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Abstract. The Joint UK Land Environment Simula- 1 Introduction
tor (JULES) is a process-based model that simulates the

fluxes of carbon, water, energy and momentum between thggrestrial ecosystems play an important role in land surface
land surface_ and the atmosphere. Many studles.have demo%‘nergy and trace gas exchange with the atmosphere. They
strated the important role of the land surface in the func-crently absorb almost one third of the anthropogenic car-
tioning of the Earth System. _leferent versions of JULES pqn dioxide (CQ) emissionsPrentice et a) 2001 Le Quéré
have been employed to quantify the effects on the land cargt 51, 2009, although the locations and mechanisms for
bon sink of climate change, increasing atmospheric carboRpese terrestrial carbon sinks are debated and unce@iiis (
dioxide concentrations, changing atmospheric aerosols ang al, 1995 McGuire et al, 200% Stephens et 312007
tropospheric ozone, and the response of methane emissiorp;q“"ips et al, 2009. Furthermore, land-atmosphere ex-
from wetlands to climate change. change of non-C® greenhouse gases, such as Methane
This paper describes the consolidation of these advance@:H4) Ozone (Q) and Nitrous Oxide (MO), affect atmo-
in the modelling of carbon fluxes and stores, in both the Ve€J-spheric chemistry and climatéineth et al, 2010. Vegeta-
etation and soil, in version 2.2 of JULES. Features includetjon and soils also exert a strong control on the surface energy
a multi-layer canopy scheme for light interception, includ- pajance and the physical state of the atmosphere. Anthro-
ing a sunfleck penetration scheme, a coupled scheme of legfogenic climate change has been projected to radically alter
photosynthesis and stomatal conductance, representation gfe structure and function of terrestrial ecosyste@siner
the effects of ozone on leaf physiology, and a descriptiong; 51, 2001; Sitch et al, 2008. Future shifts in vegetation,
of methane emissions from wetlands. JULES represents thg,,chy as a northward migration of the boreal forest into tun-
carbon allocation, growth and population dynamics of five 4ra are likely to impact the climate via both biogeophysi-
plant functional types. The turnover of carbon from Iving ¢5| and biogeochemical feedbacks. This spurred the devel-
plant tissues is fed into a4-p0_0|_50|I carbon model. _ opment of Dynamic Global Vegetation Models (DGVMs;
The process-based descriptions of key ecological ProtTox, 2001, Sitch et al, 2003 Prentice et a).2007 which

cesses and trace gas fluxes in JULES mean that this comyescribe the structure and function of the major global ter-
munity model is well-suited for use in carbon cycle, climate (astrial ecosystems.

change and impacts studies, either in standalone mode or as

the land component of a coupled Earth system model. Advances in recent years have seen the inclusion in land

surface models of first a carbon cycfedx et al, 2000 and

a nitrogen cycleThornton et al.2007 Sokolov et al.2008.

Using the TRIFFID DGVM coupled to a General Circula-

Correspondence td. B. Clark tion Model (HadCM3LC)Cox et al.(2000 were the first to
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show the possibility of a positive climate-land carbon cycle
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feedback, with the counteracting effects of climate and atmo-global plant productivity and carbon storage. Scattering
spheric CQ on ecosystem function. A reduction in terres- aerosols change both the quantity and quality (partitioning
trial carbon in response to climate change leads to higher atbetween direct and diffuse) of surface irradiance. Diffuse
mospheric CQ levels, and thus accelerated climate change.light is able to penetrate further into the canopy than di-
This has major policy implications for climate change miti- rect light, stimulating production in light-limited understorey
gation Jones et al2006). In the C*MIP studyFriedlingstein  leavesMercado et al(2009 found this diffuse radiation fer-

et al. (2006 extended this work using 11 coupled climate- tilisation effect was larger than the negative effect of reduced
carbon cycle models. All models simulated a positive landirradiance on global plant production. Howeuvdercado
carbon cycle feedback but of widely varying strengths andet al.(2009 also showed local site optima in the relationship
there was little consensus among models on the underlyingpetween photosynthesis and diffuse light conditions; under
mechanisms. heavily polluted or dark cloudy skies, plant productivity will

The land surface scheme used ®gx et al.(2000 was decline as the diffuse radiation effect is insufficient to offset
the Met Office Surface Exchange Scheme (MOSESx decreased surface irradiance.
et al, 1999 Essery et a].2003 combined with the TRIFFID Huntingford et al.(2011) took advantage of several of
DGVM (Cox, 200]1). The representation of plant and soil these model developments to study how higher atmospheric
processes in this model, and the implications for the mod-CO,, climate change, higher near-surfacg &d lower sul-
elled carbon cycle, have been the subject of several subsghate aerosols affect net primary productivity and runoff. For
quent studies. I€ox et al.(2000 the positive feedback is as- equivalent amounts of radiative forcing, the different forcing
sociated with enhanced soil respiration, and drought-induceanechanisms varied markedly in their impacts, suggesting a
forest dieback in AmazoniaBetts et al. 2004 Cox et al, need for more informative metrics of the impact of chang-
2004 2008. Subsequent studies investigated the structuraing atmospheric constituents that go beyond simple radia-
uncertainty in future projections associated with the soil car-tive forcing, and underlining the importance of considering
bon representationl¢nes et al.2005, the role of tropical a range of trace gases when modelling land processes.
ecosystems in the control of atmosphericGd the inter- A comprehensive understanding and description of key
annual timescalesénes et al2003, and evaluated the cou- ecological processes and nutrient cycles is needed in Earth
pled model against atmospheric data, proposing a prototypsystem models. These include the cycles of carbon, nitrogen
benchmarking methodology for coupled climate-carbon cy-and phosphorus; the ecophysiological response of vegetation
cle models Cadule et al.2010. Jones et al2005 replaced to changes in atmospheric composition (e.g. plant response
the one-pool soil decomposition model with the more elabo-to elevated CQ and 3, N deposition, aerosol radiation ef-
rate 4-pool model of RothClénkinson199Q Coleman and  fects); the response of vegetation and soils to drought and
Jenkinson1999 and concluded that the projection of a pos- elevated temperatures; wetland processes and methane ex-
itive feedback between climate and carbon cycle is robustchange; permafrost; and wildfire disturbance. Currently, no
however, the magnitude of the feedback is dependent on theingle land surface model adequately describes all these pro-
structure of the soil carbon model. The multi-pool carbon cesses.
dynamics of RothC cause it to exhibit a slower magnitude This paper describes modelling of carbon fluxes and
of transient response to both increased organic carbon inputstores, in the vegetation and soil, as represented in version
and changes in climate compared with the one-pool model. 2.2 of the Joint UK Land Environment Simulator (JULES).

Gedney et al(2004 developed an interactive wetlands JULES was initially based on MOSES and TRIFFID and
scheme model that was calibrated using present-day atmazonsolidates the improved representations of key processes
spheric CH variability. They predicted increases in global gained from the studies summarised in the preceding para-
CHy flux between present day and 2100 of 75% with angraphs. A companion papeBést et al. 2011, hereafter re-
increase in emissions from northern wetlangs3Q° N) of ferred to as Part 1) describes how JULES models fluxes of
100 %, despite an estimated 10 % reduction in wetland exheat and moisture. Although they are presented separately,
tent. This wetland response corresponds to an amplificatiorthe fluxes of moisture and carbon are intimately linked, in
of the total anthropogenic radiative forcing at 2100 by ap- particular through the stomatal resistance of the vegetation.
proximately 3.5-5 %. The performance of JULES is assesseBlith et al.(2010.

Sitch et al. (2007 showed how elevated future tropo-  Section2 provides a brief overview of JULES before
spheric Q concentrations would have detrimental effects on Sect.3 describes the photosynthesis model, which has been
plant productivity and reduce the efficiency of the terrestrial substantially augmented sin€ox et al.(1999 with the ad-
biosphere to sequester carbon, constituting a large indireadition of an explicit description of the interception of di-
radiative forcing of tropospheric£n climate. rect and diffuse light at different canopy levels, leading to

Mercado et al(2009 showed how changes in surface ir- a multi-layer approach to scaling photosynthesis from leaf
radiance over the global dimming and subsequent brightento canopy scale. The parameterisations of plant respiration
ing period, 1960—2000, associated with changes in anthroand the effect of ozone on leaf photosynthesis are also cov-
pogenic scattering aerosols and cloud cover, led to enhanceered in that section. The phenology model described in
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Sect4 s essentially unchanged sinCex et al.(1999. Sec- Table 1. State (prognostic) variables for vegetation and soil carbon.

tion 5 gives details of the dynamic vegetation model, TRIF- ¢ \egetation competition is disabled, the fraction of vegetation is
FID (Cox 200). Section6 outlines the simulation of soil  prescribed and does not vary with time.

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 Fraction of each vegetation type within gridbox
wetlands is also presented. Finally Séttescribes the ap- Leaf area index for each vegetation type 2 -2
proach typically used to bring the initial vegetation and soil  S°il carbon in each pool kgen?
carbon pools to an equilibrium state.

Variable Units

) 3 Photosynthesis
2 Model overview

JULES describes the vegetation in a gridbox using a smaIIThe photosynthesis mode] used in JULES is based upon the
X . b d t the leaf scale, which th led
number of Plant Functional Types (PFTs). The default is '[0o Served processes at fhe leat scale, which are tnen sca ed up

. ) to represent the canopy. There are several options available in
use five PFTs: broac_ileaf trees, needleleaf treggfdnper- JULES for the treatment of radiation interception and scaling
ate) grasses, L(tropical) grasses and shrubs. The surface

fluxes of CQ associated with photosynthesis and plant respi—;pultg_lt:;e?ig?]%iicale’ from a simple big leaf approach to &
ration are calculated in the physiology component of JULES,

as described in SecB on each JULES timestep (typically 54 | agf biochemistry

30 to 60min). The accumulated carbon fluxes are passed

to the vegetation dynamics model (TRIFFID, described in j| ES uses the biochemistry og@nd G, photosynthesis
Sect.5) and the area covered by each PFT is updated on &om Collatz et al.(1991) andCollatz et al.(1992, as de-
longer timestep (typically 10 days) based on the net carbonycripeqd bySellers et al(1996 andCox et al.(1999, to de-
available to it and on the competition with other vegetation igrmine potential (unstressed by water availability and ozone
types, which is modelled using a Lotka-Volterra approachgfrects) leaf-level photosynthesis. This is calculated in terms
(Cox, 200]). Leaf phenology (bud-burst and leaf drop) is ¢ three potentially-limiting rates:
updated on an intermediate timescale of 1 day, using accu-

mulated temperature-dependent leaf turnover rates (&ect. 1. Rubisco-limited rate W)
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 G®ack to the atmosphere. chax( = Cil— T ) for C3 plants
This part of the model has changed sir@ex et al.(1999 We= ¢i+Ke(1+ Oa/Ko)
with the introduction of a 4-pool model and the possibility of Vemax for C4 plants

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 Fet.

The state (or prognostic) variables required to describe the
vegetation and soil carbon in JULES are presented in Table
Further surface state variables which affect the terrestrial car- a(l—w) Ipar<i> for Cz plants
bon cycle, such as soil moisture and soil temperature, are dis- W, = i+20
cussed in Part 1. Appendix A lists the variables used in this
paper, along with their units.

whereVemax(mol CO, m—2s71) is the maximum rate of
carboxylation of Rubisca; (Pa) is the leaf internal car-
bon dioxide partial pressurg,(Pa) is the CQ compen-
sation point in the absence of mitochondrial respiration,
0O, (Pa) is the partial pressure of atmospheric oxygen,
andK; andK, (Pa) are the Michaelis-Menten parame-
ters for CQ and Q, respectively.

2. Light-limited rate @)

@)

o (1—w) Ipar for C4 plants

where « is the quantum efficiency of photosynthesis
(molCO; mol~! PAR), w is the leaf scattering coeffi-
cient for PAR and/pgis the incident photosynthetically
active radiation (PAR, mol m?s™1).

www.geosci-model-dev.net/4/701/2011/ Geosci. Model Dev., 4, 7222011
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3. Rate of transport of photosynthetic products (in the case K. andK, are calculated as:

of C3 plants) and PEPCarboxylase limitation (in the
case of G plants) We)

0.5Vemax for Cz plants

We = (3)

2x 10 chaX% for C4 plants
ES

whereP, is the surface air pressure.

The default values of PFT-specific parameters for leaf bio-£1 Wg —Wp(We+ W)+ WeW =0

chemistry and photosynthesis are given in Tabldhe pa-
rameterdcmax Ko, K¢, andI” are all temperature dependent.
JULES uses the temperature dependencies €oltatz et al.
(1991, 1999.

Vemax at any desired temperature is calculated from the
maximum rate of carboxylation of the enzyme Rubisco at
25°C (Vemax2s assuming an optimal temperature range as

defined by PFT-specific values of paramet@(gp andTiow,
as:

chax25fT(Tc)
1+€0.3(Tc_Tupp)] [1+€0»3(7]OW—TC)]

Vemax= (4)
[

whereT is canopy (leaf) temperaturgQ) andft is the stan-

dard Q1o temperature dependence:
fr(To) = 035 a5 = 5)

The default value 0210 jeaf iS 2. Vemax2siS assumed to be
linearly related to leaf nitrogen concentratiai,

(6)

where ne is a constant that has values of 0.0008 and
0.0004molCOmM2s1kgC (kgN) ! for C3 and C4
plants, respectively. These values were derived fBmmulze
et al. (19949 assuming that leaf dry matter is 40 percent car-

Vemax2s= nen|

bon by mass and that the maximum rate of photosynthetic

uptake is 0.9;max for C3 plants and equal¥;max for Cs
plants Cox, 200]). n is set equal tag, the leafN concen-
tration at the top of the canopy, unless variation within the
canopy is specified (see SeB}.

", the photorespiration compensation point, is found as:

0]
=2 for C3 plants
2t

= @)
0 for C4 plants

wherer is the Rubisco specificity for Cixelative to Q:

T =260003; {129 (8)

W|th Q]_Oirs = 0 57 .
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K¢ = 3002 17e=29 (9)
Ko = 3x10* Q2 {1c=2 (10)

with Q10.xc=2.1 andQ10 ko =1.2.
The rate of gross photosynthesig) is calculated as the
smoothed minimum of the three potentially-limiting rates:

(11)

B2W?2 = W (Wp+ We) + WpWe = 0 (12)
where W, is the smoothed minimum oW, and W;, and
B1=0.83 andB2 = 0.93 are “co-limitation” coefficients. The
smaller root of each quadratic is selected.

Leaf dark respirationKky) is calculated as:
Rd = farVemax (13)
where fy is the dark respiration coefficient. The net poten-
tial (i.e. unstressed) leaf photosynthetic carbon uptakg (
is then calculated as:
Ap=W —Ryg (14)

Leaf photosynthesis is linked to stomatal conductance via
the internal CQ concentration, which is calculated using the
Jacobg(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 i€ox et al.(1998 1999.

To account for soil moisture stress, the potential (non-
stressed) leaf photosynthesig is multiplied by a soil water
factor Cox et al, 1998:
A= Apﬂ (15)
whereA, 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 Se@®.3- but is omitted here for clarity.p
is the moisture stress factor which is related to the mean soil
moisture concentration in the root zortg,and the critical
and wilting point concentration®; andé,, defined as the

moisture levels at which photosynthesis first falls below the
potential rate and is zero respectively, as follows:

1 for 0 > 0.
_ —Ow
B= for Oy <6 <6 (16)
c— Yw
0 foro <6y

www.geosci-model-dev.net/4/701/2011/
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Table 2. Default values of PFT-specific parameters for leaf biochemistry and photosynthesis.

Broadleaf Needleleaf £ Cy Shrub

tree tree grass  grass
k Extinction coefficient for PAR 0.50 0.50 0.50 0.50 0.50
« (Mol CO, [mol PAR photonst!)  Quantum efficiency 0.08 0.08 0.12 0.060 0.08
w Leaf scattering coefficient for PAR  0.15 0.15 0.15 0.17 0.15
far Dark respiration coefficient 0.015 0.015 0.015 0.025 0.015
rg Growth respiration coefficient 0.25 0.25 025 025 0.25
no (kgN kg CI™1) Top leaf Nitrogen concentration 0.046 0.033 0.073 0.060 0.060
ny| Ratio of Nitrogen concentrations
in roots and leaves 1.00 1.00 1.00 1.00 1.00
ng| Ratio of Nitrogen concentrations
in stem and leaves 0.10 0.10 1.00 1.00 0.10
Tiow (°C) Lower temperature parameter 0.0 -10.0 0.0 13.0 0.0
Tupp (°C) Upper temperature parameter 36.0 26.0 36.0 450 36.0
3.2 Scaling photosynthesis from leaf to canopy Canopy photosynthesis is calculated as the integral of leaf-
level photosynthesis over the entire canopy leaf area index:
The description of within-canopy radiation interception and L
scaling from leaf- to canopy-level photosynthesis has been [1—e7FEe]
developed considerably sin€ox et al.(1999. JULES2.2 Ac= [ AidL = AOT (19)

includes a process-based scaling-up of leaf-level photosyn- 0

thesis to the canopy level, with alternative methods to cal-Canopy-level conductance and respiration are estimated us-
culate canopy radiation interception and canopy-level photoing similar expressions.

synthesis. There are two options available in JULES for scal-

ing up from the leaf-level to the canopy scale: (i) the canopy3.2.2 Multi-layer approach

is considered as a big leaf and (ii) a multi-layer canopy. o )

Within the multi-layer option, JULES has four variations Radiation interception

that depend on considerations of vertical gradients of canop

photosynthetic capacity, inclusion of light inhibition of leaf Ce . i
respiration, inclusion of sunfleck penetration and splitting ple 3), the canopy is d|V|ded.|nto a number of layers /p
. . . ically 10) of equal leaf area incrementé. = L¢/n. JULES
canopy layers into sunlit and shaded leaves. All options are i o LT i
. ; . adopts the two-stream approximation of radiation intercep
described below and summarised in Takle

tion from Sellers(1985 to calculate surface spectral albedos

Yn all variants of the multi-layer approach (options 2-5 in Ta-

3.2.1 Big leaf approach (Essery et a).2001) and the absorbed incoming radiation for
each canopy layer. The absorbed incident PAR at each layer
Radiation interception and scaling up to canopy level varies with solar zenith angle, incident direct and diffuse ra-

diation at the top of the canopy, canopy leaf angle distribution
In the big leaf approach, incident radiation attenuates througtand leaf radiation properties in the visible and near-infrared
the canopy following Beer’s lawMonsi and Saekil953: wavebands. JULES explicitly describes absorption and scat-
I — [ekLe 17) tering of both direct and diffuse radiation fluxes separately in
c=ro the visible and near-infrared wavebands at each canopy layer,
wherel, is irradiance beneath the canopyijrradiance atthe  which leads to the calculation of upward and downward dif-
top of the canopyk is a light extinction coefficient andlcis  fuse fluxes of scattered direct beam radiatify ¢, Zair 1)

the canopy leaf area index. and scattered diffuse radiatiofy 1;, Iqif J;) per canopy
Leaf-level photosynthetic capacity is assumed to vary pro-ayer, normalised by the incident direct and diffuse fluxes re-
portionally with the vertical distribution of irradianc&¢Il- spectively above the canopy. The normalised fluxes are used

ers et al. 1992, therefore leaf photosynthesis can also beto calculate the direct and diffuse fractions of absorbed in-
expressed as a function of the top of the canopy leaf photocident PAR, (FAPARRr, and FAPARyr,), at each canopy
synthesis A,), leaf area index) and the light extinction layeri:

coefficient FAPARDIR, = [/dir i —air {]dLe (20)
Ar=Aqe (18)  FAPARpiF, = [1dit 1i — it Ji]ldLc (21)

www.geosci-model-dev.net/4/701/2011/ Geosci. Model Dev., 4, 7222011
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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 sunlitand  Two stream with Decreases through canopy yes
shaded leaves in each layer sunfleck penetration

A comparison of the vertical profile of absorbed incident shaded leaves absorb only diffuse radiation. The fraction of
PAR calculated with the two-stream approach against thesunlit leaves fsun), is defined as:

profile estimated with Beer’s law showed that the results kol

were similar only when the incident PAR was a direct beam/sun=¢ (23)
coming from a high sun angle, otherwise the fraction of ab- oy each canopy layérwith leaf area incrementLc, the
sorbed PAR at any canopy level is higher when calculatedaction of sunlit leaves, fraction of absorbed direct beam ra-

using Beer's law Jogireddy et a).2008. diation (Iy, ), fraction of scattered direct beariy§) and frac-
The two-stream approach provides a vertical profile of in-tjon of absorbed diffuse radiatiori) are:

tercepted radiation within the canopy which allows estima-

tion of photosynthesis and leaf respiration for each leaf area, e *bL(e7fvdle—1) o4
increment within the canopy. When option 3 is selected,fs“” - kpdLc (24)
rather than calculating photosynthesis for each canopy layer, e—kb(L—dLc) _ ,—kpL

the leaves in each layer are considered to be either lightdp, =(l—a))< 7T ) (25)
limited or not light-limited (sunlit or shaded) according to ¢

whether the light exceeds a threshalddireddy et a)20086. e~ *o(L—dLc) _ ,~koL

The photosynthesis calculations are performed separately fofbs = w( 7L ) + FAPARpIR; (26)
each class (sunlit or shaded) using the average light in the ¢

class. Iy, = FAPARp/F, (27)

The fractions of the incident radiation above the canopy
which are absorbed by sunlit leavds ) and shaded leaves
(Isty) in each leaf area increment within the canopy are cal-

Sunfleck penetration

A further improvement to the estimation of absorbed radia-

. g ; . culated as:

tion fluxes within the canopy considers penetration of sun-

flecks through the canopy (option 5 in TalB)e which corre- 1y, = fyly + (1— fa) Ips (28)
sponds to the direct component of the direct beam radiation, (1— fa)lb,

i.e. it excludes the scattering component. Such a term is nofsun = Ish + ———— (29)

included in Eq. 20). Attenuation offy,, the non-scattered in- Jsun
cident beam radiation per unit leaf area at canopy dépth where fq is the fraction of PAR which is diffuse radiation.
normalised by the incident direct beam radiation above thelsun and /sy are used to calculate the radiation absorbed in

canopy, is calculated aBéi et al, 2009): each canopy layer by sunlit and shaded leaves by multiplying
by the incident radiation above the canopy, and thus to esti-
Iy = (1— w)kpe L (22) mate photosynthesis from sunlity,) and shaded leaves

(Asp ) for each canopy layer.
where(1— w) is the non-scattered part of the incident beam

(i.e. what is absorbed) arig is the canopy beam radiation Scaling up to canopy-level
extinction coefficient.

Following Dai et al.(2004 as implemented iMercado  For all multi-layer options, canopy-scale fluxes are estimated
et al. (2009, radiation fluxes are split into direct beam ra- as the sum of the leaf-level fluxes in each layer, scaled by leaf
diation, scattered direct beam and diffuse radiation, and it igarea. Hence canopy-level photosynthesis is estimated from
assumed that sunlit leaves absorb all types of radiation whildayer leaf-level photosynthesid(;) as follows:

Geosci. Model Dev., 4, 70722, 2011 www.geosci-model-dev.net/4/701/2011/
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3.2.3 Assessment of big-leaf and multi-layer approaches

Ai =AjidLc (30)  JULES was evaluated using the multi-layer approach and
n eddy correlation data for a temperate coniferous forest site
Ac=)_Ai (31)  in the NetherlandsJpgireddy et a).2006 and a tropical
i=1

broadleaf rainforest site in the Brazilian Amazadvigrcado

with A; as photosynthesis from each canopy layer. Wheret al, 2007). Both stgdies demonstrateq the superior per-
including sunflecks and accounting explicitly for photosyn- formance of the multi-layer approach with the two-stream
thesis by sunlit and shaded leaves (options)is calculated ~ 2NOPY radiation interception compared to the big-leaf ap-

as: proach in simulating canopy scale photosynthetic fluxes,
specifically both the simulated light response and diurnal
Ai = fsun Asun + (1= fsun)Ash (32)  cycles of photosynthesis. A further advantage of a layered

o . scheme is that it differentiates between direct and diffuse ra-
Canopy-level respiration and conductance are estimatefjasion, which is not possible using the Beer's law approach.
from layer values in a similar manner. Further evaluation of the multi-layer approach at eddy corre-
lation sites and globally is presentedBiyth et al.(2010.
Using a 10 layer modellogireddy et al(2006§ examined

The multi-layer scheme has been applied and tested again&€ impact of calculating photosynthesis at a coniferous for-
eddy correlation flux measurementddrcado et al.2007) est site for only two classes (light-limited or nqt) of leaves
using different assumptions for the vertical distribution of rather than for each of 10 canopy layers (options 3 and 2
leaf nitrogen. Such a distribution is a proxy for the vertical i Table 3). The 2-class option gave a good fit to the 10-
distributions of photosynthetic capacitimax and leaf res- Iay_e_r S|mylat|on and, because this option is compL_JtatllonaII'y
piration through the canopy. The distributions tested were &fficient, it was recommended for large scale applications if
uniform distribution with leaf N constant through the canopy, COMpUter resources are limited.

and a distribution with leaf N decreasing from top to bot- Allowing leaf nitrogen, canopy photosynthetic capacity
tom of the canopy. In the latter case, the vertical profiles@nd leaf respiration to vary through the canopy (options 4
of leaf N, photosynthetic capacity and leaf respiration within @1d 5) provides a more realistic representation of canopy and
the canopy were estimated followintg Pury and Farquhar total plant respiration in JULES; the description of stem and
(1997 using measured vertical profiles from a rainforest site Fo0t respiration in JULES is a dependent function of canopy
in the Amazon BasinGarswell et al. 2000 and prescribed respiration and their respective nitrogen contents. This is es-
in JULES to decrease exponentially with increasing canopyPecially apparent in tropical ecosystems, where simulations

Photosynthetic capacity at each canopy layer

depth Mercado et al.2007) for options 4 and 5 in Tabl@. that assume a uniform vertical distribution of leaf N, and
Photosynthetic capacity at each canopy layés calcu-  therefore photosynthetic capacity, produce very large respi-
lated assuming that the reference value varies as: ration fluxes from leaves in the shaded understorey. Observa-
' tions of decreased leaf N and photosynthetic capacity within

Vemaxas = nenge /™ (33)  canopies Meir et al, 2009 and decreased leaf respiration

in the light Brooks and Farquhaf985 Atkin et al,, 1998
Hoefnagel et a).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 broadleaKijohl et al, 2003 and a nee-
dle leaf Rebmann et a12010 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

with ng 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 E) put with the vertical vari-
ation of leaf nitrogen specified.) Vertical profiles Bfmax
remain to be tested further and evaluated for other vegetatio
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 Farquha1989 as implemented respiration (options 1 and 4 in TabB. Simulated photo-

by Lloyd et al. (1999 for a rainforest ?“e in the Amazon. synthesis using the big leaf approach shows light saturation
Once JULES was correctly parameterised for canopy photo-

svnthetic capacity at this site. the inclusion of this inhibition at low levels of radiation (left panels) and a “flat” response
aﬁowedlmuc% ble%/ter rtladicltio,ns oflob:erlved ratels :)f nlelI hoground midday (right panels), uniike the observations. This
tosvntheti tak IF_)i ht inhibition followMlercado et Ip is because with the big leaf approach the simulated photosyn-
OSYNINEtc uptaxe. -ig on toflowilercado et a.  qgjs is light-limited only with very low levels of radiation
(2007 when option 4 is used, while option 5 uses a 30 % o : . .
M e : : and thereafter is limited by carboxylation of Rubisco. With
inhibition of leaf respiration at irradiance levels greater than

T . the multi-layer approach for light interception and photosyn-
1
10 umol quanta s~ (Atkin et al, 1097 2000 2006. thesis, JULES simulates competition between light-limited
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Fig. 1. Evaluation of modelled carbon uptake at a temperate broadleaf (top jparwdit et al, 2003 and a needleleaf site (bottom panel;
Rebmann et al2010. 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 quastd mtervals, 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, reMercado et al.2007). Based on data from a variety of Ama-
sulting in increased Rubisco limitation towards the top of thezon broadleaf trees, a recent studyjofd et al, 2010 de-
canopy and increased light limitation lower in the canopy. Inrived an equation describing the relationship between vertical
addition to a better representation of light response and diurgradients in photosynthetic capacity within tree canopies and
nal cycles of canopy photosynthesis (Fig. the multi-layer  the photosynthetic capacity of the upper leaves. We antici-
approach also leads to improved simulation of stomatal angbate using this type of information in future development of
canopy conductance (not shown). JULES, although field studies of other vegetation types and
The inclusion of sunflecks bylercado et al(2009 pro- in other regions are also required. In addition, the description

vided a platform to study the differential effects of direct and of inhibition of leaf respiration in light is based on limited
diffuse radiation on carbon and water exchange. The 10_data for a small number of species. More observational data

layer model, including sunfleck penetration, the vertical de-2€ needed to refine this inhibition and how it varies across

crease in photosynthetic capacity within the canopy and thé)lant functional types.
inhibition of respiration in the light, is the recommended de-
fault setting (option 5 in Tabl8) for applications at all scales
from individual sites to global modelling, because it can pro- ozone causes cellular damage inside leaves which adversely
vide the most realistic representation of plant physiologicalsfects plant production, reduces photosynthetic rates and re-
processes. However, the inclusion of a vertical profile of pho'quires increased resource allocation to detoxify and repair
tosynthetic capacity through the canopy is likely to require |ggves Ashmore 2005. JULES uses a flux-gradient ap-
specific parameterisations for each PFT. Field data describproach to model ozone damage, followfiich et al(2007).

ing how nutrients and related physiological processes vary is assumed that ozone suppresses the potential net leaf pho-
through the canopy are available for relatively few vegetationygynthesis in proportion to the ozone flux through stomata
types and locations. The existing description in JULES isgpove a specified critical ozone deposition flux, so that the

largely based on analysis of data for broadleaf trees in Amaz a1 leaf-level net photosynthesi ) is given by:
zonia Carswell et al.200Q as implemented in JULES by

3.3 Ozone effects on photosynthesis

Geosci. Model Dev., 4, 70722, 2011 www.geosci-model-dev.net/4/701/2011/
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Table 4. Default values of PFT-specific parameters for ozone effects. The valuesferthe low sensitivity values froRitch et al.(2007).

Broadleaf Needleleaf £ Cs4  Shrub

tree tree grass grass
Fog crit (nmol m—2 s~ 1) Threshold ozone flux 1.6 1.6 5.0 5.0 1.6
a (mmol~1m=2) Ozone factor 0.04 0.02 0.25 0.13 0.03
Al=A[F (34) The default parameter values in JULES are the “low” sen-

sitivity values. Threshold valuedio,crit, are taken at 1.6
where A} is leaf-level net photosynthesis in the absence ofand 5nmolnm?s! for the woody and grass PFTs, respec-
Og effects and the reduction factor: tively. Although a threshold of 5 implies a smalleg @ose
for grasses, the gradient of the dose-response functipn (
is larger, and therefore grasses may become more sensitive
is given by the instantaneous leaf uptake of (Fo., to ozone exposure than trees at high ozone Concen_tra_tions.
nmol m2s~1) above a PFT-specific threshaf, crir, multi- For shrubs we assume the same plant-ozone sensitivity as
plied by a PFT-specific parameter)(following Pleijel etal. ~ broadleaf trees.

(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-rpe gross primary productivitflg) is:
son).

F=1-a-maxX Fo, — Foscrit. 0] (35)

3.4 Plant respiration

The flux Fo, is calculated by analogy with Ohm'’s law as: Tlg = A¢c+ B Rdc (38)
O] (36) whereg Ry is the soil moisture-modified canopy dark respi-
03 = rat+Kk0;/8l ration. The net primary productivity]) is:
where[Oz] is the molar concentration of{at reference level II1=Ilg—Rp (39)

(nmol m‘3), ra is the aerodynamic and boundary layer re- ) o . o .

sistance between leaf surface and reference level £ where Ry is plan_t re_sp|rat|on.Rp is split into maintenance

is the leaf conductance for#® (ms 1), andko, = 1.67 is and growth respiratiorox et al, 1999

the ratio of leaf resistanceT ford@o leaf resistance for water Rp= Rom-+ Rpg (40)
vapour. The uptake flux is dependent on the stomatal con-

ductance, which is dependent on the photosynthetic rate isrowth respiration is assumed to be a fixed fraction of the
JULES. Giveng is a linear function of photosynthetic rate net primary productivity:

(Eq. 13,Cox et al, 1999, from Eq. @4) it follows that:

The growth respiration coefficienty) is set to 0.25 for all

whereg/" is the leaf conductance in the absence ge@ects. PFTs. Leaf maintenance respiration is equivalent to the soil

Through this mechanism the direct effect of @position on ~ moisture-modified canopy dark respiratig®qc, while root

photosynthesis also leads to a reduction in stomatal condugnd stem respiration are assumed to be independent of soil

tance. As the @flux itself depends on the stomatal conduc- moisture, but to have the same dependences on nitrogen con-

tance, which in turn depends upon the net rate of photosyntent and temperature. Thus total maintenance respiration is

thesis Cox et al, 1999, the model requires a consistent so- given by:

lution for the net photosynthesis, stomatal conductance and N+ N.

the ozone deposition flux. Equation35{—(37) produce a Rpm=0.012Rdc<ﬁ+ ! s)

quadratic inF which is solved analytically. M
Data from field observationKarlsson et aj.2004 Plei-  where N;, Ns and N; are the nitrogen contents of leaf,

jel et al, 2004 are used to calibrate plant-ozone effects for stem and root, and the factor of.0Q2 converts from

the five standard PFTs described by JULES Siteh et al, (molCO; m2s71) to (kg C nT2s~1). The nitrogen contents

2007for details of the calibration procedure and Tablor are given by:

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.

a=g'F (37)

(42)
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Table 5. Default values of PFT-specific parameters for phenology.

Broadleaf Needleleaf £ Cs  Shrub
tree tree grass grass
yo (360 daysy?! Minimum leaf turnover rate 0.25 0.25 0.25 0.25 0.25
dy (360 daysy?! Rate of change of turnover 0.0 0.0 0.0 0.0 0.0
with soil moisture stress
dT (360 days KTl Rate of change of turnover 9.0 9.0 9.0 9.0 9.0
with temperature
Mot Threshold soil moisture stress 0.00 0.00 0.00 0.00 0.00
Tofe (K) Threshold temperature 278.15 233.15 278.15 278.15 233.15
¥p (360 daysy?! Rate of leaf growth 15.00 20.00 20.00 20.00 20.00
L=pLy (48)
Ni =nmo|L (43)  where L is the actual LAl of the canopy, andy, is the
Ny = panmR (44) balanced (or seasonal maximum) LAI as updated by the
dynamic vegetation model (TRIFFID) via the inverse of
Ns = usinmS (45) y 9 ( )

Eqg. 68). The phenological statug;, is updated typically
where ny, is the mean leaf nitrogen concentration on a daily basis assuming:

(kgN (kgC)y 1), R and S are the carbon contents of root
and respiring stemL is the canopy leaf area index ang

(kg Cm2 per unit of LAI) is the specific leaf density. The
nitrogen concentrations of roots and stem are assumed to be

— leaves are dropped at a constant absolute 13f&)
when the mean value of leaf turnover, as given by
Eq. @7), exceeds twice its minimum value

fixed (functional type dependent) multiplgsy and ys), of — budburst occurs at the same rate whegn drops back
the mean leaf nitrogen concentratiqni = 1.0 for all PFTs, below this threshold, and “full leaf” is approached
usi = 0.1 for woody plants (trees and shrubs) ang= 1.0 asymptotically thereafter:

for grasses. The respiring stemwood is calculated using a

“pipe model” approach§hinozaki et al.1964ab) in which ~ dp _ { —¥p for yim > 2y (49)
live stemwood is proportional to leaf arda and canopy dr | ¥p(1—p) for ym < 2y0

height,A:

J wherey, =20 yr1. The effective leaf turnover ratey, as
S=nsihL (46) used later to calculate litterfall (see EsQ), must also be
The constant of proportionalitys is approximated from Updated to ensure conservation of carbon when phenological
Friend et al(1993. changes are occurring:

dp
_ ) —— for yim > 2y
4 Leaf phenology n= { dt (50)

P¥m for ym <2y

Leaf phenology is modelled as describe€iox (200]). Leaf  Taken together, Egs.4(), (49) and 60) amount to a
mortality ratesym, are assumed to be a function of temper- “chilling-days” parameterisation of leaf phenology. Cold-
ature, increasing from a minimum value gf, as the leaf  deciduous behaviour can effectively be disabled for any of
temperature drops below a threshold vallig; the PFTs by setting paramet#rto zero for that PFT. A simi-
f lar approach exists in the JULES code for drought-deciduous
=110 Or Te > Tor (47)  phenology involvi ions similar to E¢7) but for leaf
Yim Yoll+dr (Tots — Te)} for Te < Ty phenology involving equathns similar to : d.7 but for lea
turnover as a function of soil moisture, with parametéfs
dt is the rate of change ofin with respect to tempera- andd,,. However, this is considered to be still under devel-
ture, and equals 9 by default (Tat3pmeaning that the leaf  opment and default parametersdpf = 0 for all PFTs mean
turnover rate increases by a factor of 10 when the temperthat this is effectively switched off for general use.
ature drops 1C below Tof. Equation 47) describes how Calculation of leaf phenology is independent of the calcu-
leaf morta”ty varies with temperature, but it is not sufficient lation of the evolution of Vegetation coverage and can be in-

to produce realistic phenology. A variable, is introduced  cluded even when the dynamic vegetation component, TRIF-
which describes the phenological status of the vegetation: F|D, is turned off.

Geosci. Model Dev., 4, 70722, 2011 www.geosci-model-dev.net/4/701/2011/
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Table 6. Default values of PFT-specific parameters for TRIFFID.

Broadleaf Needleleaf 4 Cs  Shrub

tree tree grass grass
w (360daysy!  Disturbance rate 0.005 0.007 0.20 0.20 0.05
7 (360daysT!  Turnover rate for 0.25 0.15 025 025 0.25
root biomass
yw (360daysy1  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 4€v _ (1— )T — A, (51)

(Cox, 2001). Each land grid box is assumed to be either com-  d?

pletely covered by permanent ice (in which case TRIFFID is _ dv

not used) or to have no ice cover. At these non-ice points, th&'v ar Allv | 1— ZCU Vi | = voveCy (52)
urban and lake surface types (if present) are assumed to have I

timg-ponstant fraction; while the 5 PFTs compet_e for the reyhere 1 is the net primary productivity per unit vegetated
maining coverage as simulated t_)y_TRIFFFDThe final sur-  5rea of the PFT in questiony is the local litterfall rate,
face type, bare soil, is the remaining space after simulating, 4 v, is the large-scale disturbance rate, = max{v, e},

the coverage of the vegetation types. o wheree = 0.01 is the “seed fraction”. Under most circum-
The 5 PFTs of TRIFFID were chosen as a minimal setgianceq), is identical to the a real fractiom, but each PFT

to represent the variation in yegetation structure (e.g. canopys “seeded” by ensuring that. never drops below the seed
height, root depth) and function (e.gs @ersus G photosyn- - fracion. A fractiona of this NPP is utilised in increasing

thesis) for inclusion of .both biophysical and biogeochemical e fractional coverage (E§2), and the remainder increases
vegetation f_eedbacks in Earth_ System Models. The numbe{he carbon content of the existing vegetated area Ba).

of PFTs defined in DGVMs typically ranges fromBrovkin - pegayit values of PFT-specific parameters for TRIFFID are
etal, 1997 to 10 (Sitch et al, 2003 and depends on the eco- given in Tables.

Iogipal processes explicitly repr_esented in the model and_ the' The competition coefficients;;, represent the impact of
gvallabll!ty of field data for defm!ng parameter values, which vegetation typej on the vegetation type of interest. These
is often incomplete. The latter is especially relevant to land.gafficients all lie between zero and unity, so that compe-
surface models within Earth System Models as these requirgyion for space acts to reduce the growthothat would
detailed information on both ecophysiological and physical yherwise occur (i.e. it produces density-dependent litter pro-
parameters. The original 5 PFTs of TRIFFID represented gy,,cion). Each PFT experiences “intra-species” competition,
pragmatic choice balancing comprehensiveness against confith .. — 1 so that the vegetation fraction is always limited
putational expense and limited data availability for the para-y pe |ess than one. Competition between natural PFTs is

materization of each PFT. The choice and definition of PFTsy e on a tree-shrub-grass dominance hierarchy, with dom-

is an area of active research within the land surface modellingnam typesi limiting the expansion of sub-dominant types

community. j (cji = 1), but not vice-versac; = 0). However, the tree
types (broadleaf and needleleaf) and grass typesu(i@ G)
5.1 Vegetation growth and competition co-compete with competition coefficients dependent on their

relative heightsh; andh;:
The vegetation carbon density,, and fractional coverage,

v, of a given PFT are updated based on the carbon balance %f“ _ 1 (53)
that PFT and on competition with other PFTSs: Y 14 e200hi=h)/(hith)

The form of this function ensures that tthéh PFT domi-
INote that although the number of PFTs in JULES is generally nates Whgn 't_'s_mUCh taller, and thieh PFT domlnatgs In
flexible, a run that uses TRIFFID to simulate vegetation competitionth€ opposite limit. The factor of 20 was chosen to give co-
can only use the 5 standard PFTs (broadleaf trees, needleleaf treegQMpetition over a reasonable range of height differences.
C3 grasses, g grasses and shrubs) as the competition coefficientsSome allowance is made for agricultural regions, from which
are hardwired. 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 £ Cy Shrub

tree tree grass grass
awl (kgCm2) 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

bwi Allometric exponent 1.667 1.667 1.667 1.667 1.667
nsi (kg Cm—2 per unit LAI)  Live stemwood coefficient  0.01 0.01 0.01 0.01 0.01
o1 (kgC m2 per unit LAI)  Specific leaf density 0.0375 0.1000 0.0250 0.0500 0.0500

Cs and G grasses can grow. These can be interpreted as Values of canopy height, are found directly fromWV as

“crops” but are not simulated differently in agricultural or
non-agricultural regions.
The A partitioning coefficient in Eqs5Q) and 62) is as-

described in Seck.2
The local litterfall rate A}, in Eq. 61), consists of contri-
butions from leaf, root and stem carbon:

sumed to be piecewise linear in the leaf area index, with all

of the NPP being used for growth for small LAl values, and A =y L+ R+ v W

all the NPP being used for “spreading” for large LAl values:

l fOI’ Lb > Lmax
Lp— Lmi
Lmax— Lmin

where Lmax and Lyin are parameters describing the maxi-

(59)

wherey, yr andy, are turnover rates (y?) for leaf, root and
stem carbon respectively. The leaf turnover rate is calculated
to be consistent with the phenological module as described in
Sect4. There is an additional litter contribution arising from
large-scale disturbance which results in loss of vegetated area
at the prescribed ratg,, as represented by the last term on
the right-hand side of Eq58).

Using a simplified version of TRIFFICHuntingford et al.

mum and minimum leaf area index values for the given plant(2000 described the response of a dominant vegetation type
functional type, and.p, is the “balanced” LAl which would in different initial climatic regimes to prescribed changes in
be reached if the plant was in “full leaf”. The actual LAl atmospheric C@concentration and temperature, and noted
depends onLp and the phenological status of the vegeta- that the model was capable of a rich range of possible be-

tion type, which is updated as a function of temperature (sedaviours of relevance to future global change.

Sect.4).
As the DGVM component of JULES, TRIFFID simulates

the evolution of both the fractional coverage of vegetation

5.2 Updating of biophysical parameters

and of terrestrial carbon storage. An option exists to disableThe land-surface parameters required by JULES are recalcu-
updating of the vegetation fractions so that JULES can be rudated directly from the LAl and canopy height of each PFT,

with fixed surface cover but evolving carbon storage.
Changes in vegetation carbon density, are related allo-

metrically to changes in the balanced LAly. First, Cy is

broken down into leaf(, root, R, and total stem carboi:

Cv=L+R+W (55)

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

L=o0Lp (56)
R=L (57)
W = aw L (58)

whereay, andby, are PFT-dependent parameters.

Geosci. Model Dev., 4, 70122, 2011

each time the vegetation cover is updated. Values of canopy
height,/, are derived by assuming a fixed ratig, of total
stem carbon to respiring stem carbon:
W= awsS (60)
where we assumays = 10.0 for woody plants andys= 1.0
for grassesHriend et al. 1993 and Table7). Combining
with Egs. 68) and @6) enables canopy height to be diag-
nosed directly from the total stem biomass:

w (%)l/bwl

h_

awsTs|

(61)

Given the canopy height and LA, 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

ks(s™1)  Soil specific respiration rate .Z2x 1077 9.65x1079 212x10°8 6.43x10°10

6 Soil carbon

Total soil carbon storag&’s, is increased by the total litter-
fall, A¢, and reduced by microbial soil respiratiaty, which
returns CQ to the atmosphere:

dCs
—=A¢c—R 62
== A= Rs (©2)

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 ratey,, and PFT competition (from the TRIFFID dy-
namic vegetation model):

Relative Soil Resp. Rate

Ac = Zvi <A“ + Yvi Cvi + Hi ZCU Uj) (63) Soll Temperature {°C)
! J

The competition term (last term on the right-hand side ofFig. 2. Comparison of alternative forms for the sensitivity of spe-
Eq. 63) is derived by imposing carbon conservation on the cific soil respiration_ to soil temperatur_e i_n JULES. The dashed line
soil-vegetation system as described by E§4),((52) and shows a0 1o form with Q10=2,the solid line shows the form from
(62). Itimplies that the NPP of each PFT will be lost entirely the RothC modelJenkinson1990.

as litter once the PFT occupies all of the space available to it

(i.e.when}_c;jv; = 1).

If the TRIFFID DGVM is used, four soil pools are mod-
elled, otherwise a single pool with a fixed (in time) value is
us_ed Cox, 200]). to calculate spil respiration. However, in R; = k51 C; Fr(Tsoil) Fs(s) Fy(v) (64)
this case the soil carbon pool is not updated and net carbon
fluxes may not be in balance. It is recommended that TRIF+/alues ofks; for each pool are given in Tab® The rate
FID is used if simulation of soil carbon fluxes is required. modifying factors account for the effects of soil temperature

(Tsoir), soil moisture £), and vegetation fractional cover)(
on heterotrophic respiration. The form of the temperature

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

6.1 Implementation of the RothC soil carbon model rate modifier is controlled by a switch that allows the user to
select between @10 function:

The soll carbpn model comprises.4 carbon pools and followsF o _ oTol~29815)/10 65

the formulation of the RothC soil carbon schender{kin- T(Tsoit) = Q10 o (65)

son 1990 Coleman and Jenkinspii999. Plant input is
split between two carbon pools of decomposable (DPM) an
resistant (RPM) plant material depending on the overlying

here the default value i©10_soil = 2.0, and the RothC tem-
perature functionJenkinson1990:

vegetation type, with grasses providing a higher fraction of 479

decomposable litter input and trees a higher fraction of re-Fr(7soil) = 11 o106/ (Too1 25485 (66)
sistant litter input. The other two carbon pools are microbial

biomass (BIO) and long-lived humified (HUM) pools. The temperature of the top soil layer (typically 10 cm deep)

Respiration from each soil carbon pool is the product ofis used in both cases. Figukecompares these alternative
a specific respiration rateg;, (the rate of respiration of unit temperature functions.
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The effect of soil moisture is described as:

4x1078F
1-0.8(s —s0) for s > so o E
Fs(s) = O.2~|—0.8(m> for smin <s < so 67) b= 3x107° i E
S0 — Smin
0.2 for s < smin @ g
— 2x107%F E
wheres andsg are the unfrozen soil moisture content of the é g
top soil layer and the optimum soil moisture, both expressed 5 of
as a fraction of saturationg = 0.5(1+ sw) andsmin = 1.7sw, § 110 i E
wheresy, is the soil moisture at wilting point. The general © g
form of the moisture function fronCox (2007) has been re- of ‘ ‘ ]
tained in preference to the RothC moisture function because 0 2 4 6 8 10
of its ability to simulate reduced respiration in very wet soils. year
However, it has been revised (the original sgt = sw) SO
as to simulate a greater sensitivity of respiration reduction in 10
dry soils, which gave a better fit to the observed site-level I
seasonal cycle of respiration. The importance of moisture 08l e L i

controls on future soil carbon is discussedlones and Fal- i By

loon (2009 andFalloon et al(2011). = o6k o 1
The effect of vegetation cover is described as: N
SO S
S 04 3
Fy(v)=0.6+0.4(1—v) (68) - oo
m
varying linearly from 0.6 under fully vegetated soil to 1 under 021 1

completely pare sql. _ _ ool |
The fraction of litter that is decomposable plant material

is: year

adr

—_— (69) Fig. 3. An example of the spin up of TRIFFID in equilibrium mode.
(1+oaqr)

The lines show evolution from different initial conditions with con-

. . . vergence after five calls to TRIFFID. (Top) NPP (Bottom) the frac-
whereagr controls the ratio of litter input to DPM and RPM, i na coverage of the broadleaf tree type.

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 6.2 Methane emissions from wetlands
released to the atmosphere and partly feeds the BIO and
HUM pools. The carbon pools are updated according to: ~ The gridbox-average methane emission from the wetland
fraction of each gridbox is calculated followit@edney et al.

fdpm=

dCppm/dt = fdpm/Ac— Ropm (70) (2009 as:
dCrpm/dt = (1= fapm) Ac— RrPM (71 Fom, = fuetkor, Ceft Q?bl,(gfﬂ_m (74)
dCgio/dt = 0.46- BRRs— RBiO (72)

wherekch, is a global constanCes is the effective substrate
availability, Q10 cH, is a temperature-dependeft factor
andTy is a reference temperaturgyet is the fraction of the

. gridbox that is considered to be wetland (i.e. stagnant water)
pools. fr depends on soll texture to account for the pro- and is calculated using subgrid topographic information, as

tecuye effect of small par_tlcle sflzes. ) ~ described in Part 1. The effectiv@1o value is temperature
It is expected that the inclusion of multi-pool dynamics in dependent and calculated as:

the soil carbon model will dampen the transient response of

soil carbon storage to both changes in litter input and change®10 cH,(T) = Q1070H4(T0)T°/T (75)
in climate Jones et al2005, although the long-term sensi-
tivity will be unchanged if the sam@1¢ function of sensi-
tivity to temperature is used.

dChHum/dt = 0.54- BRRs— RHum (73)

where R is the total respiration rate, summed over the 4

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, otherwiggs = Cs. The
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default parameter values akgn, = 7.4 x 10712571, Tp = 8 Summary

27315K andQ10_cH,(To) =3.7.
JULES is based on the MOSES land surface scheDo (

et al, 1999 and the TRIFFID dynamic global vegetation
7 Spin-up methodology model Cox, 2001), but with significant improvements. In

particular, JULES includes several options for scaling photo-
Soil carbon and vegetation fractions have timescales of orsynthesis from leaf to canopy scale, with the most complex
der 100s—1000s yr to reach equilibrium which would neces-modelling the profile of light interception through the vege-
sitate very long spin-up simulations. Hence, TRIFFID was tation with a multi-layer scheme including representation of
designed to be used in both an “equilibrium” and a “dy- sunfleck penetration and variation of photosynthetic capacity
namic” mode. The TRIFFID equations to update the plantthrough the canopy. The coupled model of leaf photosynthe-
fractional coverage and leaf area index are written to enabl&is and stomatal conductance includes representation of the
both explicit and implicit timestepping so that their discreti- effect of ozone on vegetation physiology. Soil carbon pro-
sation can be reduced to the Newton-Raphson algorithm fogesses are modelled using a 4-pool description and methane
iteratively approaching an equilibrium given external driving €missions from wetlands are also modelled.
conditions. In equilibrium mode TRIFFID is coupled asyn-  The performance of JULES is quantified using a system
chronously to the rest of the model, with accumulated carborflescribed byBlyth et al.(2010 which includes measures of
fluxes passed from the physiology component after an inteland-atmosphere fluxes of GONote thatBlyth et al.(2010
ger number of years, typically every 5yr in order to smooth used an earlier version of JULES than that described here
the effect of interannual variability. If JULES is being run (version 2.1.2 rather than 2.2). This later version includes
with a single repeating year of meteorology then an equilib-representation of the effects of ozone on leaf physiology, fur-
rium timestep of 1yr is sufficient. On each TRIFFID call, ther options for the calculation of canopy photosynthesis (op-
the vegetation and soil variables are updated iteratively usingions 4 and 5 in Tabl&), the ability to disable competition
an implicit scheme with a long internal timestep. This ap- between vegetation types in the TRIFFID dynamic vegeta-
proach is very effective in producing equilibrium states for tion model, and options for a more advanced treatment of ur-
the slowest variables (e.g. large soil carbon pools or forespan areas (see Part 1), in addition to bug fixes. The latest ver-
cover). sion of JULES is version 3.0 in which the land surface model

Figure3 shows the evolution of annual NPP and broadleafcan be coupled to the IMOGEN systeiuntingford et al,
tree fraction when run in equilibrium mode for a single point, 2010, thereby allowing a first-order assessment of how the
with annually repeating meteorology, from arbitrary initial biogeochemical processes represented in JULES might re-
conditions of 0, 35% and 100 % broadleaf tree cover, andspond to, and in turn feed back on, a changing climate. The
calling TRIFFID once a year. Although the “real” timescale details of version 3.0 are beyond the scope of this paper.
of tree growth would be decades to centuries, the spin-up The inclusion of land-atmosphere exchanges of2CO
mode converges to a steady state after just 5 calls to TRIFH20, CHy and @ and aerosol effects in a single model
FID. In a global simulation this rapid equilibration technique framework is a significant development towards a compre-
is invaluable. hensive trace-gas enabled land surface modieidth et al,

This implicit equilibrium mode has also been implemented 2010. The development of JULES is ongoing, with revised
for the 4-pool soil carbon model in JULES (Se6tl), but or new representations of several key Earth system processes
a drawback is that sub-annual timescales which are imporunder consideration. These include a vegetation model based
tant to the small, fast DPM pool are not captured by theOn a statistical approximation of a canopy gap mo&edtter
multi-year equilibrium approach. The mean DPM implied et al, 20101, a model of fire disturbance based Dmonicke
by a seasonally-varying input of fluxes is not the same as th&t al.(2010, soil C and N cycles§mith et al, 2007) coupled
DPM implied by the annual mean of those fluxes. Hence, thel0 a description of plant N uptak&igher et al.20109, and a
equilibrium mode in JULES produces only an approxima- model of biogenic isoprene emissidPacifico et al.2010.
tion of a steady soil-carbon state. To achieve a full spin-up, For further details of JULES, including how to acquire a
either JULES can subsequently be run in dynamic mode uncopy of the code, seftp://www.jchmr.org/jules
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.
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Appendix A

Definitions of symbols

Symbol Units Definition

a mmol~1m=2 Ozone parameter

Ac mol CO, m2s1 Canopy photosynthesis

A mol CO, m~2s~1  Leaf photosynthesis

Af mol CO, m—2s~1 | eaf photosynthesis in the absence of ozone effects

Ao mol CO, m~2s~1  Top of canopy leaf photosynthesis

Ap mol CO, m—2s™1  Potential leaf photosynthesis

Ash mol CO, m—2s™1  Photosynthesis from shaded leaves

Asun mol CO, m—2s~1  Photosynthesis from sunlit leaves

awl kg Cm2 Allometric coefficient

aws Ratio of total stem carbon to respiring stem carbon

bwi Allometric exponent

c Competition coefficients for vegetation model

Cgio kg C m2 Soil carbon content in microbial biomass pool

Cppm kg C m2 Soil carbon content in decomposable plant material pool

Ceff kg C m2 Effective substrate availability for methane emission

CHUM kgC m2 Soil carbon content in humified pool

Cj Pa Leaf internal C@partial pressure

CRPM kgC 2 Soil carbon content in resistant plant material pool

Cs kgC m2 Total carbon content of the soll

Cy kg C m2 Carbon content of the vegetation

dm (360 daysT1 Rate of change of leaf mortality with soil moisture stress

dT (360 days KTl Rate of change of leaf mortality with temperature

F Photosynthesis reduction factor for ozone

FAPARD|E Diffuse fraction of absorbed incident PAR

FAPARpIR Direct fraction of absorbed incident PAR

Fch, kgCm2gs1 Methane flux from wetlands

fd Fraction of PAR that is diffuse radiation

Sdpm Fraction of litter that is decomposable plant material

far Dark respiration coefficient

Fo, nmolm2s-1 Ozone flux

Fogcrit nmoln2s~1 Threshold ozone flux

Fs Soil wetness-dependent rate modifier for soil respiration

fsun Fraction of sunlit leaves

T Q10 function for carboxylation of Rubisco

Fr Temperature-dependent rate modifier for soil respiration

Fy Vegetation cover-dependent rate modifier for soil respiration

Sfwet Wetland fraction of gridbox

8l ms1 Leaf conductance for water vapour

g,l* ms1 Leaf conductance for water vapour in absence of ozone effects

h m Canopy height

Iy Non-scattered direct radiation, normalised by the incident direct radiation above the canopy
Ips Scattered direct radiation, normalised by the incident direct radiation above the canopy
Ic W m—2 Irradiance beneath the canopy

Iy Absorbed diffuse radiation, normalised by the incident direct radiation above the canopy
Igit Upward diffuse flux of scattered diffuse radiation normalised by the incident diffuse flux above the canopy
Igif 4 Downward diffuse flux of scattered diffuse radiation normalised by the incident diffuse flux above the canopy
Igir © Upward diffuse flux of scattered direct radiation normalised by the incident direct flux above the canopy
Igir Downward diffuse flux of scattered direct radiation normalised by the incident direct flux above the canopy
Io Wm—2 Irradiance at the top of the canopy

Ipar molm—2s~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

kp Direct beam canopy extinction coefficient

K¢ Pa Michaelis-Menten constant for GO

kcH, s1 Scaling constant for methane emission

kn Nitrogen profile coefficient

Ko Pa Michaelis-Menten constant fobO

L m? m—2 Leaf area index

L kg C m2 Carbon content of leaves

Lp m?2 m—2 Balanced (or seasonal maximum) leaf area index

Lc m?2 m—2 Canopy leaf area index

Lmax Maximum leaf area index

Lmin Minimum leaf area index

Mo Threshold soil moisture stress factor for phenology

n Number of canopy leaf layers

ne mol CO, m2s 1kgC (kgNy1  Constant relating leaf Nitrogen to Rubisco carboxylation capacity
n| kgN (kgC)1 Leaf nitrogen concentration

N kgN m—2 Leaf nitrogen content

nm kgN (kgC)1 Mean leaf nitrogen concentration

Nr kgNm—2 Root nitrogen content

Ns kgN m—2 Stem nitrogen content

no kgN (kgC)1 Leaf nitrogen concentration at the top of the canopy

Oa Pa Partial pressure of atmospherig O

p Ratio of canopy LAI to balanced LAl

Py Pa Surface air pressure

0Q10.CH, Temperature-dependent gfactor for methane emission

010.Ke Q10 value for Michaelis-Menten parameter for gO

010.Ko Q10 value for Michaelis-Menten parameter fop O

010 Jeaf Q10 value for carboxylation of Rubisco

Q10.rs Q10 value for Rubisco specificity for Corelative to &

010 soil Q10 value for soil respiration

R kg C 2 Carbon content of roots

ra sm! aerodynamic and boundary layer resistance between leaf surface and reference level
RBio kgCm2s-1 Respiration from soil’'s biomass carbon pool

Ry mol CO, m—2 571 Leaf dark respiration

Rdc mol CO, m2s1 Canopy dark respiration

RppMm kgCm2s1 Respiration from soil's decomposable plant material carbon pool
rg growth respiration coefficient

Ruum kgCcm2s71 Respiration from soil's humified material carbon pool

Rp kgCm2s-1 Plant respiration

Rpg kgC m2s1 Plant growth respiration

Rpm kgCm2s71 Plant maintenance respiration

RRrPM kgCm2s-1 Respiration from soil’s resistant plant material carbon pool

Rs kgCm2s1 Total microbial soil respiration

s Unfrozen soil moisture as a fraction of saturation

S kg C m2 Carbon content of respiring stem

S0 Optimum value of 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

Tiow °C Lower temperature parameter for carboxylation

Toft K Threshold temperature in leaf phenology

Tsoil K Soil temperature

Tupp °C Upper temperature parameter for carboxylation

To K reference temperature for methane emission

Vemax mol CO m2g1 Maximum rate of carboxylation of Rubisco

Vemaxes Mol CO, m—2s71 Maximum rate of carboxylation of Rubisco at 26

w mol CO, m—2s71 Gross rate of photosynthesis

w kgC m2 Carbon content of stems

We mol CO, m—2s71 Rubisco-limited rate for photosynthesis

We mol CO, m2s71 Transport-limited rate for photosynthesis

Wi mol CO, m—2s71 Light-limited rate for photosynthesis

Wp mol COx m-2s1 Smoothed minimum oW and W

o mol CO, mol~1 PAR  Quantum efficiency of photosynthesis

agr Ratio of decomposable to resistant plant material in litter
B soil water stress factor

BRrR fraction of soil respiration

B1.82 Co-limitation coefficients

r Pa CO compensation point in the absence of mitochondrial respiration
Y (360 daysy 1 Turnover rate for leaf carbon

YIm (360 days) ! Leaf mortality rate

¥p (360 daysy 1 Rate of leaf growth

Yr (360 daysy 1 Turnover rate for root carbon

Vv (360 daysTl Disturbance rate

YW (360 days) ! Turnover rate for stem carbon

Y0 (360 daysyt Minimum leaf mortality rate

€ seed fraction

Nsl Constant of proportionality relating live stemwood to canopy height and leaf area
0 m3m—3 Volumetric soil moisture content in the root zone

Oc m3 m—3 Volumetric soil moisture content at the critical point

Ow m3 m—3 Volumetric soil moisture content at the wilting point

KOg Ratio of leaf resistance for £Xo leaf resistance for water vapour
Ks s1 Specific respiration rate for soil

A Fraction of NPP used to increase fractional cover

Ac kgCm2s1 Litterfall rate

A kgC 2 yr—1 Local litterfall rate

| Ratio of nitrogen content of roots to that of leaves

sl Ratio of nitrogen content of roots to that of respiring stem
v Fractional coverage of a vegetation type

Vi Fractional coverage of a vegetation type

I1 kgC m2s-1 Net primary productivity

Mg kgCm2s1 Gross primary productivity

ol kg Cm~2 per unit LAl Specific leaf density

T Rubisco specificity for CQrelative to &

® Leaf scattering coefficient for PAR

Geosci. Model Dev., 4, 70122, 2011
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