EMEP photochemical 
model and the original, multiplicative DO3SE model. Therefore, this parameterisation gave consistency 
with the existing methods used to estimate deposition and stomatal ozone flux across Europe.  
 

7. Coding the new algorithms into the existing DO3SE model for availability to ESX. 
 
The ESX model provides a new method of estimating atmospheric and in canopy exchange of 
pollutants. The ESX scheme is not based on resistances but relies on numerically solving diffusion 
equations for different pollutants with a parameterised exchange coefficient; essentially these equations 
replace the atmospheric and boundary layer resistances previously in the EMEP and DO3SE models. 
The benefit of this unique approach is that these models are able to estimate both downward and 
upward flux of pollutants (i.e. can cope with pollutants that are both deposited to- as well as emitted 
from- vegetation such as ammonia (NH3)).  
 
The ESX model includes a layer-based canopy framework, numerical solutions to pollutant dispersal 
and the EMEPs model atmospheric chemistry algorithms. Each layer contains pollutant sources and 
sinks (e.g. due to presence of vegetation), has chemical interactions calculated within it, and is affected 
by dispersal between layers (see Figure 1; where zi relates to pollutant mass transfer either as a source 
(zi+1) or a sink (zi-1) from a pollutant concentration defined at zi).  The model is designed to run over 
a short time step to work within EMEP’s larger scale chemical transport model. 
 
 
Figure 1. A conceptualisation of the quantification of pollutant fluxes between layers within the 

ESX model. 
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Table 1. Parameterisation of the DO3SE_C model – maximum carboxylation (Vcmax, μmol/m2/s) and maximum photosynthetic electron transport rate 
(Jmax, μmol/m2/s) (Jmax).  
 
 

Species / cover type Vcmax, μmol/m2/s 
(mean, median, range) 

Ref Jmax, μmol/m2/s 
(mean, median, range) 

Ref 

Deciduous forest 56 N.B. JULES value is 36.8 (Clark 
et al., 2011)  

112  

Birch 51, 57, [42-71] Hayes, 2014 Pers. Comm. [57], Rey & 
Jarvis, 1998 [42], Dreyer, et al., 2001 [71] 

102, 92, [84-125] Hayes, 2014 Pers. Comm. [84], Rey & 
Jarvis, 1998 [92], Dreyer, et al., 2001 [125] 

Beech 52, 52, [35-62] Bader et al., 2010 [44], Löw et al., 2007 
[62], Parelle et al., 2006 [50], Dreyer, et 
al., 2001 [66], Balandier et al., 2007 [35], 
Fleck, 2001 [55] 

107, 107, [83-128] Bader et al., 2010 [120], Löw et al., 2007 
[113], Parelle et al., 2006 [98], Dreyer, et 
al., 2001 [128], Balandier et al., 2007 [83], 
Fleck, 2001 [100] 

Temperate Oak 65, 69, [31-91] Marzuoli & Gerosa (2014) Pers. Comm. 
[31], Dreyer et al., 2001 [88] & [91], 
Bader et al., 2010 [50] 

129, 152, [57-157] Marzuoli & Gerosa (2014) Pers. Comm. 
[57], Dreyer et al., 2001 [154] & [157], 
Bader et al., 2010 [150] 

Coniferous forest 79 N.B. JULES value is 26.4 (Clark 
et al., 2011)  

190  

Norway spruce 71, 71, [60-81] Zheng et al., 2002 [81], Niinemets, 2002 
[60] 

162, 162, [143-180] Zheng et al., 2002 [180], Niinemets, 2002 
[143] 

Scots pine 87, 83, [38-144] Niinemets et al., 2001 [48], Niinemets, 
2002 [83], Warren et al., 2003 [123], Jach 
& Ceulemans, 2000 [144], Wang, 1996 
[38] 

219, 237, [110-345] Niinemets et al., 2001 [110], Niinemets, 
2002 [237], Warren et al., 2003 [259], Jach 
& Ceulemans, 2000 [345], Wang, 1996 
[146] 

Mediterranean broadleaf 
evergreen 

56  97  

Holm Oak 56, 50, [36-87] Martin StPaul et al., 2012 [87], 
Niinemets, 2002 [36] & [40], Juárez-
lópez, et al., 2008 [61] 

97, 91, [59-139] Martin StPaul et al., 2012 [139], Niinemets, 
2002 [65] & [72], Juárez-lópez, et al., 2008 
[110] 

Mediterranean 
needleleaf evergreen 

56  97  

Aleppo pine No species specific data – use Holm Oak as surrogate 
Temperate Crops      
Wheat 180 [25-261] Cf. Büker et al., 2007 400 [87-522] Cf. Büker et al., 2007 
Mediterranean Crops* 48 Clark et al., 2011 [48] 105 (assuming Vcmax and Jmax ratio 

is same as Wheat at 2.2) 
Maize* 48 Clark et al., 2011 [48] 105 (assuming Vcmax and Jmax ratio is 
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same as Wheat at 2.2) 
Root Crops 180 [25-261] See wheat 400 [87-522] See wheat 
Potato 180 [25-261] See wheat 400 [87-522] See wheat 
Vineyards 100 [50-100] Büker et al., 2007 225 [120-260] Büker et al., 2007 
Grapevine 100 [50-100] Büker et al., 2007 225 [120-260] Büker et al., 2007 
Grassland/Semi-
natural/Med Scrub 

48 Clark et al., 2011 [48] 105 (assuming Vcmax and Jmax ratio 
is same as Wheat at 2.2) 

 
 
Table 2. Parameterisation of the DO3SE_C model –minimum stomatal conductance (g0, mol H2O m-2 s-1), the ratio of Vcmax:Jmax (where red denotes a ratio 
based on the mean values of Jmax and VCmax found in the literature as in Table 1) and species-specific composite sensitivity of gs to An (m),  
 

Species / cover type g0,  Ref Vcmax:Jmax Ref m Ref 
Deciduous forest 0.03 0.03 2    
Birch 0.03 Büker et al., 

2007 
2 
1.81, 1.76 
[1.47-2.19] 

Hayes (2014) Pers. Comm. [1.47], Rey & Jarvis, 1998 [2.19], 
Dreyer, et al., 2001 [1.76] 

8.6 Hayes (2014) Pers. 
Comm. [8.6] 

Beech 0.03 Büker et al., 
2007 

2.05 
2.11, 1.95, 
[1.82-2.37] 

Bader et al., 2010 [2.73], Löw et al., 2007 [1.82], Parelle et al., 2006 
[1.96], Dreyer, et al., 2001 [1.94], Balandier et al., 2007 [2.37], 
Fleck, 2001 [1.83] 

8.6 Birch value used as 
surrogate 

Temperate oak 0.03 Use Beech 
value 

1.98 
2, 2.7, [1.73-
3.0] 

Marzuoli & Gerosa (2014) Pers. Comm. [1.82], Dreyer et al., 2001 
[1.75] & [1.731], Bader et al., 2010 [3.00] 

8.6 Birch value used as 
surrogate 

Coniferous Forest   2.4  9.2  
Norway spruce 0.03 Use Beech 

value 
2.28 
2.3, 2.3, [2.22-
2.38] 

Zheng et al., 2002 [2.22], Niinemets, 2002 [2.38] 9.2 Nikolov & Zeller, 
2003 [9.2] 

Scots pine 0.03 Use Beech 
value 

2.52 
2.65, 2.40, 
[2.11-3.84] 

Niinemets et al., 2001 [2.32], Niinemets, 2002 [2.86], Warren et al., 
2003 [2.11], Jach & Ceulemans, 2000 [2.40], Wang, 1996 [3.84] 

9.2 Nikolov & Zeller, 
2003 [9.2] 

Mediterranean 
broadleaf 
evergreen 

  1.73  8.6  

Holm Oak 0.03 Use Beech 
value 

1.73 
1.7, 2, [1.6-
1.8] 

Martin StPaul et al., 2012 [1.6], Juárez-lópez, et al., 2008 [1.8] 8.6 Birch value used as 
surrogate 

Mediterranean   1.73  8.6  
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needleleaf 
evergreen 
Aleppo pine 0.03 Use Beech 

value 
No species specific data – use Holm Oak as surrogate 

Temperate Crops  0.02 Büker et al., 
2007 

2.22 Büker et al., 2007 8.12 Büker et al., 2007 

Wheat 0.02 Büker et al., 
2007 

2.22 Büker et al., 2007 8.12 Büker et al., 2007 

Mediterranean 
Crops* 

0.02 See wheat 2.22 Büker et al., 2007 8.12 Büker et al., 2007 

Maize* 0.02 See wheat 2.22 Büker et al., 2007 8.12 Büker et al., 2007 
Root Crops 0.02 See wheat 2.22 Büker et al., 2007 8.12 Büker et al., 2007 
Potato 0.02 See wheat 2.22 Büker et al., 2007 8.12 Büker et al., 2007 
Vineyards 0.05 See wheat 2.25 Büker et al., 2007 6.14 Büker et al., 2007 
Grapevine 0.05 Büker et al., 

2007 
2.25 Büker et al., 2007 6.14 Büker et al., 2007 

Grassland/Semi-
natural/Med 
Scrub 

0.02 
 

See wheat 2.22 Büker et al., 2007 8.12 Büker et al., 2007 
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DO3SE fits into this scheme by providing a sophisticated approach to calculating stomatal fluxes, and 
therefore pollutant exchange with the vegetation, in each of the canopy layers.  Stomatal conductance is 
calculated on a per-layer basis using both general meteorological data and per-layer values resulting 
from the dispersal model (e.g. CO2 concentration) and other canopy-related effects (e.g. attenuation of 
sunlight). 

Development of the Fortran coding of the ESX-DO3SE model. 
ESX can be described as a one-dimensional chemical transport model, working on a vertical grid, for a 
single land cover type. EMEP also has vertical transport within its larger 3-dimensional scheme, in 
addition to the large-scale horizontal grid and for several land covers per grid square. The EMEP model 
also uses several nested time intervals, most notably daily, 3-hourly, hourly and 20 minutes.  As a 
smaller-scale model, ESX is run for every 20-minute interval, and every appropriate land cover, to 
solve the localised diffusion and chemical interactions. It is initialised with a starting state from the 
EMEP model’s chemical concentrations data for the vertical range that ESX is being run for, and 
resulting fluxes are fed back to this data. 

 
 
 
The existing code included much of the diffusion and chemical mechanism models (the latter being re-
used from EMEP).  A framework was created within which the various parts of the ESX-DO3SE model 
could reside, i.e. the data flow between meteorological inputs, chemical concentrations, the diffusion 
model and DO3SE’s stomatal conductance model. An important aspect of this integration was to 
establish how to compromise on the design of both DO3SE and ESX to allow ESX’s version of DO3SE 
to easily be updated with the most recent DO3SE model developments without re-integration being a 
major undertaking each time changes were made to the DO3SE model.   
 
Similar considerations were needed to establish how to write ESX code that could be a standalone 
prototype but also be called from EMEP code.  This required organising data variables within the 
model, grouping them where appropriate to give a coherent picture of flow within the model and 
making the code more maintainable.  The DO3SE model needed to be re-designed to allow it to be 
called from ESX code without hard-to-debug side-effects and without invoking aspects of the DO3SE 
model that were in contradiction to the ESX model.  This decoupling of DO3SE methods from each 
other and the ESX model allowed improvements in this area to be tested within DO3SE, ESX and 
EMEP with much less effort than before.  This work has resulted in the production of a standalone ESX 
proof of concept model that could be driven by meteorological data, run a chemical interaction scheme 
and solve the diffusion model for vertical transport. 
 
The integration of the new DO3SE code into the ESX code has ensured that both multiplicative- and 
photosynthetic-based stomatal conductance methods to be configured and used by ESX. Code for the 
soil moisture part of the DO3SE model was also integrated  (for further details of this module see 
(Büker et al., 2012). Some additional work was required here to support the modelling of soil water 
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content within ESX. Since ESX was already using some code duplicated from EMEP, ESX was 
converted to a “sub-project” of EMEP’s codebase and a lot of duplication was removed, this allows 
easier maintainability and integration with EMEP.  
 
The EMEP model runs several nested time loops, and in the innermost loop, deposition is calculated for 
each land use category.  As a starting point, we chose this part of the model to call ESX, driving it with 
the data available at this stage, and recording the results, without feeding them back into EMEP.  This 
allows the behaviour of ESX to be analysed without introducing any feedback-driven anomalies. 
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