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Abstract. The Joint UK Land Environment Simula-
tor (JULES) is a process-based model that simulates the
fluxes of carbon, water, energy and momentum between the
land surface and the atmosphere. Many studies have demon-
strated the important role of the land surface in the func-
tioning of the Earth System. Different versions of JULES
have been employed to quantify the effects on the land car-
bon sink of climate change, increasing atmospheric carbon
dioxide concentrations, changing atmospheric aerosols and
tropospheric ozone, and the response of methane emissions
from wetlands to climate change.

This paper describes the consolidation of these advances
in the modelling of carbon fluxes and stores, in both the veg-
etation and soil, in version 2.2 of JULES. Features include
a multi-layer canopy scheme for light interception, includ-
ing a sunfleck penetration scheme, a coupled scheme of leaf
photosynthesis and stomatal conductance, representation of
the effects of ozone on leaf physiology, and a description
of methane emissions from wetlands. JULES represents the
carbon allocation, growth and population dynamics of five
plant functional types. The turnover of carbon from living
plant tissues is fed into a 4-pool soil carbon model.

The process-based descriptions of key ecological pro-
cesses and trace gas fluxes in JULES mean that this com-
munity model is well-suited for use in carbon cycle, climate
change and impacts studies, either in standalone mode or as
the land component of a coupled Earth system model.

Correspondence to:D. B. Clark
(dbcl@ceh.ac.uk)

1 Introduction

Terrestrial ecosystems play an important role in land surface
energy and trace gas exchange with the atmosphere. They
currently absorb almost one third of the anthropogenic car-
bon dioxide (CO2) emissions (Prentice et al., 2001; Le Qúeŕe
et al., 2009), although the locations and mechanisms for
these terrestrial carbon sinks are debated and uncertain (Ciais
et al., 1995; McGuire et al., 2001; Stephens et al., 2007;
Phillips et al., 2009). Furthermore, land-atmosphere ex-
change of non-CO2 greenhouse gases, such as Methane
(CH4), Ozone (O3) and Nitrous Oxide (N2O), affect atmo-
spheric chemistry and climate (Arneth et al., 2010). Vegeta-
tion and soils also exert a strong control on the surface energy
balance and the physical state of the atmosphere. Anthro-
pogenic climate change has been projected to radically alter
the structure and function of terrestrial ecosystems (Cramer
et al., 2001; Sitch et al., 2008). Future shifts in vegetation,
such as a northward migration of the boreal forest into tun-
dra, are likely to impact the climate via both biogeophysi-
cal and biogeochemical feedbacks. This spurred the devel-
opment of Dynamic Global Vegetation Models (DGVMs;
Cox, 2001; Sitch et al., 2003; Prentice et al., 2007) which
describe the structure and function of the major global ter-
restrial ecosystems.

Advances in recent years have seen the inclusion in land
surface models of first a carbon cycle (Cox et al., 2000) and
a nitrogen cycle (Thornton et al., 2007; Sokolov et al., 2008).
Using the TRIFFID DGVM coupled to a General Circula-
tion Model (HadCM3LC),Cox et al.(2000) were the first to
show the possibility of a positive climate-land carbon cycle
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feedback, with the counteracting effects of climate and atmo-
spheric CO2 on ecosystem function. A reduction in terres-
trial carbon in response to climate change leads to higher at-
mospheric CO2 levels, and thus accelerated climate change.
This has major policy implications for climate change miti-
gation (Jones et al., 2006). In the C4MIP studyFriedlingstein
et al. (2006) extended this work using 11 coupled climate-
carbon cycle models. All models simulated a positive land
carbon cycle feedback but of widely varying strengths and
there was little consensus among models on the underlying
mechanisms.

The land surface scheme used byCox et al.(2000) was
the Met Office Surface Exchange Scheme (MOSES;Cox
et al., 1999; Essery et al., 2003) combined with the TRIFFID
DGVM (Cox, 2001). The representation of plant and soil
processes in this model, and the implications for the mod-
elled carbon cycle, have been the subject of several subse-
quent studies. InCox et al.(2000) the positive feedback is as-
sociated with enhanced soil respiration, and drought-induced
forest dieback in Amazonia (Betts et al., 2004; Cox et al.,
2004, 2008). Subsequent studies investigated the structural
uncertainty in future projections associated with the soil car-
bon representation (Jones et al., 2005), the role of tropical
ecosystems in the control of atmospheric CO2 on the inter-
annual timescales (Jones et al., 2003), and evaluated the cou-
pled model against atmospheric data, proposing a prototype
benchmarking methodology for coupled climate-carbon cy-
cle models (Cadule et al., 2010). Jones et al.(2005) replaced
the one-pool soil decomposition model with the more elabo-
rate 4-pool model of RothC (Jenkinson, 1990; Coleman and
Jenkinson, 1999) and concluded that the projection of a pos-
itive feedback between climate and carbon cycle is robust,
however, the magnitude of the feedback is dependent on the
structure of the soil carbon model. The multi-pool carbon
dynamics of RothC cause it to exhibit a slower magnitude
of transient response to both increased organic carbon inputs
and changes in climate compared with the one-pool model.

Gedney et al.(2004) developed an interactive wetlands
scheme model that was calibrated using present-day atmo-
spheric CH4 variability. They predicted increases in global
CH4 flux between present day and 2100 of 75 % with an
increase in emissions from northern wetlands (> 30◦ N) of
100 %, despite an estimated 10 % reduction in wetland ex-
tent. This wetland response corresponds to an amplification
of the total anthropogenic radiative forcing at 2100 by ap-
proximately 3.5–5 %.

Sitch et al. (2007) showed how elevated future tropo-
spheric O3 concentrations would have detrimental effects on
plant productivity and reduce the efficiency of the terrestrial
biosphere to sequester carbon, constituting a large indirect
radiative forcing of tropospheric O3 on climate.

Mercado et al.(2009) showed how changes in surface ir-
radiance over the global dimming and subsequent brighten-
ing period, 1960–2000, associated with changes in anthro-
pogenic scattering aerosols and cloud cover, led to enhanced

global plant productivity and carbon storage. Scattering
aerosols change both the quantity and quality (partitioning
between direct and diffuse) of surface irradiance. Diffuse
light is able to penetrate further into the canopy than di-
rect light, stimulating production in light-limited understorey
leaves.Mercado et al.(2009) found this diffuse radiation fer-
tilisation effect was larger than the negative effect of reduced
irradiance on global plant production. HoweverMercado
et al.(2009) also showed local site optima in the relationship
between photosynthesis and diffuse light conditions; under
heavily polluted or dark cloudy skies, plant productivity will
decline as the diffuse radiation effect is insufficient to offset
decreased surface irradiance.

Huntingford et al.(2011) took advantage of several of
these model developments to study how higher atmospheric
CO2, climate change, higher near-surface O3 and lower sul-
phate aerosols affect net primary productivity and runoff. For
equivalent amounts of radiative forcing, the different forcing
mechanisms varied markedly in their impacts, suggesting a
need for more informative metrics of the impact of chang-
ing atmospheric constituents that go beyond simple radia-
tive forcing, and underlining the importance of considering
a range of trace gases when modelling land processes.

A comprehensive understanding and description of key
ecological processes and nutrient cycles is needed in Earth
system models. These include the cycles of carbon, nitrogen
and phosphorus; the ecophysiological response of vegetation
to changes in atmospheric composition (e.g. plant response
to elevated CO2 and O3, N deposition, aerosol radiation ef-
fects); the response of vegetation and soils to drought and
elevated temperatures; wetland processes and methane ex-
change; permafrost; and wildfire disturbance. Currently, no
single land surface model adequately describes all these pro-
cesses.

This paper describes modelling of carbon fluxes and
stores, in the vegetation and soil, as represented in version
2.2 of the Joint UK Land Environment Simulator (JULES).
JULES was initially based on MOSES and TRIFFID and
consolidates the improved representations of key processes
gained from the studies summarised in the preceding para-
graphs. A companion paper (Best et al., 2011, hereafter re-
ferred to as Part 1) describes how JULES models fluxes of
heat and moisture. Although they are presented separately,
the fluxes of moisture and carbon are intimately linked, in
particular through the stomatal resistance of the vegetation.
The performance of JULES is assessed inBlyth et al.(2010).

Section 2 provides a brief overview of JULES before
Sect.3 describes the photosynthesis model, which has been
substantially augmented sinceCox et al.(1999) with the ad-
dition of an explicit description of the interception of di-
rect and diffuse light at different canopy levels, leading to
a multi-layer approach to scaling photosynthesis from leaf
to canopy scale. The parameterisations of plant respiration
and the effect of ozone on leaf photosynthesis are also cov-
ered in that section. The phenology model described in
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Sect.4 is essentially unchanged sinceCox et al.(1999). Sec-
tion 5 gives details of the dynamic vegetation model, TRIF-
FID (Cox, 2001). Section6 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 60 min). 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 sinceCox 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 Table1.
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 kgC m−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) andCollatz et al.(1992), as de-
scribed bySellers et al.(1996) andCox 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 =


Vcmax

(
ci −0

ci +Kc(1+Oa/Ko)

)
for C3 plants

Vcmax for C4 plants

(1)

whereVcmax(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,
andKc andKo (Pa) are the Michaelis-Menten parame-
ters for CO2 and O2, respectively.

2. Light-limited rate (Wl)

Wl =


α(1−ω)Ipar

(
ci −0

ci +20

)
for C3 plants

α(1−ω)Ipar for C4 plants

(2)

where α is the quantum efficiency of photosynthesis
(mol CO2 mol−1 PAR), ω is the leaf scattering coeffi-
cient for PAR andIpar is the incident photosynthetically
active radiation (PAR, mol m−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=


0.5Vcmax for C3 plants

2×104Vcmax
ci

P∗

for C4 plants
(3)

whereP∗ is the surface air pressure.
The default values of PFT-specific parameters for leaf bio-

chemistry and photosynthesis are given in Table2. The pa-
rametersVcmax, Ko, Kc, and0 are all temperature dependent.
JULES uses the temperature dependencies fromCollatz 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 andTlow,
as:

Vcmax=
Vcmax25fT(Tc)[

1+e0.3(Tc−Tupp)
][

1+e0.3(Tlow−Tc)
] (4)

whereTc is canopy (leaf) temperature (◦C) andfT is the stan-
dardQ10 temperature dependence:

fT(Tc) = Q
0.1(Tc−25)
10 leaf (5)

The default value ofQ10 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
0.0004 mol CO2 m−2 s−1 kg C (kg N)−1 for C3 and C4
plants, respectively. These values were derived fromSchulze
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 equalsVcmax for C4
plants (Cox, 2001). nl is set equal ton0, the leafN 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 =


Oa

2τ
for C3 plants

0 for C4 plants

(7)

whereτ is the Rubisco specificity for CO2 relative to O2:

τ = 2600Q0.1(Tc−25)
10 rs (8)

with Q10 rs= 0.57.

Kc andKo are calculated as:

Kc = 30Q
0.1(Tc−25)
10 Kc (9)

Ko = 3×104Q
0.1(Tc−25)
10 Ko (10)

with Q10 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:

β1W
2
p −Wp(Wc+Wl)+WcWl = 0 (11)

β2W
2
−W(Wp+We)+WpWe = 0 (12)

where Wp is the smoothed minimum ofWc and Wl , and
β1 = 0.83 andβ2 = 0.93 are “co-limitation” coefficients. The
smaller root of each quadratic is selected.

Leaf dark respiration (Rd) is calculated as:

Rd = fdrVcmax (13)

wherefdr 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) andLeuning(1995). A description of the
coupled stomatal conductance-photosynthesis model is given
in Part 1, with further details inCox et al.(1998, 1999).

To account for soil moisture stress, the potential (non-
stressed) leaf photosynthesisAp is multiplied by a soil water
factor (Cox et al., 1998):

Al = Apβ (15)

whereAl 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.)β
is the moisture stress factor which is related to the mean soil
moisture concentration in the root zone,θ , and the critical
and wilting point concentrations,θc andθw, defined as the
moisture levels at which photosynthesis first falls below the
potential rate and is zero respectively, as follows:

β =



1 for θ > θc

θ −θw

θc−θw
for θw < θ ≤ θc

0 for θ ≤ θw

(16)
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Table 2. Default values of PFT-specific parameters for leaf biochemistry and photosynthesis.

Broadleaf Needleleaf C3 C4 Shrub
tree tree grass grass

k Extinction coefficient for PAR 0.50 0.50 0.50 0.50 0.50
α (mol CO2 [mol PAR photons]−1) Quantum efficiency 0.08 0.08 0.12 0.060 0.08
ω Leaf scattering coefficient for PAR 0.15 0.15 0.15 0.17 0.15
fdr Dark respiration coefficient 0.015 0.015 0.015 0.025 0.015
rg Growth respiration coefficient 0.25 0.25 0.25 0.25 0.25
n0 (kg N [kg C]−1) Top leaf Nitrogen concentration 0.046 0.033 0.073 0.060 0.060
nrl Ratio of Nitrogen concentrations

in roots and leaves 1.00 1.00 1.00 1.00 1.00
nsl Ratio of Nitrogen concentrations

in stem and leaves 0.10 0.10 1.00 1.00 0.10
Tlow (◦C) Lower temperature parameter 0.0 −10.0 0.0 13.0 0.0
Tupp (◦C) Upper temperature parameter 36.0 26.0 36.0 45.0 36.0

3.2 Scaling photosynthesis from leaf to canopy

The description of within-canopy radiation interception and
scaling from leaf- to canopy-level photosynthesis has been
developed considerably sinceCox et al.(1999). JULES2.2
includes a process-based scaling-up of leaf-level photosyn-
thesis to the canopy level, with alternative methods to cal-
culate canopy radiation interception and canopy-level photo-
synthesis. There are two options available in JULES for scal-
ing up from the leaf-level to the canopy scale: (i) the canopy
is considered as a big leaf and (ii) a multi-layer canopy.
Within the multi-layer option, JULES has four variations
that depend on considerations of vertical gradients of canopy
photosynthetic capacity, inclusion of light inhibition of leaf
respiration, inclusion of sunfleck penetration and splitting
canopy layers into sunlit and shaded leaves. All options are
described below and summarised in Table3.

3.2.1 Big leaf approach

Radiation interception and scaling up to canopy level

In the big leaf approach, incident radiation attenuates through
the canopy following Beer’s law (Monsi and Saeki, 1953):

Ic = Ioe−kLc (17)

whereIc is irradiance beneath the canopy,Io irradiance at the
top of the canopy,k is a light extinction coefficient andLc is
the canopy leaf area index.

Leaf-level photosynthetic capacity is assumed to vary pro-
portionally with the vertical distribution of irradiance (Sell-
ers et al., 1992), therefore leaf photosynthesis can also be
expressed as a function of the top of the canopy leaf photo-
synthesis (Ao), leaf area index (L) and the light extinction
coefficient:

Al = Aoe−kL (18)

Canopy photosynthesis is calculated as the integral of leaf-
level photosynthesis over the entire canopy leaf area index:

Ac =

Lc∫
0

Al dL = Ao

[
1−e−kLc

]
k

(19)

Canopy-level conductance and respiration are estimated us-
ing similar expressions.

3.2.2 Multi-layer approach

Radiation interception

In all variants of the multi-layer approach (options 2–5 in Ta-
ble 3), the canopy is divided into a number of layers (n, typ-
ically 10) of equal leaf area incrementsdLc = Lc/n. JULES
adopts the two-stream approximation of radiation intercep-
tion fromSellers(1985) to calculate surface spectral albedos
(Essery et al., 2001) and the absorbed incoming radiation for
each canopy layer. The absorbed incident PAR at each layer
varies with solar zenith angle, incident direct and diffuse ra-
diation at the top of the canopy, canopy leaf angle distribution
and leaf radiation properties in the visible and near-infrared
wavebands. JULES explicitly describes absorption and scat-
tering of both direct and diffuse radiation fluxes separately in
the visible and near-infrared wavebands at each canopy layer,
which leads to the calculation of upward and downward dif-
fuse fluxes of scattered direct beam radiation (Idir ↑i , Idir ↓i)
and scattered diffuse radiation (Idif ↑i , Idif ↓i) per canopy
layer, normalised by the incident direct and diffuse fluxes re-
spectively above the canopy. The normalised fluxes are used
to calculate the direct and diffuse fractions of absorbed in-
cident PAR, (FAPARDIRi

and FAPARDIFi
), at each canopy

layeri:

FAPARDIRi
= [Idir ↑i −Idir ↓i ]dLc (20)

FAPARDIFi
= [Idif ↑i −Idif ↓i ]dLc (21)
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Table 3. Summary of options available for the calculation of canopy photosynthesis.

Option Leaf to canopy scaling Radiation N profile Inhibition of leaf
respiration in light

1 Big leaf Beer’s law Beer’s law no
2 Multi-layer Two stream Constant through canopy no
3 Multi-layer radiation with Two stream Constant through canopy no

two classes (sunlit and shaded)
for photosynthesis

4 Multi-layer Two stream Decreases through canopy yes
5 Multi-layer including sunlit and Two stream with Decreases through canopy yes

shaded leaves in each layer sunfleck penetration

A comparison of the vertical profile of absorbed incident
PAR calculated with the two-stream approach against the
profile estimated with Beer’s law showed that the results
were similar only when the incident PAR was a direct beam
coming from a high sun angle, otherwise the fraction of ab-
sorbed PAR at any canopy level is higher when calculated
using Beer’s law (Jogireddy et al., 2006).

The two-stream approach provides a vertical profile of in-
tercepted radiation within the canopy which allows estima-
tion of photosynthesis and leaf respiration for each leaf area
increment within the canopy. When option 3 is selected,
rather than calculating photosynthesis for each canopy layer,
the leaves in each layer are considered to be either light-
limited or not light-limited (sunlit or shaded) according to
whether the light exceeds a threshold (Jogireddy et al., 2006).
The photosynthesis calculations are performed separately for
each class (sunlit or shaded) using the average light in the
class.

Sunfleck penetration

A further improvement to the estimation of absorbed radia-
tion fluxes within the canopy considers penetration of sun-
flecks through the canopy (option 5 in Table3), which corre-
sponds to the direct component of the direct beam radiation,
i.e. it excludes the scattering component. Such a term is not
included in Eq. (20). Attenuation ofIb, the non-scattered in-
cident beam radiation per unit leaf area at canopy depthL,
normalised by the incident direct beam radiation above the
canopy, is calculated as (Dai et al., 2004):

Ib = (1−ω)kbe
−kbL (22)

where(1−ω) is the non-scattered part of the incident beam
(i.e. what is absorbed) andkb is the canopy beam radiation
extinction coefficient.

Following Dai et al. (2004) as implemented inMercado
et al. (2009), radiation fluxes are split into direct beam ra-
diation, scattered direct beam and diffuse radiation, and it is
assumed that sunlit leaves absorb all types of radiation while

shaded leaves absorb only diffuse radiation. The fraction of
sunlit leaves (fsun), is defined as:

fsun= e−kbL (23)

For each canopy layeri with leaf area incrementdLc, the
fraction of sunlit leaves, fraction of absorbed direct beam ra-
diation (Ibi

), fraction of scattered direct beam (Ibsi ) and frac-
tion of absorbed diffuse radiation (Idi

) are:

fsuni =
e−kbL(e−kbdLc −1)

kbdLc
(24)

Ibi
= (1−ω)

(
e−kb(L−dLc) −e−kbL

dLc

)
(25)

Ibsi = ω

(
e−kb(L−dLc) −e−kbL

dLc

)
+FAPARDIRi

(26)

Idi
= FAPARDIFi

(27)

The fractions of the incident radiation above the canopy
which are absorbed by sunlit leaves (Isuni ) and shaded leaves
(Ishi ) in each leaf area increment within the canopy are cal-
culated as:

Ishi = fdIdi
+(1−fd)Ibsi (28)

Isuni = Ishi +
(1−fd)Ibi

fsuni
(29)

wherefd is the fraction of PAR which is diffuse radiation.
Isuni andIshi are used to calculate the radiation absorbed in
each canopy layer by sunlit and shaded leaves by multiplying
by the incident radiation above the canopy, and thus to esti-
mate photosynthesis from sunlit (Asuni ) and shaded leaves
(Ashi ) for each canopy layer.

Scaling up to canopy-level

For all multi-layer options, canopy-scale fluxes are estimated
as the sum of the leaf-level fluxes in each layer, scaled by leaf
area. Hence canopy-level photosynthesis is estimated from
layer leaf-level photosynthesis (Ali) as follows:

Geosci. Model Dev., 4, 701–722, 2011 www.geosci-model-dev.net/4/701/2011/
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Ai = AlidLc (30)

Ac =

n∑
i=1

Ai (31)

with Ai as photosynthesis from each canopy layer. When
including sunflecks and accounting explicitly for photosyn-
thesis by sunlit and shaded leaves (option 5),Ai is calculated
as:

Ai = fsuni Asuni +(1−fsuni )Ashi (32)

Canopy-level respiration and conductance are estimated
from layer values in a similar manner.

Photosynthetic capacity at each canopy layer

The multi-layer scheme has been applied and tested against
eddy correlation flux measurements (Mercado et al., 2007)
using different assumptions for the vertical distribution of
leaf nitrogen. Such a distribution is a proxy for the vertical
distributions of photosynthetic capacityVcmax and leaf res-
piration through the canopy. The distributions tested were a
uniform distribution with leaf N constant through the canopy,
and a distribution with leaf N decreasing from top to bot-
tom of the canopy. In the latter case, the vertical profiles
of leaf N, photosynthetic capacity and leaf respiration within
the canopy were estimated followingde Pury and Farquhar
(1997) using measured vertical profiles from a rainforest site
in the Amazon Basin (Carswell et al., 2000) and prescribed
in JULES to decrease exponentially with increasing canopy
depth (Mercado et al., 2007) for options 4 and 5 in Table3.

Photosynthetic capacity at each canopy layeri is calcu-
lated assuming that the reference value varies as:

Vcmax25i = nen0e
−kn(i/n) (33)

with n0 the leaf N concentration at the top of the canopy and
kn a nitrogen profile coefficient estimated to be 0.78. (Note
that this is the same form as Eq. (6) but with the vertical vari-
ation of leaf nitrogen specified.) Vertical profiles ofVcmax
remain to be tested further and evaluated for other vegetation
types.

The multi-layer options 4 and 5 in JULES also account
for inhibition of leaf respiration in light. Mercado et al.
(2007) tested the inclusion of inhibition of leaf respiration
by light from Brooks and Farquhar(1985) as implemented
by Lloyd et al. (1995) for a rainforest site in the Amazon.
Once JULES was correctly parameterised for canopy photo-
synthetic capacity at this site, the inclusion of this inhibition
allowed much better predictions of observed rates of net pho-
tosynthetic uptake. Light inhibition followsMercado et al.
(2007) when option 4 is used, while option 5 uses a 30 %
inhibition of leaf respiration at irradiance levels greater than
10 µmol quanta m−2 s−1 (Atkin et al., 1997, 2000, 2006).

3.2.3 Assessment of big-leaf and multi-layer approaches

JULES was evaluated using the multi-layer approach and
eddy correlation data for a temperate coniferous forest site
in the Netherlands (Jogireddy et al., 2006) and a tropical
broadleaf rainforest site in the Brazilian Amazon (Mercado
et al., 2007). Both studies demonstrated the superior per-
formance of the multi-layer approach with the two-stream
canopy radiation interception compared to the big-leaf ap-
proach in simulating canopy scale photosynthetic fluxes,
specifically both the simulated light response and diurnal
cycles of photosynthesis. A further advantage of a layered
scheme is that it differentiates between direct and diffuse ra-
diation, which is not possible using the Beer’s law approach.
Further evaluation of the multi-layer approach at eddy corre-
lation sites and globally is presented inBlyth et al.(2010).

Using a 10 layer model,Jogireddy et al.(2006) examined
the impact of calculating photosynthesis at a coniferous for-
est site for only two classes (light-limited or not) of leaves
rather than for each of 10 canopy layers (options 3 and 2
in Table 3). The 2-class option gave a good fit to the 10-
layer simulation and, because this option is computationally
efficient, it was recommended for large scale applications if
computer resources are limited.

Allowing leaf nitrogen, canopy photosynthetic capacity
and leaf respiration to vary through the canopy (options 4
and 5) provides a more realistic representation of canopy and
total plant respiration in JULES; the description of stem and
root respiration in JULES is a dependent function of canopy
respiration and their respective nitrogen contents. This is es-
pecially apparent in tropical ecosystems, where simulations
that assume a uniform vertical distribution of leaf N, and
therefore photosynthetic capacity, produce very large respi-
ration fluxes from leaves in the shaded understorey. Observa-
tions of decreased leaf N and photosynthetic capacity within
canopies (Meir et al., 2002) and decreased leaf respiration
in the light (Brooks and Farquhar, 1985; Atkin et al., 1998;
Hoefnagel et al., 1998; Atkin et al., 2000) support their in-
clusion into JULES.

Figure 1 shows evaluation of Gross Primary Productiv-
ity (GPP) simulated by JULES against eddy correlation data
from a temperate broadleaf (Knohl et al., 2003) and a nee-
dle leaf (Rebmann et al., 2010) site. Observations are com-
pared with runs of JULES that used the big leaf approach
and the multi-layer option with vertical variation of photo-
synthetic capacity and inclusion of light inhibition of leaf
respiration (options 1 and 4 in Table3). Simulated photo-
synthesis using the big leaf approach shows light saturation
at low levels of radiation (left panels) and a “flat” response
around midday (right panels), unlike the observations. This
is because with the big leaf approach the simulated photosyn-
thesis is light-limited only with very low levels of radiation
and thereafter is limited by carboxylation of Rubisco. With
the multi-layer approach for light interception and photosyn-
thesis, JULES simulates competition between light-limited
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Fig. 1. Evaluation of modelled carbon uptake at a temperate broadleaf (top panel;Knohl et al., 2003) and a needleleaf site (bottom panel;
Rebmann et al., 2010). Plots on the left represent the light response of Gross Primary Productivity (GPP) and on the right represent the diurnal
cycle of GPP. Lines represent data (closed circles) and model simulations using the big leaf (open diamonds) and multi-layer approaches
(open triangles). On the left, both data and simulations are averaged over 200 micromol quanta m−2 s−1 intervals, and on the right data and
simulations are averaged over half hour time periods. In all cases dots represent half-hourly estimated GPP from eddy correlation.

and Rubisco-limited photosynthesis at each canopy layer, re-
sulting in increased Rubisco limitation towards the top of the
canopy and increased light limitation lower in the canopy. In
addition to a better representation of light response and diur-
nal cycles of canopy photosynthesis (Fig.1), the multi-layer
approach also leads to improved simulation of stomatal and
canopy conductance (not shown).

The inclusion of sunflecks byMercado et al.(2009) pro-
vided a platform to study the differential effects of direct and
diffuse radiation on carbon and water exchange. The 10-
layer model, including sunfleck penetration, the vertical de-
crease in photosynthetic capacity within the canopy and the
inhibition of respiration in the light, is the recommended de-
fault setting (option 5 in Table3) for applications at all scales
from individual sites to global modelling, because it can pro-
vide the most realistic representation of plant physiological
processes. However, the inclusion of a vertical profile of pho-
tosynthetic capacity through the canopy is likely to require
specific parameterisations for each PFT. Field data describ-
ing how nutrients and related physiological processes vary
through the canopy are available for relatively few vegetation
types and locations. The existing description in JULES is
largely based on analysis of data for broadleaf trees in Ama-
zonia (Carswell et al., 2000, as implemented in JULES by

Mercado et al., 2007). Based on data from a variety of Ama-
zon broadleaf trees, a recent study (Lloyd et al., 2010) de-
rived an equation describing the relationship between vertical
gradients in photosynthetic capacity within tree canopies and
the photosynthetic capacity of the upper leaves. We antici-
pate using this type of information in future development of
JULES, although field studies of other vegetation types and
in other regions are also required. In addition, the description
of inhibition of leaf respiration in light is based on limited
data for a small number of species. More observational data
are needed to refine this inhibition and how it varies across
plant functional types.

3.3 Ozone effects on photosynthesis

Ozone causes cellular damage inside leaves which adversely
affects plant production, reduces photosynthetic rates and re-
quires increased resource allocation to detoxify and repair
leaves (Ashmore, 2005). JULES uses a flux-gradient ap-
proach to model ozone damage, followingSitch et al.(2007).
It is assumed that ozone suppresses the potential net leaf pho-
tosynthesis in proportion to the ozone flux through stomata
above a specified critical ozone deposition flux, so that the
actual leaf-level net photosynthesis (Al) is given by:
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Table 4. Default values of PFT-specific parameters for ozone effects. The values fora are the low sensitivity values fromSitch et al.(2007).

Broadleaf Needleleaf C3 C4 Shrub
tree tree grass grass

FO3 crit (nmol m−2 s−1) Threshold ozone flux 1.6 1.6 5.0 5.0 1.6
a (mmol−1 m−2) Ozone factor 0.04 0.02 0.25 0.13 0.03

Al = A∗

l F (34)

whereA∗

l is leaf-level net photosynthesis in the absence of
O3 effects and the reduction factor:

F = 1−a ·max
[
FO3 −FO3 crit,0

]
(35)

is given by the instantaneous leaf uptake of O3 (FO3,
nmol m−2 s−1) above a PFT-specific thresholdFO3 crit, multi-
plied by a PFT-specific parameter (a), following Pleijel et al.
(2004). The cumulative effect of leaf damage and early
senescence is implicitly accounted for in our calibration of
a (by giving reduced photosynthesis during the growing sea-
son).

The fluxFO3 is calculated by analogy with Ohm’s law as:

FO3 =
[O3]

ra+κO3/gl
(36)

where[O3] is the molar concentration of O3 at reference level
(nmol m−3), ra is the aerodynamic and boundary layer re-
sistance between leaf surface and reference level (s m−1), gl
is the leaf conductance for H2O (m s−1), andκO3 = 1.67 is
the ratio of leaf resistance for O3 to leaf resistance for water
vapour. The uptake flux is dependent on the stomatal con-
ductance, which is dependent on the photosynthetic rate in
JULES. Givengl is a linear function of photosynthetic rate
(Eq. 13,Cox et al., 1999), from Eq. (34) it follows that:

gl = g∗

l F (37)

whereg∗

l is the leaf conductance in the absence of O3 effects.
Through this mechanism the direct effect of O3 deposition on
photosynthesis also leads to a reduction in stomatal conduc-
tance. As the O3 flux itself depends on the stomatal conduc-
tance, which in turn depends upon the net rate of photosyn-
thesis (Cox et al., 1999), the model requires a consistent so-
lution for the net photosynthesis, stomatal conductance and
the ozone deposition flux. Equations (35)–(37) produce a
quadratic inF which is solved analytically.

Data from field observation (Karlsson et al., 2004; Plei-
jel et al., 2004) are used to calibrate plant-ozone effects for
the five standard PFTs described by JULES (seeSitch et al.,
2007for details of the calibration procedure and Table4 for
parameter values).Sitch et al.(2007) presented “high” and
“low” parameterisations for each PFT to represent species
sensitive and less sensitive, respectively, to ozone effects.

The default parameter values in JULES are the “low” sen-
sitivity values. Threshold values,FO3 crit, are taken at 1.6
and 5 nmol m−2 s−1 for the woody and grass PFTs, respec-
tively. Although a threshold of 5 implies a smaller O3 dose
for grasses, the gradient of the dose-response function (a),
is larger, and therefore grasses may become more sensitive
to ozone exposure than trees at high ozone concentrations.
For shrubs we assume the same plant-ozone sensitivity as
broadleaf trees.

3.4 Plant respiration

The gross primary productivity (5G) is:

5G = Ac+βRdc (38)

whereβRdc is the soil moisture-modified canopy dark respi-
ration. The net primary productivity (5) is:

5 = 5g−Rp (39)

whereRp is plant respiration.Rp is split into maintenance
and growth respiration (Cox et al., 1999):

Rp = Rpm+Rpg (40)

Growth respiration is assumed to be a fixed fraction of the
net primary productivity:

Rpg= rg
(
5G−Rpm

)
. (41)

The growth respiration coefficient (rg) is set to 0.25 for all
PFTs. Leaf maintenance respiration is equivalent to the soil
moisture-modified canopy dark respiration,βRdc, while root
and stem respiration are assumed to be independent of soil
moisture, but to have the same dependences on nitrogen con-
tent and temperature. Thus total maintenance respiration is
given by:

Rpm= 0.012Rdc

(
β +

Nr +Ns

Nl

)
(42)

where Nl , Ns and Nr are the nitrogen contents of leaf,
stem and root, and the factor of 0.012 converts from
(mol CO2 m−2 s−1) to (kg C m−2 s−1). The nitrogen contents
are given by:
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Table 5. Default values of PFT-specific parameters for phenology.

Broadleaf Needleleaf C3 C4 Shrub
tree tree grass grass

γ0 (360 days)−1 Minimum leaf turnover rate 0.25 0.25 0.25 0.25 0.25
dM (360 days)−1 Rate of change of turnover 0.0 0.0 0.0 0.0 0.0

with soil moisture stress
dT (360 days K)−1 Rate of change of turnover 9.0 9.0 9.0 9.0 9.0

with temperature
Moff Threshold soil moisture stress 0.00 0.00 0.00 0.00 0.00
Toff (K) Threshold temperature 278.15 233.15 278.15 278.15 233.15
γp (360 days)−1 Rate of leaf growth 15.00 20.00 20.00 20.00 20.00

Nl = nmσl L (43)

Nr = µrl nmR (44)

Ns = µslnmS (45)

where nm is the mean leaf nitrogen concentration
(kg N (kg C)−1), R and S are the carbon contents of root
and respiring stem,L is the canopy leaf area index andσl
(kg C m−2 per unit of LAI) is the specific leaf density. The
nitrogen concentrations of roots and stem are assumed to be
fixed (functional type dependent) multiples,µrl andµsl, of
the mean leaf nitrogen concentration:µrl = 1.0 for all PFTs,
µsl = 0.1 for woody plants (trees and shrubs) andµsl = 1.0
for grasses. The respiring stemwood is calculated using a
“pipe model” approach (Shinozaki et al., 1964a,b) in which
live stemwood is proportional to leaf areaL and canopy
height,h:

S = ηslhL (46)

The constant of proportionalityηsl is approximated from
Friend et al.(1993).

4 Leaf phenology

Leaf phenology is modelled as described inCox(2001). Leaf
mortality rates,γlm, are assumed to be a function of temper-
ature, increasing from a minimum value ofγ0, as the leaf
temperature drops below a threshold value,Toff :

γlm =

{
γ0 for Tc > Toff
γ0{1+dT(Toff −Tc)} for Tc ≤ Toff

(47)

dT is the rate of change ofγlm with respect to tempera-
ture, and equals 9 by default (Table5) meaning that the leaf
turnover rate increases by a factor of 10 when the temper-
ature drops 1◦C below Toff . Equation (47) describes how
leaf mortality varies with temperature, but it is not sufficient
to produce realistic phenology. A variable,p, is introduced
which describes the phenological status of the vegetation:

L = pLb (48)

where L is the actual LAI of the canopy, andLb is the
balanced (or seasonal maximum) LAI as updated by the
dynamic vegetation model (TRIFFID) via the inverse of
Eq. (58). The phenological status,p, is updated typically
on a daily basis assuming:

– leaves are dropped at a constant absolute rate (γpLb)
when the mean value of leaf turnover, as given by
Eq. (47), exceeds twice its minimum value

– budburst occurs at the same rate whenγlm drops back
below this threshold, and “full leaf” is approached
asymptotically thereafter:

dp

dt
=

{
−γp for γlm > 2γ0
γp (1−p) for γlm ≤ 2γ0

(49)

whereγp = 20 yr−1. The effective leaf turnover rate,γl , as
used later to calculate litterfall (see Eq.59), must also be
updated to ensure conservation of carbon when phenological
changes are occurring:

γl =

{
−

dp

dt
for γlm > 2γ0

pγlm for γlm ≤ 2γ0

(50)

Taken together, Eqs. (47), (49) and (50) amount to a
“chilling-days” parameterisation of leaf phenology. Cold-
deciduous behaviour can effectively be disabled for any of
the PFTs by setting parameterdT to zero for that PFT. A simi-
lar approach exists in the JULES code for drought-deciduous
phenology involving equations similar to Eq. (47) but for leaf
turnover as a function of soil moisture, with parametersMoff
anddM . However, this is considered to be still under devel-
opment and default parameters ofdM = 0 for all PFTs mean
that this is effectively switched off for general use.

Calculation of leaf phenology is independent of the calcu-
lation of the evolution of vegetation coverage and can be in-
cluded even when the dynamic vegetation component, TRIF-
FID, is turned off.
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Table 6. Default values of PFT-specific parameters for TRIFFID.

Broadleaf Needleleaf C3 C4 Shrub
tree tree grass grass

γv (360 days)−1 Disturbance rate 0.005 0.007 0.20 0.20 0.05
γr (360 days)−1 Turnover rate for 0.25 0.15 0.25 0.25 0.25

root biomass
γw (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,
ν, 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−λ)5−3l (51)

Cv
dν

dt
= λ5ν∗

(
1−

∑
j

cij νj

)
−γν ν∗Cv (52)

where5 is the net primary productivity per unit vegetated
area of the PFT in question,3l is the local litterfall rate,
and γv is the large-scale disturbance rate.ν∗ = max{ν,ε},
whereε = 0.01 is the “seed fraction”. Under most circum-
stancesν∗ is identical to the a real fraction,ν, but each PFT
is “seeded” by ensuring thatν∗ never drops below the seed
fraction. A fractionλ 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 Table6.

The competition coefficients,cij , represent the impact of
vegetation typej 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 ofν 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 typesi 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 andhj :

cij =
1

1+e20(hi−hj )/(hi+hj )
(53)

The form of this function ensures that thei-th PFT domi-
nates when it is much taller, and thej -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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Table 7. Default values of PFT-specific parameters for allometry and vegetation carbon.

Broadleaf Needleleaf C3 C4 Shrub
tree tree grass grass

awl (kg C m−2) Allometric coefficient 0.65 0.65 0.005 0.005 0.10
aws Ratio of total to respiring 10.00 10.00 1.00 1.00 10.00

stem carbon
bwl Allometric exponent 1.667 1.667 1.667 1.667 1.667
ηsl (kg C m−2 per unit LAI) Live stemwood coefficient 0.01 0.01 0.01 0.01 0.01
σl (kg C m−2 per unit LAI) Specific leaf density 0.0375 0.1000 0.0250 0.0500 0.0500

C3 and C4 grasses can grow. These can be interpreted as
“crops” but are not simulated differently in agricultural or
non-agricultural regions.

Theλ partitioning coefficient in Eqs. (51) and (52) is as-
sumed to be piecewise linear in the leaf area index, with all
of the NPP being used for growth for small LAI values, and
all the NPP being used for “spreading” for large LAI values:

λ =



1 for Lb > Lmax

Lb−Lmin

Lmax−Lmin
for Lmin < Lb ≤ Lmax

0 for Lb ≤ Lmin

(54)

whereLmax andLmin are parameters describing the maxi-
mum and minimum leaf area index values for the given plant
functional type, andLb is the “balanced” LAI which would
be reached if the plant was in “full leaf”. The actual LAI
depends onLb and the phenological status of the vegeta-
tion type, which is updated as a function of temperature (see
Sect.4).

As the DGVM component of JULES, TRIFFID simulates
the evolution of both the fractional coverage of vegetation
and of terrestrial carbon storage. An option exists to disable
updating of the vegetation fractions so that JULES can be run
with fixed surface cover but evolving carbon storage.

Changes in vegetation carbon density,Cv, are related allo-
metrically to changes in the balanced LAI,Lb. First, Cv is
broken down into leaf,L, root,R, and total stem carbon,W:

Cv =L+R+W (55)

Each components is then related toLb. Root carbon is set
equal to leaf carbon, which is itself linear in LAI, and total
stem carbon is related toLb by a power law (Enquist et al.,
1998):

L = σl Lb (56)

R = L (57)

W = awl L
bwl
b (58)

whereawl andbwl are PFT-dependent parameters.

Values of canopy height,h, are found directly fromW as
described in Sect.5.2.

The local litterfall rate,3l , in Eq. (51), consists of contri-
butions from leaf, root and stem carbon:

3l = γlL+γrR+γwW (59)

whereγl , γr andγw are turnover rates (yr−1) for leaf, root and
stem carbon respectively. The leaf turnover rate is calculated
to be consistent with the phenological module as described in
Sect.4. There is an additional litter contribution arising from
large-scale disturbance which results in loss of vegetated area
at the prescribed rateγν , as represented by the last term on
the right-hand side of Eq. (52).

Using a simplified version of TRIFFID,Huntingford et al.
(2000) described the response of a dominant vegetation type
in different initial climatic regimes to prescribed changes in
atmospheric CO2 concentration and temperature, and noted
that the model was capable of a rich range of possible be-
haviours of relevance to future global change.

5.2 Updating of biophysical parameters

The land-surface parameters required by JULES are recalcu-
lated directly from the LAI and canopy height of each PFT,
each time the vegetation cover is updated. Values of canopy
height,h, are derived by assuming a fixed ratio,aws, of total
stem carbon to respiring stem carbon:

W = awsS (60)

where we assumeaws= 10.0 for woody plants andaws= 1.0
for grasses (Friend et al., 1993, and Table7). Combining
with Eqs. (58) and (46) enables canopy height to be diag-
nosed directly from the total stem biomass:

h =
W

awsηsl

(awl

W

)1/bwl
(61)

Given the canopy height and LAI, the values of biophysical
parameters are calculated as described in Part 1.
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Table 8. Default values of pool-specific parameters for soil carbon. The pools are decomposable and resistant plant material (DPM, RPM),
biomass (BIO) and humus (HUM).

DPM RPM BIO HUM

κs (s−1) Soil specific respiration rate 3.22×10−7 9.65×10−9 2.12×10−8 6.43×10−10

6 Soil carbon

Total soil carbon storage,Cs, is increased by the total litter-
fall, 3c, and reduced by microbial soil respiration,Rs, which
returns CO2 to the atmosphere:

dCs

dt
= 3c−Rs (62)

In each gridbox, the total litterfall is made-up of the area-
weighted sum of the local litterfall from each PFT (as given
by Eq. 59), along with terms due to the large-scale distur-
bance rate,γν , and PFT competition (from the TRIFFID dy-
namic vegetation model):

3c =

∑
i

νi

(
3li +γνi Cvi +5i

∑
j

cij νj

)
(63)

The competition term (last term on the right-hand side of
Eq. 63) is derived by imposing carbon conservation on the
soil-vegetation system as described by Eqs. (51), (52) and
(62). It implies that the NPP of each PFT will be lost entirely
as litter once the PFT occupies all of the space available to it
(i.e. when

∑
j cijνj = 1).

If the TRIFFID DGVM is used, four soil pools are mod-
elled, otherwise a single pool with a fixed (in time) value is
used (Cox, 2001) to calculate soil respiration. However, in
this case the soil carbon pool is not updated and net carbon
fluxes may not be in balance. It is recommended that TRIF-
FID is used if simulation of soil carbon fluxes is required.

6.1 Implementation of the RothC soil carbon model

The soil carbon model comprises 4 carbon pools and follows
the formulation of the RothC soil carbon scheme (Jenkin-
son, 1990; Coleman and Jenkinson, 1999). Plant input is
split between two carbon pools of decomposable (DPM) and
resistant (RPM) plant material depending on the overlying
vegetation type, with grasses providing a higher fraction of
decomposable litter input and trees a higher fraction of re-
sistant litter input. The other two carbon pools are microbial
biomass (BIO) and long-lived humified (HUM) pools.

Respiration from each soil carbon pool is the product of
a specific respiration rate,κsi, (the rate of respiration of unit

Fig. 2. Comparison of alternative forms for the sensitivity of spe-
cific soil respiration to soil temperature in JULES. The dashed line
shows aQ10 form with Q10= 2, the solid line shows the form from
the RothC model (Jenkinson, 1990).

mass of that pool under standard conditions), the pool size,
Ci , and several rate modifying factors:

Ri = κsiCi FT(Tsoil) Fs(s) Fv(v) (64)

Values ofκsi for each pool are given in Table8. The rate
modifying factors account for the effects of soil temperature
(Tsoil), soil moisture (s), and vegetation fractional cover (v)
on heterotrophic respiration. The form of the temperature
rate modifier is controlled by a switch that allows the user to
select between aQ10 function:

FT(Tsoil) = Q
(Tsoil−298.15)/10
10 soil (65)

where the default value isQ10 soil = 2.0, and the RothC tem-
perature function (Jenkinson, 1990):

FT(Tsoil) =
47.9

1+e106/(Tsoil−254.85)
(66)

The temperature of the top soil layer (typically 10 cm deep)
is used in both cases. Figure2 compares these alternative
temperature functions.
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The effect of soil moisture is described as:

Fs(s) =


1−0.8(s −so) for s > so

0.2+0.8

(
s −smin

so−smin

)
for smin < s ≤ so

0.2 for s ≤ smin

(67)

wheres andso are the unfrozen soil moisture content of the
top soil layer and the optimum soil moisture, both expressed
as a fraction of saturation.so = 0.5(1+sw) andsmin = 1.7sw,
wheresw is the soil moisture at wilting point. The general
form of the moisture function fromCox (2001) has been re-
tained in preference to the RothC moisture function because
of its ability to simulate reduced respiration in very wet soils.
However, it has been revised (the original setsmin = sw) so
as to simulate a greater sensitivity of respiration reduction in
dry soils, which gave a better fit to the observed site-level
seasonal cycle of respiration. The importance of moisture
controls on future soil carbon is discussed inJones and Fal-
loon (2009) andFalloon et al.(2011).

The effect of vegetation cover is described as:

Fv(v) = 0.6+0.4(1−v) (68)

varying linearly from 0.6 under fully vegetated soil to 1 under
completely bare soil.

The fraction of litter that is decomposable plant material
is:

fdpm=
αdr

(1+αdr)
(69)

whereαdr controls the ratio of litter input to DPM and RPM,
taking values of 0.25 for trees, 0.33 for shrubs, 0.67 for nat-
ural grass and 1.44 for crops.

Carbon from decomposition of all 4 carbon pools is partly
released to the atmosphere and partly feeds the BIO and
HUM pools. The carbon pools are updated according to:

dCDPM/dt = fdpm3c−RDPM (70)

dCRPM/dt = (1−fdpm)3c−RRPM (71)

dCBIO/dt = 0.46·βRRs−RBIO (72)

dCHUM/dt = 0.54·βRRs−RHUM (73)

whereRs is the total respiration rate, summed over the 4
pools. βR depends on soil texture to account for the pro-
tective effect of small particle sizes.

It is expected that the inclusion of multi-pool dynamics in
the soil carbon model will dampen the transient response of
soil carbon storage to both changes in litter input and changes
in climate (Jones et al., 2005), although the long-term sensi-
tivity will be unchanged if the sameQ10 function of sensi-
tivity to temperature is used.

Fig. 3. An example of the spin up of TRIFFID in equilibrium mode.
The lines show evolution from different initial conditions with con-
vergence after five calls to TRIFFID. (Top) NPP (Bottom) the frac-
tional coverage of the broadleaf tree type.

6.2 Methane emissions from wetlands

The gridbox-average methane emission from the wetland
fraction of each gridbox is calculated followingGedney et al.
(2004) as:

FCH4 = fwetkCH4 Ceff Q
0.1(Tsoil−T0)
10 CH4

(74)

wherekCH4 is a global constant,Ceff is the effective substrate
availability, Q10 CH4 is a temperature-dependentQ10 factor
andT0 is a reference temperature.fwet is the fraction of the
gridbox that is considered to be wetland (i.e. stagnant water)
and is calculated using subgrid topographic information, as
described in Part 1. The effectiveQ10 value is temperature
dependent and calculated as:

Q10 CH4(T ) = Q10 CH4(T0)
T0/T (75)

When the four-pool soil carbon model is used the substrate
availability is calculated by weighting the size of each pool
by its specific respiration rate, otherwiseCeff = Cs. The
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default parameter values arekCH4 = 7.4× 10−12 s−1, T0 =

273.15 K andQ10 CH4(T0) = 3.7.

7 Spin-up methodology

Soil carbon and vegetation fractions have timescales of or-
der 100s–1000s yr to reach equilibrium which would neces-
sitate very long spin-up simulations. Hence, TRIFFID was
designed to be used in both an “equilibrium” and a “dy-
namic” mode. The TRIFFID equations to update the plant
fractional coverage and leaf area index are written to enable
both explicit and implicit timestepping so that their discreti-
sation can be reduced to the Newton-Raphson algorithm for
iteratively approaching an equilibrium given external driving
conditions. In equilibrium mode TRIFFID is coupled asyn-
chronously to the rest of the model, with accumulated carbon
fluxes passed from the physiology component after an inte-
ger number of years, typically every 5 yr in order to smooth
the effect of interannual variability. If JULES is being run
with a single repeating year of meteorology then an equilib-
rium timestep of 1 yr is sufficient. On each TRIFFID call,
the vegetation and soil variables are updated iteratively using
an implicit scheme with a long internal timestep. This ap-
proach is very effective in producing equilibrium states for
the slowest variables (e.g. large soil carbon pools or forest
cover).

Figure3 shows the evolution of annual NPP and broadleaf
tree fraction when run in equilibrium mode for a single point,
with annually repeating meteorology, from arbitrary initial
conditions of 0, 35 % and 100 % broadleaf tree cover, and
calling TRIFFID once a year. Although the “real” timescale
of tree growth would be decades to centuries, the spin-up
mode converges to a steady state after just 5 calls to TRIF-
FID. In a global simulation this rapid equilibration technique
is invaluable.

This implicit equilibrium mode has also been implemented
for the 4-pool soil carbon model in JULES (Sect.6.1), but
a drawback is that sub-annual timescales which are impor-
tant to the small, fast DPM pool are not captured by the
multi-year equilibrium approach. The mean DPM implied
by a seasonally-varying input of fluxes is not the same as the
DPM implied by the annual mean of those fluxes. Hence, the
equilibrium mode in JULES produces only an approxima-
tion of a steady soil-carbon state. To achieve a full spin-up,
either JULES can subsequently be run in dynamic mode un-
til steady state is reached, or the soil carbon model can be
run offline from the rest of JULES using carbon fluxes and
rate-modifiers as inputs.

8 Summary

JULES is based on the MOSES land surface scheme (Cox
et al., 1999) and the TRIFFID dynamic global vegetation
model (Cox, 2001), but with significant improvements. In
particular, JULES includes several options for scaling photo-
synthesis from leaf to canopy scale, with the most complex
modelling the profile of light interception through the vege-
tation with a multi-layer scheme including representation of
sunfleck penetration and variation of photosynthetic capacity
through the canopy. The coupled model of leaf photosynthe-
sis and stomatal conductance includes representation of the
effect of ozone on vegetation physiology. Soil carbon pro-
cesses are modelled using a 4-pool description and methane
emissions from wetlands are also modelled.

The performance of JULES is quantified using a system
described byBlyth et al.(2010) which includes measures of
land-atmosphere fluxes of CO2. Note thatBlyth et al.(2010)
used an earlier version of JULES than that described here
(version 2.1.2 rather than 2.2). This later version includes
representation of the effects of ozone on leaf physiology, fur-
ther options for the calculation of canopy photosynthesis (op-
tions 4 and 5 in Table3), the ability to disable competition
between vegetation types in the TRIFFID dynamic vegeta-
tion model, and options for a more advanced treatment of ur-
ban areas (see Part 1), in addition to bug fixes. The latest ver-
sion of JULES is version 3.0 in which the land surface model
can be coupled to the IMOGEN system (Huntingford et al.,
2010), thereby allowing a first-order assessment of how the
biogeochemical processes represented in JULES might re-
spond to, and in turn feed back on, a changing climate. The
details of version 3.0 are beyond the scope of this paper.

The inclusion of land-atmosphere exchanges of CO2,
H2O, CH4 and O3 and aerosol effects in a single model
framework is a significant development towards a compre-
hensive trace-gas enabled land surface model (Arneth et al.,
2010). The development of JULES is ongoing, with revised
or new representations of several key Earth system processes
under consideration. These include a vegetation model based
on a statistical approximation of a canopy gap model (Fisher
et al., 2010b), a model of fire disturbance based onThonicke
et al.(2010), soil C and N cycles (Smith et al., 2007) coupled
to a description of plant N uptake (Fisher et al., 2010a), and a
model of biogenic isoprene emission (Pacifico et al., 2010).

For further details of JULES, including how to acquire a
copy of the code, seehttp://www.jchmr.org/jules.
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Appendix A

Definitions of symbols

Symbol Units Definition

a mmol−1 m−2 Ozone parameter
Ac mol CO2 m−2 s−1 Canopy photosynthesis
Al mol CO2 m−2 s−1 Leaf photosynthesis
A∗

l mol CO2 m−2 s−1 Leaf photosynthesis in the absence of ozone effects
Ao mol CO2 m−2 s−1 Top of canopy leaf photosynthesis
Ap mol CO2 m−2 s−1 Potential leaf photosynthesis
Ash mol CO2 m−2 s−1 Photosynthesis from shaded leaves
Asun mol CO2 m−2 s−1 Photosynthesis from sunlit leaves
awl kg C m−2 Allometric coefficient
aws Ratio of total stem carbon to respiring stem carbon
bwl Allometric exponent
c Competition coefficients for vegetation model
CBIO kg C m−2 Soil carbon content in microbial biomass pool
CDPM kg C m−2 Soil carbon content in decomposable plant material pool
Ceff kg C m−2 Effective substrate availability for methane emission
CHUM kg C m−2 Soil carbon content in humified pool
ci Pa Leaf internal CO2 partial pressure
CRPM kg C m−2 Soil carbon content in resistant plant material pool
Cs kg C m−2 Total carbon content of the soil
Cv kg C m−2 Carbon content of the vegetation
dM (360 days)−1 Rate of change of leaf mortality with soil moisture stress
dT (360 days K)−1 Rate of change of leaf mortality with temperature
F Photosynthesis reduction factor for ozone
FAPARDIF Diffuse fraction of absorbed incident PAR
FAPARDIR Direct fraction of absorbed incident PAR
FCH4 kg C m−2 s−1 Methane flux from wetlands
fd Fraction of PAR that is diffuse radiation
fdpm Fraction of litter that is decomposable plant material
fdr Dark respiration coefficient
FO3 nmol m−2 s−1 Ozone flux
FO3 crit nmol m−2 s−1 Threshold ozone flux
Fs Soil wetness-dependent rate modifier for soil respiration
fsun Fraction of sunlit leaves
fT Q10 function for carboxylation of Rubisco
FT Temperature-dependent rate modifier for soil respiration
Fv Vegetation cover-dependent rate modifier for soil respiration
fwet Wetland fraction of gridbox
gl m s−1 Leaf conductance for water vapour
g∗

l m s−1 Leaf conductance for water vapour in absence of ozone effects
h m Canopy height
Ib Non-scattered direct radiation, normalised by the incident direct radiation above the canopy
Ibs Scattered direct radiation, normalised by the incident direct radiation above the canopy
Ic W m−2 Irradiance beneath the canopy
Id Absorbed diffuse radiation, normalised by the incident direct radiation above the canopy
Idif ↑ Upward diffuse flux of scattered diffuse radiation normalised by the incident diffuse flux above the canopy
Idif ↓ Downward diffuse flux of scattered diffuse radiation normalised by the incident diffuse flux above the canopy
Idir ↑ Upward diffuse flux of scattered direct radiation normalised by the incident direct flux above the canopy
Idir ↓ Downward diffuse flux of scattered direct radiation normalised by the incident direct flux above the canopy
Io W m−2 Irradiance at the top of the canopy
Ipar mol m−2 s−1 Incident photosynthetically active radiation
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Symbol Units Definition

Ish Fraction of incident radiation above the canopy that is absorbed by shaded leaves
Isun Fraction of incident radiation above the canopy that is absorbed by sunlit leaves
k Light extinction coefficient
kb Direct beam canopy extinction coefficient
Kc Pa Michaelis-Menten constant for CO2
kCH4 s−1 Scaling constant for methane emission
kn Nitrogen profile coefficient
Ko Pa Michaelis-Menten constant for O2
L m2 m−2 Leaf area index
L kg C m−2 Carbon content of leaves
Lb m2 m−2 Balanced (or seasonal maximum) leaf area index
Lc m2 m−2 Canopy leaf area index
Lmax Maximum leaf area index
Lmin Minimum leaf area index
Moff Threshold soil moisture stress factor for phenology
n Number of canopy leaf layers
ne mol CO2 m−2 s−1 kg C (kg N)−1 Constant relating leaf Nitrogen to Rubisco carboxylation capacity
nl kg N (kg C)−1 Leaf nitrogen concentration
Nl kg N m−2 Leaf nitrogen content
nm kg N (kg C)−1 Mean leaf nitrogen concentration
Nr kg N m−2 Root nitrogen content
Ns kg N m−2 Stem nitrogen content
n0 kg N (kg C)−1 Leaf nitrogen concentration at the top of the canopy
Oa Pa Partial pressure of atmospheric O2
p Ratio of canopy LAI to balanced LAI
P∗ Pa Surface air pressure
Q10 CH4 Temperature-dependent Q10 factor for methane emission
Q10 Kc Q10 value for Michaelis-Menten parameter for CO2
Q10 Ko Q10 value for Michaelis-Menten parameter for O2
Q10 leaf Q10 value for carboxylation of Rubisco
Q10 rs Q10 value for Rubisco specificity for CO2 relative to O2
Q10 soil Q10 value for soil respiration
R kg C m−2 Carbon content of roots
ra s m−1 aerodynamic and boundary layer resistance between leaf surface and reference level
RBIO kg C m−2 s−1 Respiration from soil’s biomass carbon pool
Rd mol CO2 m−2 s−1 Leaf dark respiration
Rdc mol CO2 m−2 s−1 Canopy dark respiration
RDPM kg C m−2 s−1 Respiration from soil’s decomposable plant material carbon pool
rg growth respiration coefficient
RHUM kg C m−2 s−1 Respiration from soil’s humified material carbon pool
Rp kg C m−2 s−1 Plant respiration
Rpg kg C m−2 s−1 Plant growth respiration
Rpm kg C m−2 s−1 Plant maintenance respiration
RRPM kg C m−2 s−1 Respiration from soil’s resistant plant material carbon pool
Rs kg C m−2 s−1 Total microbial soil respiration
s Unfrozen soil moisture as a fraction of saturation
S kg C m−2 Carbon content of respiring stem
so Optimum value ofs for soil respiration
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Symbol Units Definition

smin Lower threshold soil moisture for soil respiration
sw Soil moisture at wilting point as a fraction of saturation
Tc

◦C Leaf temperature
Tlow

◦C Lower temperature parameter for carboxylation
Toff K Threshold temperature in leaf phenology
Tsoil K Soil temperature
Tupp

◦C Upper temperature parameter for carboxylation
T0 K reference temperature for methane emission
Vcmax mol CO2 m−2 s−1 Maximum rate of carboxylation of Rubisco
Vcmax25 mol CO2 m−2 s−1 Maximum rate of carboxylation of Rubisco at 25◦C
W mol CO2 m−2 s−1 Gross rate of photosynthesis
W kg C m−2 Carbon content of stems
Wc mol CO2 m−2 s−1 Rubisco-limited rate for photosynthesis
We mol CO2 m−2 s−1 Transport-limited rate for photosynthesis
Wl mol CO2 m−2 s−1 Light-limited rate for photosynthesis
Wp mol CO2 m−2 s−1 Smoothed minimum ofWc andWl
α mol CO2 mol−1 PAR Quantum efficiency of photosynthesis
αdr Ratio of decomposable to resistant plant material in litter
β soil water stress factor
βR fraction of soil respiration
β1,β2 Co-limitation coefficients
0 Pa CO2 compensation point in the absence of mitochondrial respiration
γl (360 days)−1 Turnover rate for leaf carbon
γlm (360 days)−1 Leaf mortality rate
γp (360 days)−1 Rate of leaf growth
γr (360 days)−1 Turnover rate for root carbon
γv (360 days)−1 Disturbance rate
γw (360 days)−1 Turnover rate for stem carbon
γ0 (360 days)−1 Minimum leaf mortality rate
ε seed fraction
ηsl Constant of proportionality relating live stemwood to canopy height and leaf area
θ m3 m−3 Volumetric soil moisture content in the root zone
θc m3 m−3 Volumetric soil moisture content at the critical point
θw m3 m−3 Volumetric soil moisture content at the wilting point
κO3 Ratio of leaf resistance for O3 to leaf resistance for water vapour
κs s−1 Specific respiration rate for soil
λ Fraction of NPP used to increase fractional cover
3c kg C m−2 s−1 Litterfall rate
3l kg C m−2 yr−1 Local litterfall rate
µrl Ratio of nitrogen content of roots to that of leaves
µsl Ratio of nitrogen content of roots to that of respiring stem
ν Fractional coverage of a vegetation type
ν∗ Fractional coverage of a vegetation type
5 kg C m−2 s−1 Net primary productivity
5G kg C m−2 s−1 Gross primary productivity
σl kg C m−2 per unit LAI Specific leaf density
τ Rubisco specificity for CO2 relative to O2
ω Leaf scattering coefficient for PAR
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Supplementary material related to this
article is available online at:
http://www.geosci-model-dev.net/4/701/2011/
gmd-4-701-2011-supplement.pdf.

Acknowledgements.C. Jones, N. Gedney, M. Best, M. Pryor and
O. Boucher were supported by the Joint DECC/Defra Met Office
Hadley Centre Climate Programme (GA01101).

Edited by: J. C. Hargreaves

References

Arneth, A., Sitch, S., Bondeau, A., Butterbach-Bahl, K., Foster,
P., Gedney, N., de Noblet-Ducoudré, N., Prentice, I. C., Sander-
son, M., Thonicke, K., Wania, R., and Zaehle, S.: From biota to
chemistry and climate: towards a comprehensive description of
trace gas exchange between the biosphere and atmosphere, Bio-
geosciences, 7, 121–149,doi:10.5194/bg-7-121-2010, 2010.

Ashmore, M. R.: Assessing the future global impacts of ozone on
vegetation, Plant Cell Environ., 28, 949–964, 2005.

Atkin, O. K., Westbeek, M. H. M., Cambridge, M. L., Lambers, H.,
and Pons, T. L.: Leaf respiration in light and darkness: a compar-
ison of slow- and fast-growingPoaspecies, Plant Physiol., 113,
961–965, 1997.

Atkin, O. K., Evans, J. R., and Siebke, K.: Relationship between
the inhibition of leaf respiration by light and enhancement of leaf
dark respiration following light treatment, Aust. J. Plant Physiol.,
25, 437–443, 1998.

Atkin, O. K., Evans, J. R., Ball, M. C., Lambers, H., and Pons, T. L.:
Leaf respiration of snow gum in the light and dark interactions
between temperature and irradiance, Plant Physiol., 122, 915–
923, 2000.

Atkin, O. K., Scheurwater, I., and Pons, T. L.: High thermal
acclimation potential of both photosynthesis and respiration
in two lowland Platago species in contrast to an alpine con-
generic, Global Change Biol., 12, 500–515,doi:10.1111/j.1365-
2486.2006.01114.x, 2006.

Ball, J. T., Woodrow, I. E., and Berry, J. A.: A model predicting
stomatal conductance and its contribution to the control of photo-
synthesis under different environmental conditions, in: Progress
in photosynthesis research, edited by: Biggins, I., Martinus Ni-
jhoff, Netherlands, 221–224, 1987.

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R.
L. H., Ménard, C. B., Edwards, J., Hendry, M. A., Porson, A.,
Gedney, N., Mercado, L. M., Sitch, S., Blyth, E., Boucher, O.,
Cox, P. M., Grimmond, C. S. B., and Harding, R. J.: The Joint
UK Land Environment Simulator (JULES), model description –
Part 1: Energy and water fluxes, Geosci. Model Dev., 4, 677–
699,doi:10.5194/gmd-4-677-2011, 2011.

Betts, R. A., Cox, P. M., Collins, M., Harris, P. P., Huntingford,
C., and Jones, C. D.: The role of ecosystem-atmosphere interac-
tions in simulated Amazonian precipitation decrease and forest
dieback under global climate warming, Theor. Appl. Climatol.,
78, 157–175, 2004.

Blyth, E., Clark, D. B., Ellis, R., Huntingford, C., Los, S., Pryor,
M., Best, M., and Sitch, S.: A comprehensive set of benchmark
tests for a land surface model of simultaneous fluxes of water
and carbon at both the global and seasonal scale, Geosci. Model
Dev., 4, 255–269,doi:10.5194/gmd-4-255-2011, 2011.

Brooks, A. and Farquhar, G. D.: Effect of temperature on the
CO2/O2 specificity of ribulose 1,5-bisphosphate carboxylase
oxygenase and the rate of respiration in the light: estimates from
gas exchange measurements on spinach., Planta, 165, 397–406,
1985.

Brovkin, V., Ganopolski, A., and Svirezhev, Y.: A continuous
climate-vegetation classification for use in climate-biosphere
studies., Ecol. Model., 101, 251–261, 1997.

Cadule, P., Friedlingstein, P., Bopp, L., Sitch, S., Jones, C. D.,
Ciais, P., Piao, S. L., and Peylin, P.: Benchmarking cou-
pled climate-carbon models against long-term atmospheric
CO2 measurements, Global Biogeochem. Cy., 24, GB2016,
10.1029/2009GB003556, 2010.

Carswell, F. E., Meir, P., Wandelli, E. V., Bonates, L. C. M., Kruijt,
B., Barbosa, E. M., Nobre, A. D., Grace, J., and Jarvis, P. G.:
Photosynthetic capacity in acentral Amazonian rain forest, Tree
Physiol., 20, 179–186, 2000.

Ciais, P., Tans, P. P., Trolier, M., White, J. W. C., and Francey,
R. J.: A large northern hemisphere terrestrial CO2 sink indicated
by the13C/12C ratio of atmospheric CO2, Science, 269, 1098–
1102, 1995.

Coleman, K. and Jenkinson, D. S.: RothC-26.3, amodel for the
turnover of carbon in soil: model description and user’s guide,
Tech. Rep., Lawes Agricultural Trust, Harpenden, UK, 1999.

Collatz, G. J., Ball, J. T., Grivet, C., and Berry, J. A.: Physio-
logical and environmental regulation of stomatal conductance,
photosynthesis and transpiration: amodel that includes alaminar
boundary layer, Agr. Forest Meteorol., 54, 107–136, 1991.

Collatz, G. J., Ribas-Carbo, M., and Berry, J. A.: Coupled
photosynthesis-stomatal conductance model for leaves of C4
plants, Aust. J. Plant Physiol., 19, 519–538, 1992.

Cox, P. M.: Description of the TRIFFID Dynamic Global Vegeta-
tion Model, Hadley Centre Technical Note 24, Hadley Centre,
Met Office, Bracknell, UK, 2001.

Cox, P. M., Huntingford, C., and Harding, R. J.: A canopy conduc-
tance and photosynthesis model for use in a GCM land surface
scheme, J. Hydrol., 213, 79–94, 1998.

Cox, P. M., Betts, R. A., Bunton, C. B., Essery, R. L. H., Rowntree,
P. R., and Smith, J.: The impact of new land surface physics
on the GCM simulation of climate and climate sensitivity, Clim.
Dynam., 15, 183–203, 1999.

Cox, P. M., Betts, R. A., Jones, C. D., Spall, S. A., and Totterdell,
I. J.: Acceleration of global warming due to carbon-cycle feed-
backs in a coupled climate model, Nature, 408, 184–187, 2000.

Cox, P. M., Betts, R. A., Collins, M., Harris, P. P., Huntingford,
C., and Jones, C. D.: Amazonian forest dieback under climate-
carbon cycle projections for the 21st Century, Theor. Appl. Cli-
matol., 78, 137–156, 2004.

Cox, P. M., Harris, P. P., Huntingford, C., Betts, R. A., Collins, M.,
Jones, C. D., Jupp, T. E., Marengo, J. A., and Nobre, C. A.: In-
creasing risk of Amazonian drought due to decreasing aerosol
pollution, Nature, 453, 212–215,doi:10.1038/nature06960,
2008.

Cramer, W., Bondeau, A., Woodward, F. I., Prentice, I. C., Betts,

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

http://www.geosci-model-dev.net/4/701/2011/gmd-4-701-2011-supplement.pdf
http://www.geosci-model-dev.net/4/701/2011/gmd-4-701-2011-supplement.pdf
http://dx.doi.org/10.5194/bg-7-121-2010
http://dx.doi.org/10.1111/j.1365-2486.2006.01114.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01114.x
http://dx.doi.org/10.5194/gmd-4-677-2011
http://dx.doi.org/10.5194/gmd-4-255-2011
http://dx.doi.org/10.1029/2009GB003556
http://dx.doi.org/10.1038/nature06960


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

R. A., Brovkin, V., Cox, P. M., Fisher, V., Foley, J. A., Friend,
A. D., Kucharik, C., Lomas, M. R., Ramankutty, N., Sitch, S.,
Smith, B., White, A., and Young-Molling, C.: Global response
of terrestrial ecosystem structure and function to CO2 and cli-
mate change: Results from six dynamic global vegetation mod-
els, Global Change Biol., 7, 357–374, 2001.

Dai, Y. J., Dickinson, R. E., and Wang, Y. P.: A two-big-leaf model
for canopy temperature, photosynthesis, and stomatal conduc-
tance, J. Climate, 17, 2281–2299, 2004.

de Pury, D. G. G. and Farquhar, G. D.: Simple scaling of photo-
synthesis from leaves to canopies without the errors of big-leaf,
Plant Cell Environ., 20, 537–557, 1997.

Enquist, B., Brown, J., and West, G.: Allometric scaling of plant
energetics and population density, Nature, 395, 163–166, 1998.

Essery, R., Best, M., and Cox, P.: MOSES 2.2 Technical Documen-
tation, Hadley Centre Technical Note 30, Hadley Centre, Met
Office, Bracknell, UK, 2001.

Essery, R. L. H., Best, M. J., Betts, R. A., Cox, P. M., and Taylor,
C. M.: Explicit representation of subgrid heterogeneity in a GCM
land surface scheme, J. Hydrometeorol., 4, 530–543, 2003.

Falloon, P., Jones, C. D., Ades, M., and Paul, K.: Direct soil mois-
ture controls of future global soil carbon changes: An impor-
tant source of uncertainty, Global Biogeochem. Cy., 25, GB3010,
doi:10.1029/2010GB003938, 2011.

Fisher, J. B., Sitch, S., Malhi, Y., Fisher, R. A., Huntingford, C.,
and Tan, S.-Y.: Carbon cost of plant nitrogen acquisition: A
mechanistic, globally applicable model of plant nitrogen up-
take, retranslocation, and fixation, Global Biogeochem. Cy., 24,
GB1014,doi:10.1029/2009GB003621, 2010a.

Fisher, R., McDowell, N., Purves, D., Moorcroft, P., Sitch, S., Cox,
P., Huntingford, C., Meir, P., and Woodward, F. I.: Assessing
uncertainties in a second-generation dynamic vegetation model
caused by ecological scale limitations, New Phytol., 187, 666–
681,doi:10.1111/j.1469-8137.2010.03340.x, 2010b.

Friedlingstein, P., Cox, P. M., Betts, R. A., Bopp, L., von Bloh, W.,
Brovkin, V., Cadule, P., Doney, S., Eby, M., Fung, I., Bala, G.,
John, J., Jones, C. D., Joos, F., Kato, T., Kawamiya, M., Knorr,
W., Lindsay, K., Matthews, H. D., Raddatz, T., Rayner, P., Reick,
C., Roeckner, E., Schnitzler, K. G., Schnur, R., Strassmann, K.,
Weaver, A. J., Yoshikawa, C., and Zeng, N.: Climate–carbon cy-
cle feedback analysis, results from the C4MIP model intercom-
parison, J. Climate, 19, 3337–3353,doi:10.1175/JCLI3800.1,
2006.

Friend, A. D., Shugart, H. H., and Running, S. W.: A physiology-
based model of forest dynamics, Ecology, 74, 792–797, 1993.

Gedney, N., Cox, P. M., and Huntingford, C.: Climate feed-
back from wetland methane emissions, Geophys. Res. Lett., 31,
L20503,doi:10.1029/2004GL020919, 2004.

Hoefnagel, M. H. N., Atkin, O. K., and Wiskich, J. T.: Interdepen-
dence between chloroplasts and mitochondria in the light and the
dark, Bba-Bioenergetics, 1366, 235–255, 1998.

Huntingford, C., Cox, P. M., and Lenton, T. M.: Contrasting re-
sponses of a simple terrestrial ecosystem model to global change,
Ecol. Model., 134, 41–58, 2000.

Huntingford, C., Booth, B. B. B., Sitch, S., Gedney, N., Lowe, J. A.,
Liddicoat, S. K., Mercado, L. M., Best, M. J., Weedon, G. P.,
Fisher, R. A., Lomas, M. R., Good, P., Zelazowski, P., Everitt,
A. C., Spessa, A. C., and Jones, C. D.: IMOGEN: an intermedi-
ate complexity model to evaluate terrestrial impacts of a chang-

ing climate, Geosci. Model Dev., 3, 679–687,doi:10.5194/gmd-
3-679-2010, 2010.

Huntingford, C., Cox, P. M., Mercado, L. M., Sitch, S., Bel-
louin, N., Boucher, O., and Gedney, N.: Highly contrast-
ing effects of different climate focing agents on terrestrial
ecosystem services, Phil. Trans. R. Soc. A, 369, 2026–2037,
doi:10.1098/rsta.2010.0314, 2011.

Jacobs, C.: Direct impact of atmopsheric CO2 enrichment on re-
gional transpiration, Ph.D. thesis, Wageningen Agricultural Uni-
versity, 1994.

Jenkinson, D. S.: The turnover of organic-carbon and nitrogen in
soil, Philos. T. R. Soc. Lond., 329, 361–368, 1990.

Jogireddy, V.R., Cox, P. M., Huntingford, C., Harding, R. J., and
Mercado., L.: An improved description of canopy light inter-
ception for use in a GCM land-surface scheme: calibration and
testing against carbon fluxes at a coniferous forest, Hadley Cen-
tre Technical Note 63, Hadley Centre, Met Office, Exeter, UK,
2006.

Jones, C. D. and Falloon, P. D.: Sources of uncertainty in global
modelling of future soil organic carbon storage, in: Uncertain-
ties in Environmental Modelling and Consequences for Policy
Making. NATO Science for Peace and Security Series, edited
by: Baveye, P., Mysiak, J., and Laba, M., Springer, Dordrecht,
Netherlands, 283–315, 2009.

Jones, C. D., Cox, P. M., Essery, R. L. H., Roberts, D. L., and
Woodage, M. J.: Strong carbon cycle feedbacks in a climate
model with interactive CO2 and sulphate aerosols, Geophys. Res.
Lett., 30, 1479,doi:10.1029/2003GL016867, 2003.

Jones, C. D., McConnell, C., Coleman, K. W., Cox, P., Falloon,
P. D., Jenkinson, D., and Powlson, D.: Global climate change
and soil carbon stocks; predictions from two contrasting models
for the turnover of organic carbon in soil, Glob. Change Biol.,
11, 154–166,doi:10.1111/j.1365-2486.2004.00885.x, 2005.

Jones, C. D., Cox, P. M., and Huntingford, C.: Climate-carbon
cycle feedbacks under stabilization: uncertainty and observa-
tional constraints, Tellus B, 58, 603–613,doi:10.1111/j.1600-
0889.2006.00217.x, 2006.

Karlsson, P. E., Uddling, J., Braun, S., Broadmeadow, M., Elvira,
S., Gimeno, B. S., Le Thiec, D., Oksanen, E., Vandermeiren, K.,
Wilkinson, M., and Emberson, L.: New critical levels for ozone
effects on young trees based on AOT40 and simulated cumulative
leaf uptake of ozone, Atmos. Environ., 38, 2283–2294, 2004.

Knohl, A., Schulze, E.-D., Kolle, O., and Buchmann, N.: Large
carbon uptake by an unmanaged 250-year-old deciduous forest
in Central Germany, Agr. Forest Meteorol., 118, 151–167, 2003.
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