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JULES PFTs

5 currently: Broadleaf, Needle leaf, C3 grass, C4 grass, Shrubs

3 New: Split Broadleaf into Deciduous and Evergreen; same 
for needle leaf and shrubs

Very preliminary work on new traits



How?

Combination data analysis and parameter optimization.

Leaf traits: Relate leaf nitrogen, life span, and mass/area to 
photosynthesis and respiration rates.

Address soil moisture stress, root depths, and drought 
deciduous phenology for Tropical forests

Parameter optimization for other photosynthetic properties.

Adjust competition scheme to allow for generic # of PFTs.



Leaf Economics

• Quick return: short life 
span, high nutrient 
content, low mass/area, 
and high assimilation and 
respiration rates.

• Slow-return: long life 
span, low nutrient 
content, high mass/area, 
and low assimilation and 
respiration rates

low N, A, R 
& long life 
span

high N, A, R 
& short life 
span

thick leaves

thin leaves

Wright et al. 2004



Evergreen broadleaf       Deciduous Broadleaf      Evergreen Needle          Deciduous Needle

C3 Grass                              C4 Grass                          Evergreen Shrub            Deciduous Shrub

Leaf Economics by PFT

• Use LMA:Nmass relationship for each PFT.

• LMA -> Nmass -> Narea -> Vcmax

N=0.016; LMA=130            N=0.021; LMA=79           N=0.012; LMA=267           N=0.020; LMA=109

N=0.018; LMA=63                 N=0.014; LMA=66           N=0.012; LMA=187           N=0.021; LMA=80
Quick return

Slow-return
Source: Nmass from TRY dataset (Kattge et al. 2011); LMA from Wright et al. 2004



Vcmax and Photosynthesis

Vcmax is maximum rate of 
carboxylation of Rubisco

Calculated from maximum 
rate at 25C

Affects Wc, We, and 
respiration.
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Sect. 4 is essentially unchanged since Cox et al. (1999). Sec-
tion 5 gives details of the dynamic vegetation model, TRIF-
FID (Cox, 2001). Section 6 outlines the simulation of soil
carbon, which has changed with the introduction of a 4-pool
model and the possibility of choosing between alternative de-
scriptions of the response of heterotrophic respiration to soil
temperature. A parameterisation of methane emissions from
wetlands is also presented. Finally Sect. 7 describes the ap-
proach typically used to bring the initial vegetation and soil
carbon pools to an equilibrium state.

2 Model overview

JULES describes the vegetation in a gridbox using a small
number of Plant Functional Types (PFTs). The default is to
use five PFTs: broadleaf trees, needleleaf trees, C3 (temper-
ate) grasses, C4 (tropical) grasses and shrubs. The surface
fluxes of CO2 associated with photosynthesis and plant respi-
ration are calculated in the physiology component of JULES,
as described in Sect. 3 on each JULES timestep (typically
30 to 60min). The accumulated carbon fluxes are passed
to the vegetation dynamics model (TRIFFID, described in
Sect. 5) and the area covered by each PFT is updated on a
longer timestep (typically 10 days) based on the net carbon
available to it and on the competition with other vegetation
types, which is modelled using a Lotka-Volterra approach
(Cox, 2001). Leaf phenology (bud-burst and leaf drop) is
updated on an intermediate timescale of 1 day, using accu-
mulated temperature-dependent leaf turnover rates (Sect. 4).
Litterfall from vegetation is input to a model of soil carbon
(Sect. 6) which calculates the rate of microbial soil respira-
tion and the consequent flux of CO2 back to the atmosphere.
This part of the model has changed since Cox et al. (1999)
with the introduction of a 4-pool model and the possibility of
choosing between alternative descriptions of the response of
heterotrophic respiration to soil temperature. Methane emis-
sions from wetlands are also calculated. After each call to
TRIFFID the land surface parameters required by JULES
(e.g. albedo, roughness length) are updated based on the new
vegetation state, so that changes in the biophysical properties
of the land surface, as well as changes in terrestrial carbon,
may feed back onto the atmosphere. The land surface param-
eters are calculated as a function of the type, height and leaf
area index of the vegetation, as described in Sect. 5.2.
The state (or prognostic) variables required to describe the

vegetation and soil carbon in JULES are presented in Table 1.
Further surface state variables which affect the terrestrial car-
bon cycle, such as soil moisture and soil temperature, are dis-
cussed in Part 1. Appendix A lists the variables used in this
paper, along with their units.

Table 1. State (prognostic) variables for vegetation and soil carbon.
If vegetation competition is disabled, the fraction of vegetation is
prescribed and does not vary with time.

Variable Units

Fraction of each vegetation type within gridbox
Leaf area index for each vegetation type m2 m�2
Soil carbon in each pool kgCm�2

3 Photosynthesis

The photosynthesis model used in JULES is based upon the
observed processes at the leaf scale, which are then scaled up
to represent the canopy. There are several options available in
JULES for the treatment of radiation interception and scaling
up to the canopy scale, from a simple big leaf approach to a
multi-layer canopy.

3.1 Leaf biochemistry

JULES uses the biochemistry of C3 and C4 photosynthesis
from Collatz et al. (1991) and Collatz et al. (1992), as de-
scribed by Sellers et al. (1996) and Cox et al. (1999), to de-
termine potential (unstressed by water availability and ozone
effects) leaf-level photosynthesis. This is calculated in terms
of three potentially-limiting rates:

1. Rubisco-limited rate (Wc)

Wc=

8
><

>:

Vcmax

✓
ci�0

ci+Kc(1+Oa/Ko)

◆
for C3 plants

Vcmax for C4 plants
(1)

where Vcmax (mol CO2 m�2 s�1) is the maximum rate of
carboxylation of Rubisco, ci (Pa) is the leaf internal car-
bon dioxide partial pressure, 0 (Pa) is the CO2 compen-
sation point in the absence of mitochondrial respiration,
Oa (Pa) is the partial pressure of atmospheric oxygen,
and Kc and Ko (Pa) are the Michaelis-Menten parame-
ters for CO2 and O2, respectively.

2. Light-limited rate (Wl)

Wl=

8
><

>:

↵(1�!)Ipar

✓
ci�0

ci+20

◆
for C3 plants

↵(1�!)Ipar for C4 plants
(2)

where ↵ is the quantum efficiency of photosynthesis
(mol CO2 mol�1 PAR), ! is the leaf scattering coeffi-
cient for PAR and Ipar is the incident photosynthetically
active radiation (PAR, molm�2 s�1).
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3. Rate of transport of photosynthetic products (in the case
of C3 plants) and PEPCarboxylase limitation (in the
case of C4 plants) (We)

We=

8
><

>:

0.5Vcmax for C3 plants

2⇥104Vcmax
ci
P⇤

for C4 plants
(3)

where P⇤ is the surface air pressure.
The default values of PFT-specific parameters for leaf bio-

chemistry and photosynthesis are given in Table 2. The pa-
rameters Vcmax,Ko,Kc, and 0 are all temperature dependent.
JULES uses the temperature dependencies from Collatz et al.
(1991, 1992).

Vcmax at any desired temperature is calculated from the
maximum rate of carboxylation of the enzyme Rubisco at
25 �C (Vcmax25) assuming an optimal temperature range as
defined by PFT-specific values of parameters, Tupp and Tlow,
as:

Vcmax= Vcmax25fT(Tc)h
1+e0.3(Tc�Tupp)

i⇥
1+e0.3(Tlow�Tc)

⇤ (4)

where Tc is canopy (leaf) temperature (�C) and fT is the stan-
dardQ10 temperature dependence:

fT(Tc) = Q
0.1(Tc�25)
10 leaf (5)

The default value of Q10 leaf is 2. Vcmax25 is assumed to be
linearly related to leaf nitrogen concentration, nl:

Vcmax25= nenl (6)

where ne is a constant that has values of 0.0008 and
0.0004mol CO2 m�2 s�1 kgC (kgN)�1 for C3 and C4
plants, respectively. These values were derived from Schulze
et al. (1994) assuming that leaf dry matter is 40 percent car-
bon by mass and that the maximum rate of photosynthetic
uptake is 0.5Vcmax for C3 plants and equals Vcmax for C4
plants (Cox, 2001). nl is set equal to n0, the leaf N concen-
tration at the top of the canopy, unless variation within the
canopy is specified (see Sect. 3).

0, the photorespiration compensation point, is found as:

0 =

8
><

>:

Oa
2⌧

for C3 plants

0 for C4 plants
(7)

where ⌧ is the Rubisco specificity for CO2 relative to O2:

⌧ = 2600Q0.1(Tc�25)
10 rs (8)

withQ10 rs= 0.57.

Kc and Ko are calculated as:

Kc = 30Q0.1(Tc�25)
10 Kc (9)

Ko = 3⇥104Q0.1(Tc�25)
10 Ko (10)

withQ10 Kc= 2.1 andQ10 Ko= 1.2.
The rate of gross photosynthesis (W ) is calculated as the

smoothed minimum of the three potentially-limiting rates:

�1W
2
p �Wp(Wc+Wl)+WcWl = 0 (11)

�2W
2�W(Wp+We)+WpWe = 0 (12)

where Wp is the smoothed minimum of Wc and Wl, and
�1= 0.83 and �2= 0.93 are “co-limitation” coefficients. The
smaller root of each quadratic is selected.
Leaf dark respiration (Rd) is calculated as:

Rd= fdrVcmax (13)

where fdr is the dark respiration coefficient. The net poten-
tial (i.e. unstressed) leaf photosynthetic carbon uptake (Ap)
is then calculated as:

Ap= W �Rd (14)

Leaf photosynthesis is linked to stomatal conductance via
the internal CO2 concentration, which is calculated using the
Jacobs (1994) formulation. The Jacobs formulation shares
similarities with the stomatal conductance formulations of
Ball et al. (1987) and Leuning (1995). A description of the
coupled stomatal conductance-photosynthesis model is given
in Part 1, with further details in Cox et al. (1998, 1999).
To account for soil moisture stress, the potential (non-

stressed) leaf photosynthesis Ap is multiplied by a soil water
factor (Cox et al., 1998):

Al= Ap� (15)

where Al is leaf-level photosynthesis. (Note that the effect of
O3 is also included as a factor on the right-hand side of this
equation – see Sect. 3.3 – but is omitted here for clarity.) �

is the moisture stress factor which is related to the mean soil
moisture concentration in the root zone, ✓ , and the critical
and wilting point concentrations, ✓c and ✓w, defined as the
moisture levels at which photosynthesis first falls below the
potential rate and is zero respectively, as follows:

� =

8
>>>>><

>>>>>:

1 for ✓ > ✓c

✓ �✓w
✓c�✓w

for ✓w< ✓  ✓c

0 for ✓  ✓w

(16)

Geosci. Model Dev., 4, 701–722, 2011 www.geosci-model-dev.net/4/701/2011/

704 D. B. Clark et al.: JULES: carbon fluxes and vegetation dynamics

3. Rate of transport of photosynthetic products (in the case
of C3 plants) and PEPCarboxylase limitation (in the
case of C4 plants) (We)

We=

8
><

>:

0.5Vcmax for C3 plants

2⇥104Vcmax
ci
P⇤

for C4 plants
(3)

where P⇤ is the surface air pressure.
The default values of PFT-specific parameters for leaf bio-

chemistry and photosynthesis are given in Table 2. The pa-
rameters Vcmax,Ko,Kc, and 0 are all temperature dependent.
JULES uses the temperature dependencies from Collatz et al.
(1991, 1992).

Vcmax at any desired temperature is calculated from the
maximum rate of carboxylation of the enzyme Rubisco at
25 �C (Vcmax25) assuming an optimal temperature range as
defined by PFT-specific values of parameters, Tupp and Tlow,
as:

Vcmax= Vcmax25fT(Tc)h
1+e0.3(Tc�Tupp)

i⇥
1+e0.3(Tlow�Tc)

⇤ (4)

where Tc is canopy (leaf) temperature (�C) and fT is the stan-
dardQ10 temperature dependence:

fT(Tc) = Q
0.1(Tc�25)
10 leaf (5)

The default value of Q10 leaf is 2. Vcmax25 is assumed to be
linearly related to leaf nitrogen concentration, nl:

Vcmax25= nenl (6)

where ne is a constant that has values of 0.0008 and
0.0004mol CO2 m�2 s�1 kgC (kgN)�1 for C3 and C4
plants, respectively. These values were derived from Schulze
et al. (1994) assuming that leaf dry matter is 40 percent car-
bon by mass and that the maximum rate of photosynthetic
uptake is 0.5Vcmax for C3 plants and equals Vcmax for C4
plants (Cox, 2001). nl is set equal to n0, the leaf N concen-
tration at the top of the canopy, unless variation within the
canopy is specified (see Sect. 3).

0, the photorespiration compensation point, is found as:

0 =

8
><

>:

Oa
2⌧

for C3 plants

0 for C4 plants
(7)

where ⌧ is the Rubisco specificity for CO2 relative to O2:

⌧ = 2600Q0.1(Tc�25)
10 rs (8)

withQ10 rs= 0.57.

Kc and Ko are calculated as:

Kc = 30Q0.1(Tc�25)
10 Kc (9)

Ko = 3⇥104Q0.1(Tc�25)
10 Ko (10)

withQ10 Kc= 2.1 andQ10 Ko= 1.2.
The rate of gross photosynthesis (W ) is calculated as the

smoothed minimum of the three potentially-limiting rates:

�1W
2
p �Wp(Wc+Wl)+WcWl = 0 (11)

�2W
2�W(Wp+We)+WpWe = 0 (12)

where Wp is the smoothed minimum of Wc and Wl, and
�1= 0.83 and �2= 0.93 are “co-limitation” coefficients. The
smaller root of each quadratic is selected.
Leaf dark respiration (Rd) is calculated as:

Rd= fdrVcmax (13)

where fdr is the dark respiration coefficient. The net poten-
tial (i.e. unstressed) leaf photosynthetic carbon uptake (Ap)
is then calculated as:

Ap= W �Rd (14)

Leaf photosynthesis is linked to stomatal conductance via
the internal CO2 concentration, which is calculated using the
Jacobs (1994) formulation. The Jacobs formulation shares
similarities with the stomatal conductance formulations of
Ball et al. (1987) and Leuning (1995). A description of the
coupled stomatal conductance-photosynthesis model is given
in Part 1, with further details in Cox et al. (1998, 1999).
To account for soil moisture stress, the potential (non-

stressed) leaf photosynthesis Ap is multiplied by a soil water
factor (Cox et al., 1998):

Al= Ap� (15)

where Al is leaf-level photosynthesis. (Note that the effect of
O3 is also included as a factor on the right-hand side of this
equation – see Sect. 3.3 – but is omitted here for clarity.) �

is the moisture stress factor which is related to the mean soil
moisture concentration in the root zone, ✓ , and the critical
and wilting point concentrations, ✓c and ✓w, defined as the
moisture levels at which photosynthesis first falls below the
potential rate and is zero respectively, as follows:

� =

8
>>>>><

>>>>>:

1 for ✓ > ✓c

✓ �✓w
✓c�✓w

for ✓w< ✓  ✓c

0 for ✓  ✓w

(16)

Geosci. Model Dev., 4, 701–722, 2011 www.geosci-model-dev.net/4/701/2011/



From Nitrogen to Vcmax

Table 3 additionally presents NUE of carboxylation,
calculated as V25

max=Na;nat. The mean values of NUE per
PFT indicate three separate groups: low NUE of 14–
22mmolCO2gN

!1 s!1 for tropical trees on oxisols,
broadleaved and evergreen coniferous trees (PFTs 1, 5,
6); a middle class of NUE of 30–33mmolCO2 gN

!1 s!1

by tropical trees on nonoxisols, temperate trees and
shrubs (PFTs 2, 3, 4, 7, 8); and high NUE of 45–
62mmolCO2gN

!1 s!1 for C3 herbaceous plants and
crops (PFT 9, 10; see Table 3). Figure 4 shows that mean
values of V25

max are linearly related to mean NUE across
all PFTs, with the exception of PFT 5 (evergreen con-
iferous trees: low NUE but high V25

max) and PFT 2
(tropical trees on nonoxisol soils: high NUE but low
V25

max).

Impact of parameterisation in a global TBM

When the V25
max values are compared with values de-

rived by Beerling & Quick (1995) for vegetation types
and mapped onto PFTs by Knorr & Heimann (2001),
major differences emerge for several PFTs, without a
consistent bias into any one direction (Table 3). While
the means of tropical trees, deciduous coniferous trees
and deciduous shrubs are much lower in our approach,
temperate trees, evergreen coniferous trees and C3
herbaceous plants show higher means. These differ-
ences are obvious in several cases and a notable effect
on GPP modelled by the combined climate and TBM
ECHAM5/JSBACH-BETHY is observed when the new
parameter set of V25

max is applied (Fig. 5). There is a
pronounced reduction in the productivity gradient
going from high to low latitudes. With the new data,
tropical forests appear markedly less productive while
temperate and boreal forests between 301N and 601N
have become more productive. While the productivity

gradient is remarkably reduced, the global sum of
modelled GPP is only slightly changed by the new
parameterisation from 181.8 to 163.0GtCyr!1.
Comparing modelled GPP with observations for ma-

jor forest biomes compiled by Luyssaert et al. (2007)
shows a substantial reduction of mismatch between
modelled and observed GPP by the new set of para-
meters (Table 4, Fig. 6). Using the parameterisation
derived by Beerling & Quick (1995) predicts GPP for
tropical forests 35% higher than observed and system-
atically lower for all other biomes (!26% to !62%). In
contrast, the new set of V25

max predicts lower GPP for
tropical forests (!21%), very good approximations for
Mediterranean, temperate and boreal humid forests
(1 3% to 1 6%), and higher estimates for boreal and
temperate arid biomes (1 30% and 1 22%). Notably,
the agreement is best where the number of observations
in the Luyssaert et al. (2007) database is highest, and the
largest deviation is found where there are only two
datapoints of observed GPP (boreal semiarid deciduous
forests, !71%). The sample size of site observations is
important, because V25

max estimated in this study repre-
sents a mean value per PFT, while each site observation
is a single case study. The primary productivity of the
two boreal semiarid deciduous forests compiled by
Luyssaert et al. (2007) may indeed be atypically high
for this biome (Sebastian Luyssaert, personal commu-
nication). Whereas Luyssaert et al. (2007) estimated a
mean net primary productivity (NPP) of 539 gm!2 yr!1,
Schulze et al. (1999) found a typical value of
123 gm!2 yr!1 for Siberian deciduous boreal forests,
and based on five studies they report a NPP range from
123 to 417 gm!2 yr!1 for boreal deciduous forests.
Overall, the root mean square error (RMSE) between

observed and modelled GPP is almost halved (from
37% to 20%) compared with Beerling & Quick (1995).
Excluding the boreal semiarid deciduous forests, the
mean RMSE based on the new parameterisation is only
about 13% of observed GPP.

Discussion

Global parameterisation of V25
max

Commenting on the high variability of photosyn-
thetic NUE, Woodward et al. (1995) concluded that
photosynthetic capacity of PFTs cannot be determined
satisfactorily from leaf-level measurements on a global
scale. Since then, a large number of new studies have
reported either parameter values of Vmax or measure-
ments of leaf gas exchange in combination with mea-
surements of leaf nitrogen content. These
measurements have been used in the past to validate
the Farquhar et al. (1980) model (Ellsworth et al., 2004),
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fT(Tc) = Q
0.1(Tc�25)
10 leaf (5)

The default value of Q10 leaf is 2. Vcmax25 is assumed to be
linearly related to leaf nitrogen concentration, nl:

Vcmax25= nenl (6)

where ne is a constant that has values of 0.0008 and
0.0004mol CO2 m�2 s�1 kgC (kgN)�1 for C3 and C4
plants, respectively. These values were derived from Schulze
et al. (1994) assuming that leaf dry matter is 40 percent car-
bon by mass and that the maximum rate of photosynthetic
uptake is 0.5Vcmax for C3 plants and equals Vcmax for C4
plants (Cox, 2001). nl is set equal to n0, the leaf N concen-
tration at the top of the canopy, unless variation within the
canopy is specified (see Sect. 3).

0, the photorespiration compensation point, is found as:

0 =

8
><

>:

Oa
2⌧

for C3 plants

0 for C4 plants
(7)

where ⌧ is the Rubisco specificity for CO2 relative to O2:

⌧ = 2600Q0.1(Tc�25)
10 rs (8)

withQ10 rs= 0.57.

Kc and Ko are calculated as:

Kc = 30Q0.1(Tc�25)
10 Kc (9)

Ko = 3⇥104Q0.1(Tc�25)
10 Ko (10)

withQ10 Kc= 2.1 andQ10 Ko= 1.2.
The rate of gross photosynthesis (W ) is calculated as the

smoothed minimum of the three potentially-limiting rates:

�1W
2
p �Wp(Wc+Wl)+WcWl = 0 (11)

�2W
2�W(Wp+We)+WpWe = 0 (12)

where Wp is the smoothed minimum of Wc and Wl, and
�1= 0.83 and �2= 0.93 are “co-limitation” coefficients. The
smaller root of each quadratic is selected.
Leaf dark respiration (Rd) is calculated as:

Rd= fdrVcmax (13)

where fdr is the dark respiration coefficient. The net poten-
tial (i.e. unstressed) leaf photosynthetic carbon uptake (Ap)
is then calculated as:

Ap= W �Rd (14)

Leaf photosynthesis is linked to stomatal conductance via
the internal CO2 concentration, which is calculated using the
Jacobs (1994) formulation. The Jacobs formulation shares
similarities with the stomatal conductance formulations of
Ball et al. (1987) and Leuning (1995). A description of the
coupled stomatal conductance-photosynthesis model is given
in Part 1, with further details in Cox et al. (1998, 1999).
To account for soil moisture stress, the potential (non-

stressed) leaf photosynthesis Ap is multiplied by a soil water
factor (Cox et al., 1998):

Al= Ap� (15)

where Al is leaf-level photosynthesis. (Note that the effect of
O3 is also included as a factor on the right-hand side of this
equation – see Sect. 3.3 – but is omitted here for clarity.) �

is the moisture stress factor which is related to the mean soil
moisture concentration in the root zone, ✓ , and the critical
and wilting point concentrations, ✓c and ✓w, defined as the
moisture levels at which photosynthesis first falls below the
potential rate and is zero respectively, as follows:

� =

8
>>>>><

>>>>>:

1 for ✓ > ✓c

✓ �✓w
✓c�✓w

for ✓w< ✓  ✓c

0 for ✓  ✓w

(16)
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New leaf N: Increases 
assimilation and respiration

EBT DBT ENT DNT C3 C4 ESh Dsh

N_area

Vcmax

Vcmax 
in Lit.*

current 
Vcmax

2.02 1.69 3.26 2.20 1.13 0.90 2.28 1.68 kg/m2

57 55 65 46 53 43 67 54 umol/
m2/s

41-66 30-58 42-62 29-39 21-78 25 36-62 19-54 umol/
m2/s

36.8 26.4 58.4 24 48 umol/
m2/s

*Kattge et al. 2009 (data) and the CLM model (Bonan et al. 2012)



Model Evaluation

Run benchmarking suite at 10 sites

Use can_rad_mod = 5 (multi-layer with sunlit and shaded 
leaves, diffuse/direct radiation), set diff_frac=0.4.

Generally: GPP is improved but Respiration is worse (LH is 
also worse). This is just a starting point.



Tharandt: New, Evergreen needle leaf tree
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Tharandt: New, Evergreen needle leaf tree (fd)

Tharandt: Needle leaf tree
RMSE=0.80
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Room for 
improvement
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3. Rate of transport of photosynthetic products (in the case
of C3 plants) and PEPCarboxylase limitation (in the
case of C4 plants) (We)

We=

8
><

>:

0.5Vcmax for C3 plants

2⇥104Vcmax
ci
P⇤

for C4 plants
(3)

where P⇤ is the surface air pressure.
The default values of PFT-specific parameters for leaf bio-

chemistry and photosynthesis are given in Table 2. The pa-
rameters Vcmax,Ko,Kc, and 0 are all temperature dependent.
JULES uses the temperature dependencies from Collatz et al.
(1991, 1992).

Vcmax at any desired temperature is calculated from the
maximum rate of carboxylation of the enzyme Rubisco at
25 �C (Vcmax25) assuming an optimal temperature range as
defined by PFT-specific values of parameters, Tupp and Tlow,
as:

Vcmax= Vcmax25fT(Tc)h
1+e0.3(Tc�Tupp)

i⇥
1+e0.3(Tlow�Tc)

⇤ (4)

where Tc is canopy (leaf) temperature (�C) and fT is the stan-
dardQ10 temperature dependence:

fT(Tc) = Q
0.1(Tc�25)
10 leaf (5)

The default value of Q10 leaf is 2. Vcmax25 is assumed to be
linearly related to leaf nitrogen concentration, nl:

Vcmax25= nenl (6)

where ne is a constant that has values of 0.0008 and
0.0004mol CO2 m�2 s�1 kgC (kgN)�1 for C3 and C4
plants, respectively. These values were derived from Schulze
et al. (1994) assuming that leaf dry matter is 40 percent car-
bon by mass and that the maximum rate of photosynthetic
uptake is 0.5Vcmax for C3 plants and equals Vcmax for C4
plants (Cox, 2001). nl is set equal to n0, the leaf N concen-
tration at the top of the canopy, unless variation within the
canopy is specified (see Sect. 3).

0, the photorespiration compensation point, is found as:

0 =

8
><

>:

Oa
2⌧

for C3 plants

0 for C4 plants
(7)

where ⌧ is the Rubisco specificity for CO2 relative to O2:

⌧ = 2600Q0.1(Tc�25)
10 rs (8)

withQ10 rs= 0.57.

Kc and Ko are calculated as:

Kc = 30Q0.1(Tc�25)
10 Kc (9)

Ko = 3⇥104Q0.1(Tc�25)
10 Ko (10)

withQ10 Kc= 2.1 andQ10 Ko= 1.2.
The rate of gross photosynthesis (W ) is calculated as the

smoothed minimum of the three potentially-limiting rates:

�1W
2
p �Wp(Wc+Wl)+WcWl = 0 (11)

�2W
2�W(Wp+We)+WpWe = 0 (12)

where Wp is the smoothed minimum of Wc and Wl, and
�1= 0.83 and �2= 0.93 are “co-limitation” coefficients. The
smaller root of each quadratic is selected.
Leaf dark respiration (Rd) is calculated as:

Rd= fdrVcmax (13)

where fdr is the dark respiration coefficient. The net poten-
tial (i.e. unstressed) leaf photosynthetic carbon uptake (Ap)
is then calculated as:

Ap= W �Rd (14)

Leaf photosynthesis is linked to stomatal conductance via
the internal CO2 concentration, which is calculated using the
Jacobs (1994) formulation. The Jacobs formulation shares
similarities with the stomatal conductance formulations of
Ball et al. (1987) and Leuning (1995). A description of the
coupled stomatal conductance-photosynthesis model is given
in Part 1, with further details in Cox et al. (1998, 1999).
To account for soil moisture stress, the potential (non-

stressed) leaf photosynthesis Ap is multiplied by a soil water
factor (Cox et al., 1998):

Al= Ap� (15)

where Al is leaf-level photosynthesis. (Note that the effect of
O3 is also included as a factor on the right-hand side of this
equation – see Sect. 3.3 – but is omitted here for clarity.) �

is the moisture stress factor which is related to the mean soil
moisture concentration in the root zone, ✓ , and the critical
and wilting point concentrations, ✓c and ✓w, defined as the
moisture levels at which photosynthesis first falls below the
potential rate and is zero respectively, as follows:

� =

8
>>>>><

>>>>>:

1 for ✓ > ✓c

✓ �✓w
✓c�✓w

for ✓w< ✓  ✓c

0 for ✓  ✓w

(16)
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Morgan Monroe: New, Deciduous broadleaf tree

Morgan Monroe: Broadleaf Tree
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Morgan Monroe: New, Deciduous broadleaf tree (fd)

Morgan Monroe: Broadleaf Tree
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Santarem, Km 67: New, Evergreen broadleaf tree

Santarem, Km 67: Broadleaf Tree
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Santarem, Km 67: New, Evergreen broadleaf tree

Santarem, Km 67: Broadleaf Tree

RMSE=1.53
r2=0.23

RMSE=2.25
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8m soil depths

Relaxed soil 
moisture stress
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• can_rad_mod=5 • can_rad_mod=5
• new leaf N
• deeper soil
• observed diffuse frac
• site soil texture



Competition between PFTs

Currently hard-wired for 5 PFTs: Trees>shrubs>grasses.

Replace co-competition with pure height-dominance.

Regardless of the plant type, the tallest plants win.

Generic number of PFTs will allow for detailed regional 
analysis or added PFTs later.
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Table 6. Default values of PFT-specific parameters for TRIFFID.

Broadleaf Needleleaf C3 C4 Shrub
tree tree grass grass

�v (360 days)�1 Disturbance rate 0.005 0.007 0.20 0.20 0.05
�r (360 days)�1 Turnover rate for 0.25 0.15 0.25 0.25 0.25

root biomass
�w (360 days)�1 Turnover rate for 0.005 0.005 0.20 0.20 0.05

woody biomass
Lmax Maximum LAI 9.00 5.00 4.00 4.00 3.00
Lmin Minimum LAI 1.00 1.00 1.00 1.00 1.00

5 Vegetation dynamics

The dynamic vegetation model used in JULES is TRIFFID
(Cox, 2001). Each land grid box is assumed to be either com-
pletely covered by permanent ice (in which case TRIFFID is
not used) or to have no ice cover. At these non-ice points, the
urban and lake surface types (if present) are assumed to have
time-constant fractions while the 5 PFTs compete for the re-
maining coverage as simulated by TRIFFID. 1 The final sur-
face type, bare soil, is the remaining space after simulating
the coverage of the vegetation types.
The 5 PFTs of TRIFFID were chosen as a minimal set

to represent the variation in vegetation structure (e.g. canopy
height, root depth) and function (e.g. C3 versus C4 photosyn-
thesis) for inclusion of both biophysical and biogeochemical
vegetation feedbacks in Earth System Models. The number
of PFTs defined in DGVMs typically ranges from 2 (Brovkin
et al., 1997) to 10 (Sitch et al., 2003) and depends on the eco-
logical processes explicitly represented in the model and the
availability of field data for defining parameter values, which
is often incomplete. The latter is especially relevant to land
surface models within Earth System Models as these require
detailed information on both ecophysiological and physical
parameters. The original 5 PFTs of TRIFFID represented a
pragmatic choice balancing comprehensiveness against com-
putational expense and limited data availability for the para-
materization of each PFT. The choice and definition of PFTs
is an area of active research within the land surface modelling
community.

5.1 Vegetation growth and competition

The vegetation carbon density, Cv, and fractional coverage,
⌫, of a given PFT are updated based on the carbon balance of
that PFT and on competition with other PFTs:

1Note that although the number of PFTs in JULES is generally
flexible, a run that uses TRIFFID to simulate vegetation competition
can only use the 5 standard PFTs (broadleaf trees, needleleaf trees,
C3 grasses, C4 grasses and shrubs) as the competition coefficients
are hardwired.

dCv

dt
= (1��)5�3l (51)

Cv
d⌫

dt
= �5⌫⇤

 

1�
X

j

cij ⌫j

!

��⌫ ⌫⇤Cv (52)

where 5 is the net primary productivity per unit vegetated
area of the PFT in question, 3l is the local litterfall rate,
and �v is the large-scale disturbance rate. ⌫⇤ =max{⌫,✏},
where ✏ = 0.01 is the “seed fraction”. Under most circum-
stances ⌫⇤ is identical to the a real fraction, ⌫, but each PFT
is “seeded” by ensuring that ⌫⇤ never drops below the seed
fraction. A fraction � of this NPP is utilised in increasing
the fractional coverage (Eq. 52), and the remainder increases
the carbon content of the existing vegetated area (Eq. 51).
Default values of PFT-specific parameters for TRIFFID are
given in Table 6.
The competition coefficients, cij , represent the impact of

vegetation type j on the vegetation type of interest. These
coefficients all lie between zero and unity, so that compe-
tition for space acts to reduce the growth of ⌫ that would
otherwise occur (i.e. it produces density-dependent litter pro-
duction). Each PFT experiences “intra-species” competition,
with cii = 1 so that the vegetation fraction is always limited
to be less than one. Competition between natural PFTs is
based on a tree-shrub-grass dominance hierarchy, with dom-
inant types i limiting the expansion of sub-dominant types
j (cji = 1), but not vice-versa (cij = 0). However, the tree
types (broadleaf and needleleaf) and grass types (C3 and C4)
co-compete with competition coefficients dependent on their
relative heights, hi and hj :

cij = 1
1+e20(hi�hj )/(hi+hj )

(53)

The form of this function ensures that the i-th PFT domi-
nates when it is much taller, and the j -th PFT dominates in
the opposite limit. The factor of 20 was chosen to give co-
competition over a reasonable range of height differences.
Some allowance is made for agricultural regions, from which
the woody types (i.e. trees and shrubs) are excluded, and only
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Conclusions
Huge dataset provides insight into leaf investments 
into assimilation versus longevity.

New Vcmax shows promise for photosynthesis but 
respiration is too high.

Amazon broadleaf evergreen trees: assimilation is too 
low, and seasonal cycles are wrong. Maybe too much 
soil moisture stress, other controls on respiration, etc.

Lots of testing, data analysis, and parameter 
optimization left!





Thank you



Bondville: New, C3 grass
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Bondville: New, C3 grass, Reduced fd

Bondville: C3 grass
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Why?

Average values for broadleaf or shrub 
doesn’t capture deciduous vs/ 
evergreen characteristics.

If JULES GPP seems low, start with 
photosynthesis.


