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Abstract

We inter-compare the mathematical formulation of ten models of terrestrial net primary productivity (NPP) and their functional
responses totemperatufig,(carbon dioxide (C¢), soil water (M) and photosynthetically active radiation (PAR). The models span
abroad spectrum of complexity of approaches from the original, empirical Miami model, thsefagtor, and global-average box
models, to the dynamic global vegetation models (DGVMs) TRIFFID and BIOMES3. Five of the models separate photosynthesis
and respiration, although only three directly consider biochemistry. Equations for all the models are given in a complete, compact,
standardized format.

NPP responses to temperature differ markegifactor models show only a tiny increase with temperature, empirical models
predict a modest S-shaped response saturating abo@(@Surrogate for drought effects), biochemical and quasi-biochemical
models show a peaked response with an optimum in the range 16-e¥&ept for DEMETER£10°C). Qualitative differences
in whether respiration exhibits a peaked or exponential response to temperature have only a modest effect on NBP. The CO
response of NPP is qualitatively similar in all but one model that misrepresents it. Where a water stress response of NPP is
represented, it is saturating in all but the same model, where NPP declines under high soil moisture. Where represented, the PAR
response of NPP is saturating, but the saturation point differs considerably.

When responses to two environmental variables are combined, the second variable typically just scales the response to the
first. In biochemical models, the temperature optimum of NPP increases withab@ it also increases noticeably with PAR
in TRIFFID and a derivative of it. Where different plant functional types (PFTs) are representgth<Ses have the greatest
maximum NPP at a higher optimum temperature than anPET. Boreal, needle-leaf trees generally have the lowest NPP.
Additional uncertainties in modelling respiration, stomatal conductance, light-use efficiency, and scaling to the canopy level
are discussed. We suggest that a concerted effort to standardize definitions, notation, units and PFTs would add a degree of
transparency that is currently lacking in NPP modelling.
© 2003 Elsevier B.V. All rights reserved.
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and the land carbon sink. At the core of most of these It is curious that this was not standardised. The fun-
models is a net primary productivity submodel but damental result given i€ramer et al. (1999)s that
many of the mechanisms behind global terrestrial pro- predicted NPP varied between 39.9 and 80.5 GtC per
ductivity are still not properly understood. As a con- year, more than a factor of two. Estimates of global
sequence of this, as well as the availability of data NPP exhibit a smaller range from 45.09 GtC per year
and computational capacity at the time of develop- (Leith, 1975 to 59 GtC per yearAmthor, 1998 with
ment, models proposed to calculate net primary pro- considerable uncertainty surrounding these figures due
ductivity and simulate the global vegetation are quite to interannual variation, relatively sparse measurement
diverse in their approaches. At one end of the spec- (both spatially and temporalljRunning et al., 2000
trum is the simple, empirically derived, correlation of and difficulties estimating the contribution of below
net primary productivity with air temperature and pre- ground biomass. So the variability in predictions does

cipitation used in the Miami modelLéith, 1975a. not refute any of the models, but neither does it vali-
At the other end is the detailed simulation of bio- date them or help to increase confidence. Other papers
chemistry used, for instance, in TRIFFIB¢x, 200} in the same series consider the significance of model

and BIOMES3 Haxeltine and Prentice, 19963,IDe- vegetation structureBpndeau et al., 1999light use
spite their different approaches, the published output submodelsRumy et al., 199Pand water use submod-
of most global vegetation models compares fairly well els Churkina et al., 1999 All tend to focus on the
with observations and it is not always clear exactly output of the models in the comparison and attempts
what the differences are between these models, why at explaining the underlying causes of the differences
they have these differences and whether any one modelare limited.
can be said to be better than the others. In this papera Cramer et al. (2001ompare six dynamic global
number of previously published NPP formulations are vegetation models under different climate change
presented in a clear, concise, standardised format andscenarios (including no change) generated by the
then their mechanisms and behaviour are systemati-HadCM2-SUL general circulation model. Under the
cally compared. The main aim of this paper is to pro- no change scenario predicted NPP varies between 45
vide a clear review of some of the techniques of NPP and 60 GtC per year. Kappa statistic tedtserud
modelling for anyone wishing to incorporate such a and Leemans, 1992lso found ‘fair' agreement be-
model into a wider system but we hope that it will tween the predicted and observed maps of dominant
also inspire those already engaged in such work. vegetation classes. Although the results of this com-
Two other recent studies have compared the output parison are more promising than those&oamer et al.
of NPP models but not the mechanisms that can help (1999) its authors remain cautious about the veracity
explain the differences in output. The Potsdam NPP of predictions, particularly at a regional scale.
Model IntercomparisonGramer et al., 1999com- Both of the studies discussed above focus on the
pared seventeen global models of terrestrial biogeo- output of the vegetation models, rather than the fine
chemistry. All were driven by standardised gridded details of their construction. By contrast, this study
monthly mean air temperature, precipitation and so- focuses on the mechanisms driving the models, pay-
lar radiation from observation databases. This led to ing particular attention to the net primary productivity
immediate discrepancies as models designed and cali-submodels. It is hoped that this will lead to a better
brated to work at a specific resolution were much less understanding of the results of ‘output’ comparison
accurate when it was altered, perhaps itself an indica- studies as well as illuminating some of the practical
tor that all is not well with these models. Standardised and philosophical issues involved in formulating veg-
input datasets for humidity, wind speed and the ini- etation models.
tial soil and vegetation distributions could not be es- A brief description and commentary for each model
tablished. In the latter two cases this was because of considered in this study is given 8ection 2 Detailed
the use of different classifications for soil types, plant equations and parameter values for each model are
types, biomes and ecosystems. It is also notable thatpresented in a standardised formatAppendices A
one model uses an atmospheric carbon dioxide level and B In Section 3each model (as given by the equa-
of 280 ppmyv, the others between 340 and 360 ppmv. tions in Appendix A) is used to calculate net primary



B. Adams et al./Ecological Modelling 177 (2004) 353-391

productivity and, where appropriate, photosynthesis

355

etation density within a biome. Nor do they predict

and respiration over a range of values for tempera- transient changes in the vegetation distribution.

ture, carbon dioxide, water and light intensity. For
those models which specify multiple plant types the

In contrast biogeochemical models assume a con-
stant distribution of vegetation, again in the form of

impact of these alternative parameterisations is also plant types or biomes. Biochemical processes such

investigated. IrSection 4the pros and cons of differ-

as photosynthesis and respiration are then simulated

ent classes of model are discussed and some of the is-according to the local climate. These processes can

sues involved in modelling respiration, stomatal con-
ductance and light-use efficiency are highlighted. The
study concludes with a summary of the main points it
has raised and some suggestions for future work.

2. Model descriptions

The models studied in this paper are only a small

sample of the considerable number of published veg-

be expressed implicitly or explicitly and there is con-
siderable diversity of formulations for both. Models
using the implicit formulation calculate NPP from cli-
mate variables without ever formulating functions for
photosynthesis or respiration. A common approach
is to modify a maximum or benchmark NPP by fac-
tors accounting for a temperature response, water
stress and carbon dioxide fertilisation. Models using
the explicit formulation use functions motivated by
plant biochemistry. Rates for each component of the

etation models. They were chosen to be representa-photosynthesis—respiration—growth process are then

tive of a range of approaches for modelling vegetation
productivity. Ten models are considered in detail. In
the following section each model is briefly described
and any distinctive features or particular problems are
highlighted. Complete equations for each model (as
gleaned from the literature but transformed into a stan-
dardised and relatively concise format) are given in
Appendix A

2.1. Broad structural classification

Before embarking on a detailed study of individual
models it is helpful to have some broad idea of the dif-
ferent forms global vegetation models can take. The
simplest approach is to divide them into two groups,
biogeographical (or correlative) models and biogeo-

calculated according to the local environment, usually
described by the temperature, atmospheric carbon
dioxide, photosynthetically active radiation and soil
water or precipitation. NPP for the system is given
by combining these components. Biogeochemical
models can be used to predict changes in vegetation
density and productivity under climate change. They
will not predict any change in either the transient or
equilibrium vegetation distribution.

In practise many models fall between these two
groups, combining aspects of both in an attempt to
model changes in density and distribution. The com-
mon restriction of both methods and their hybrids is
their reliance on an equilibrium vegetation distribu-
tion. Even if it is assumed that the vegetation can reach
an equilibrium state, it will certainly not re-adjust to

chemical (or process-based) models. Biogeographical a new equilibrium on the same time-scales as the sce-

models such as BIOMBfentice et al., 1992nd AL-
BIOC (Roelandt, 200Luse a gridded map of climate

narios of rapid climate change currently of interest. In
light of this Dynamic Global Vegetation Models have

variables to determine which of a number of plant been developed to predict transient changes in the veg-
types could be present in that grid cell. Biomes or etation structure. Again there is considerable diversity
ecosystems are then defined as particular combinationsin approaches. The biogeochemical TRIFFID model
of plant types. Biogeographical models are based on (Cox, 2001, incorporates Lotka-Volterra type compe-
the potential equilibrium vegetation and do not simu- tition to formulate a system of differential equations
late any biochemical processes of the vegetation. Thus,describing changes in both area and density of each
they can be used to investigate the response of thevegetation type. In contrast, the IBIS modé&oley
equilibrium vegetation distribution to climate change et al., 1998 extends the biogeographical approach by
but net primary productivity can only be studied as far considering the changing productivity, and thus den-
as it depends on the type of vegetation present. Bio- sity, of each element of the potential vegetation in a
geographical models do not allow for changes in veg- grid cell.
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A second broad classification arises from the struc- the implicit vegetation distributions will immediately
ture of the NPP submodel that is employed. Empirical adjust to changes in climate. If the Great Plains of
models (e.g. MiamilLeith, 1975a; King et al., 1997 America were to get the warm, wet climate of the trop-
relate NPP to temperature and precipitation using ical rain forest then they would also acquire the NPP
functions deduced from real world dagafactor mod- of a rain forest and, by implication, its vegetation.
els (e.g.Polglase and Wang, 1992; King et al., 1995,

1997 modify a base rate of productivity by a biotic 2.3. King et al. (1997), Post et al. (1997)

growth factor @) to account for carbon dioxide fertili-

sation. This may also involve some temperature depen- King et al. (1997)andPost et al. (1997)nhvestigate
dency in the determination of the carbon dioxide com- changes in ecosystem carbon density resulting from
pensation point. The quasi-biochemical models (e.g. climate change using a model combining the em-
Svirezhev and von Bloh, 1998; Lenton, 20@EME- pirical and g-factor approaches by adding a carbon
TER,; Foley, 1994 use environmental response func- dioxide fertilisation term to the Miami model. This
tions based, to a greater or lesser degree, on the bio-additional term is derived from the Farquhar photo-
chemistry of plants but do not consider the biochem- synthesis formulationHarquhar and von Caemmerer,
istry explicitly. They usually employ these factors 1982. It assumes that photosynthesis is always light
to modify a base productivity rate or the component limited, rather than Rubisco or transport limited, and
photosynthesis and respiration rates. The biochemi- is a function of both atmospheric carbon dioxide and
cal models (e.g. simple TRIFFI4untingford et al., temperature. In contrast to the Miami model, this
2000 TRIFFID, Cox, 2001and BIOME3,Haxeltine model also distinguishes 30 plant functional types.
and Prentice, 19963, lreat some, or all, of the plant  Their distribution is fixed and based on maps of ob-
biochemistry explicitly to determine photosynthesis, served vegetation. Carbon is allocated to leaf, branch,
respiration and net primary productivity rates. stem and root components at appropriate ratios for

With these broad classifications in mind, each of each plant type. Turnover rates and rooting depth
the models considered in this study is now briefly (which is used for the soil submodel) are the only
described. Where specific equations or parametersother characteristics differentiated.
are mentioned in the following text this refers to Although 30 vegetation types are distinguished in
the standardised form of the model as presented in this model, none use asCphotosynthesis pathway

Appendix A not the original publication. and exactly the same very simple Miami model is
used to calculate the base NPP of all of them. Then a
2.2. Miami model-eith (1975a) quasi-Farquhar photosynthesis scheme, the complex-
ity of which is out of keeping with the rest of the
The empirical Miami model, developed Hyeith model, is bolted on. Finally a parameteég)is intro-

(1975a) is considered to be the first global vegeta- duced as a scaling factor. This is supposed to account

tion model and is often used as a baseline for com- for efficiency losses believed to be responsible for an

parisons. It can be thought of as a biogeographical observed disparity between the potential and actual in-

model with implicit plant types. Empirically derived creases in vegetation carbon density as a result of car-

functions correlate mean annual temperature and pre-bon dioxide fertilisation. Some justification for such

cipitation with NPP. Plant types are not distinguished a factor is given but, with no reliable empirical esti-

but are implicitly included in the derivation of the cor- mates, it is impossible to assign it a meaningful value.

relation functions. Indeed,King et al. (1997)find it convenient to use a
The Miami model gives reasonable estimates of cur- value of 0.6 but admit that the actual value is almost

rent NPP rates and their distribution but this is only to certainly lower than that.

be expected given its empirical basis. However, pre-

dictions of future NPP made with the Miami model 2.4. Polglase and Wang (1992)

must be treated cautiously. Firstly, there is no mecha-

nism to account for changing vegetation density. Sec- Polglase and Wang (1998fe as-factor approach

ondly, like other biogeography models, it assumes that to develop a biogeochemical model with multiple veg-
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etation types. Space is not treated explicitly but 10 continental regions. Although this area does not ex-
biomes are distinguished and a characteristic climate plicitly change a fairly sophisticated scheme (due to
and productivity, based on observed averages, is de-Emanuel, 199bis used to describe the area—density
termined for each. This baseline productivity is then distribution of the vegetation within it and so some
modified by a biotic growth factor accounting for car- change in area is implicitly captured.
bon dioxide fertilisation. An electron-transport lim- As discussed in the review éfolglase and Wang's
ited Farquhar formulation is used to derive tempera- (1992) model above, using mean annual temperature
ture and carbon dioxide dependencies for this func- to determine the carbon dioxide response function is
tion. However, this formulation is not actually used in  problematic, particularly in biomes where there is sig-
the simulations. Instead, a simplified form is preferred nificant seasonal variation. As discussed in the review
in which the temperature dependency is absorbed by of King et al.’'s (1997)model, the efficiency scal-
a single parametelk{p). This is estimated for each ing factor is unquantified empirically and thus an ex-
biome using the mean growing season temperature.tremely elastic parameter. The logistic growth term
Equations for both models are given Appendix A is not unreasonable. However, it only relates to in-
#1 is the full model, #2 the simplified form. Carbon is traspecific competition within that biome. Given that
allocated to leaf, branch, stem and root components. an area—density distribution for each biome is also cal-
As with the model byKing et al. (1997)iscussed  culated, it seems more logical to use this in the cal-
above Polglase and Wang's (1998)odel is intended  culation of competition than the carbon density. This
to investigate changes in vegetation density resulting would also facilitate an interspecific competition term.
from changes in the climate but the biotic growth fac-
tor formulation is problematic. The simplifying pa- 2.6. Lenton (2000)
rameter k1) is particularly suspect as it is determined
from the biotic growth factor and the G@ompensa- In contrast to the empirical an@g-factor mod-
tion point functions using the average temperature for els described abovelenton (2000) employs a
each biome. As the authors themselves admit, there arequasi-biochemical model. It is zero-dimensional and
significant problems with this, particularly in biomes no distinction is made between vegetation types and

with pronounced seasonal temperature variation. locations. Photosynthesis is a function of temperature
and atmospheric carbon dioxide but not vegetation
2.5. King et al. (1995) carbon density. Respiration depends on temperature

and the vegetation carbon density. Plant biochemistry

Another g-factor model designed to investigate is not explicitly modelled but both functions are for-
changing vegetation carbon density is givenkigg mulated to have the correct general form and then
et al. (1995) It has elements of both the biogeochem- parameterised to give a reasonable estimates of NPP
ical and biogeographical approaches. Productivity for for the preindustrial climate.
each biome is described by a logistic growth equation A particular problem witiLenton’s (2000)nodel is
modified by an environmental response factor. This the independence of photosynthesis and actual vegeta-
is essentiallyPolglase and Wang's (1992nodel, tion carbon. This appears to assume that the photosyn-
with a temperature and atmospheric carbon dioxide thetic (i.e. canopy) area is constant even though veg-
dependent biotic growth factor derived from the Far- etation density may change, which is consistent with
quhar photosynthesis model. Similarly to Polglase other biogeochemical models and essentially equiv-
and Wang, the full form of the model, (described in alent to defining a baseline photosynthesis rate. Al-
#1 of Section A.4, is replaced by a simplified form,  though this is reasonable for small deviations from the
(described in #2 ofSection A.4. Again the param-  preindustrial carbon density, it becomes a dubious as-
eterisation for this simplified form is based on the sumption if vegetation carbon changes significantly as
mean growing season temperature together with athis will affect the model respiration rate but not the
scaling factor to account for photosynthetic efficiency photosynthesis rate. Any predictions from this model
losses. This NPP scheme is applied to 13 biomes thatmust also be treated cautiously since the global vegeta-
are considered to occupy a fixed area of each of 10 tion and climate are compressed to a zero-dimensional
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average and this may not behave in the same way asa single plant type, parameterised according to an
the a group of more diverse biomes represented by the‘average’ forest and net primary productivity is cal-

same model structure. culated by simulating photosynthesis and respiration.
Photosynthesis is based on the full Farquhar process,
2.7. Svirezhev and von Bloh (1997, 1998) although a simplification is also proposed. Two func-

tions of temperature are suggested to describe leaf
Svirezhev and von Bloh (1997, 1998)so develop respiration (although only one will be considered in
a quasi-biogeochemical model not dissimilar to that this study) and whole plant respiration is taken as a
of Lenton (2000)although photosynthesis and respi- constant fraction of leaf respiration. Carbon is divided
ration are not explicitly modelled. Instead, maximum between biomass density and vegetated area at a ra-
potential net primary productivity is supplied as a pa- tio based on the leaf area index, defined as a constant
rameter and modified by factors representing temper- fraction of biomass. The rate of expansion of area is
ature response, water stress, carbon dioxide fertili- logistic which introduces some intraspecific competi-
sation and intraspecific competition. These responsetion by saturating with increasing vegetation coverage.
functions are constructed to give a reasonable gen- The simple TRIFFID model is designed to investi-
eral form but are not based on rigorous biochemical gate the qualitative response of the global vegetation
or empirical analysis. In fact, the functions describing to climate change. As such the simplifications that
carbon dioxide fertilisation and competition are not have been made seem reasonable and allow for some
explicitly stated at all but immediately combined into mathematical analysis of the model. However, the full
a single function, presumably for mathematical con- Farquhar formulation may not be the most appropriate
venience. Although total carbon is the principle de- photosynthesis scheme. It is out of keeping with the
scriptive variable for the vegetation this is related to simplicity elsewhere in the model and the combination
the vegetated area fraction to calculate evapotranspi-of a such detailed biochemical expression with a very
ration. Note that the model calculates NPP in terms basic respiration scheme and a very broad parameteri-
of kgC per year so the vegetated area of the Earth (assation for a single generic vegetation type seems awk-
given in Appendix B is used in this study (but notin  ward. Clearly the model also suffers from the same
the original model) to convert to kgCper year. The limitations arising from a global average vegetation
vegetation area function described above could also beand climate as théenton (2000)and Svirezhev and
used but the constant value is preferred for simplicity. von Bloh (1997, 1998jnodels described above.
Svirezhev and von Bloh (1997, 1998)odel is
intended as a tool for qualitative investigation of the 2.9. TRIFFID—Cox (2001)
interaction between climate and vegetation and partic-
ular attention has been paid to making the equations The TRIFFID model is a biogeochemical-biogeo-
mathematically tractable. While this is an under- graphical hybrid dynamically simulating changes in
standable requirement, the combination of the carbon both vegetation density and distribution. Photosynthe-
dioxide fertilisation and competition terms confuses sis is calculated using the full Farquhar formulation
the mechanisms of the model and makes understand-while canopy respiration is related to the rate of Ru-
ing its behaviour more difficult. As with theenton bisco carboxylation. Both are modified by a piecewise
(2000) model, the compression of the global vegeta- linear water stress factor and scaled to the canopy level
tion and climate (in this case including hydrology) to a using Beer’s law. An additional water stress factor for
zero-dimensional average means that any predictionsphotosynthesis is included via an integrated stomatal
arising from this model must be treated cautiously. = conductance function which relates internal leaf car-
bon dioxide to atmospheric carbon dioxide and humid-
2.8. Simple TRIFFID-Huntingford et al. (2000) ity. The maintenance respiration rate is derived from
the canopy rate and growth respiration is taken to be a
Huntingford et al. (2000present a simplified ver-  constant fraction of net productivity. Modifications are
sion of the biogeochemical TRIFFID modeCdgx, made for plant types using the @athway. Five vege-
2007 described inSection 2.%elow. It is based on  tation types are defined. Carbon is partitioned between
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leaf, root, stem and areal expansion at a ratio depend-mand for soil moisture. The demand part of this re-
ing on the leaf area index. Phenology is described via lationship is based on the rate of evapotranspiration
a temperature dependent leaf litter fall function. An al- from the land surface and appears to be independent
lometric relationship relates wood carbon to leaf area of any vegetation present. These points aside, the util-
and a pipe model relates the canopy height to wood ity of the model in climate change studies is compro-
carbon. The area of each vegetation type is dynami- mised by the absence of carbon dioxide fertilisation
cally described by a partial differential equation with and competition between plant types.
intra- and inter-specific competition being introduced
via a Lotka-Volterra type process. 2.11. BIOME3—Haxeltine and Prentice (1996a,b)
TRIFFID is a relatively comprehensive vegetation
model, incorporating quite detailed biochemistry, BIOMES is a biogeographical-biogeochemical hy-
physiognomy and dynamics. Although it is fairly brid model. Seven plant functional types are identi-
elegant mathematically, having only a few step func- fied. The potential distribution of woody plant types
tions and no rule-based behaviour, it remains a very is determined by their minimum temperature thresh-
complicated model which is somewhat opaque and olds. Grass is assumed to potentially occur every-

mathematically intractable. where. Photosynthesis is calculated by simultaneously
solving two equations. The first is based on a light and
2.10. DEMETER-Foley (1994) Rubisco limited Farguhar model but is actually calcu-

lated based from an optimisation of daytime produc-

DEMETER is a quasi-biogeochemical biogeo- tivity and Rubisco carboxylation rates. The second is
graphical model. Sixteen plant functional types are based on a stomatal conductance model and thus in-
distinguished and the global distribution at each time corporates the effects of water stress. Respiration is
step is determined from a set of ecophysiological con- divided into leaf, root and transport components. Leaf
straints. A potential photosynthesis rate is calculated respiration is calculated from the rate of Rubisco car-
by modifying a maximum photosynthesis rate by a boxylation, the transport rate is related to temperature
piecewise linear factor accounting for the tempera- and the root rate is constant. An additional growth
ture response and a water stress function based onrespiration tax is applied to all positive productivity.
the evapotranspiration rate. This is then transformed Some modifications are made to account for the C
by functions accounting for canopy scaling and the pathway. Phenology is based on rules driven by tem-
guantum efficiency. Carbon is allocated to leaf, stem perature and water levels. Competition is simulated by
and root components. Maintenance respiration is cal- selecting the dominant tree and grass type according
culated separately for each by modifying a base value to NPP and then applying additional rules to account
with a Q1o temperature function. Growth respiration for drought, fire and shading. Leaf area index can be
is taken to be a fixed proportion of any positive pro- considered the main descriptive variable for each veg-
ductivity. Minor modifications are made to account etation type. It is found by optimising NPP and leaf
for plants using the g£pathway. Leaf area index is a area index with the restriction of a minimum leaf area
prescribed constant during each of the growing, dry requirement.
and winter seasons. BIOMES is the most comprehensive, and compli-

The DEMETER model utilises an intermediately cated, model considered in detail in this study. Itis also
complex formulation for vegetation functional pro- the most impenetrable and computationally intensive.
cesses. Of particular note is the constancy of the tem- Notwithstanding the generally involved equations of
perature response function over a broad range of grow- the model, the two expression for photosynthesis are
ing temperatures. This is based on the assumptionsolved simultaneously by a bisection method. Then
that plant biochemistry acclimatises to temperature the NPP and leaf area index are experimentally opti-
changes within this range on a sub-monthly time scale. mised by calculating an ‘extensive range’ of values.
The water stress factor is a linear function of a wa- All of this contributes to relatively high overheads.
ter index. Closer inspection reveals that this index is It is also interesting to note that different vegetation
calculated as the difference between supply and de-types in BIOMES are effectively differentiated by a
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single parameter —their minimum canopy transpira- table of Appendix B Where plant type specific pa-

tion rate, and that a fairly simple rule-based system is rameters were required a generic set of values, based

used to simulate competition and determine the global on the values given for forest plant types, was used for

vegetation distribution. the general comparison of all models. Where possible
the responses of different vegetation types within a
model and equivalent vegetation types in different

3. Comparison of model behaviour models were also compared. All carbon fluxes are
given in kgC/n? per year.

In order to compare the behaviour of the models  The results are broken down into four main sections.
presented irSection 2net primary productivity and, = Three sections deal with the generic responses of pho-
where appropriate, photosynthesis and respiration, tosynthesis, respiration and net primary productivity
were calculated for each formulation over a range or and are further divided into subsections dealing with
temperature, carbon dioxide, soil water/precipitation each of the environmental variables. The flaws, mer-
and light values. Since it is not possible to construc- its and differences of the models are discussed along
tively compare the response to simultaneous changeswith the general problems associated with modelling
in more than two of these variables, some had to be the process in question. The fourth section looks at
held constant in each run. The constant temperaturethe modelled responses of different vegetation types.
value was chosen to be the global average;Q5
Carbon dioxide was set to the current level in the 3.1. G Photosynthesis
Earth’s atmosphere, 350 ppmv. Water and photosyn-
thetically active radiation were set to be saturating, or  Only five of the ten models considered in this
close to saturating in those models where saturation study calculate photosynthesis explicitly. Of these the
does not always occur, in order to remove any sec- DEMETER and_enton (2000)nodels do not directly
ondary impact they may have on the variable under consider any biochemistry. Instead, both modify a
consideration. The way in which water is represented base photosynthesis rate by factors accounting for
in the various models is particularly non-standard. the prevalent environmental conditions. In contrast,
Some modelslith, 1975a; King et al., 1997use versions of the=arquhar and von Caemmerer (1982)
precipitation in mm per year, otherS\irezhev and biochemical formulation are used in the simple TRIF-
von Bloh, 1998 actual soil water, othersCpx, 2001; FID, TRIFFID and BIOME3 models.

Foley, 1994; Haxeltine and Prentice, 199§ailse

a volumetric soil water scale. To overcome this, all 3.1.1. Temperature response of photosynthesis
non-volumetric scales are transformed to the interval In broad terms all five models show a similar re-
[0,1] (i.e. equivalent to the volumetric scale), based sponse to changes in temperatufgg( 1). The curves

on a maximum precipitation of 4000 mm per year in are approximately parabolic. The maximum occurs at
Leith et al. (1975) anKing et al.’s (1997inodels, about 28°C in the Lenton (2000) simple TRIFFID
and a maximum soil moisture content of 20gfcm  and TRIFFID models, at 20C in BIOME3 and about

in Svirezhev and von Bloh’s (1998hodel. Thus, to 8°C in DEMETER. Photosynthesis declines to 0 at
ensure saturation, water was set to be 1 (i.e. satu-about 48C in all models exceptenton’s (2000)or
rated on the volumetric scale), except Svirezhev which it is zero at 40C. Lenton (2000)and DEME-
and von Bloh’s (1998Jnodel where productivity de-  TER also predict that no photosynthesis occurs below
creases if soil water exceeds 9.5 gfcamd so avalue  0°C, TRIFFID and BIOME 3 predict small amounts of
of 9.5g/cnf = 0.475 after the transform to [0,1] photosynthesis until temperatures fall belevt0°C,
was used. Incident photosynthetically active radiation while simple TRIFFID predicts that photosynthesis
was set at 120 W/f= 0.00055 Ein/(Ms) and a day  will continue in temperatures as low as50°C.

length of 12h was assumed. Where the vegetation The Lenton (2000)model clearly predicts much
carbon density was required, this was taken to be lower photosynthesis rates at all temperatures. This is
4.13kgC/m. Values for all non-plant functional type  because it is calibrated for the average global vege-
specific parameters were as stated in the appropriatetation under average global solar radiation and water
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Fig. 1. Temperature response of photosynthesis when other vari-
ables are held constant af; = 350 ppmv,W = 1, I = 120
W/m?: (red line) Lenton, (blue line) simple TRIFFID, (black line)
TRIFFID, (green line) DEMETER, (magenta line) BIOME3.

levels whereas the others are parameterised for a light
and water saturated forest vegetation type. The early
maximum and subsequent linear decrease between 1
and 40°C in the DEMETER model arises from a com-
bination of factors. The linearity is a result of the
piecewise linear function used to describe the direct
effect of temperatureqg. (A.9.3). The early decrease

is a result of the temperature dependence in the light
use efficiency Egs. (A.9.5) and (A.9.6) The differ-
ence between the two TRIFFID models, particularly
at low temperatures, comes from their treatment of the
maximum rate of Rubisco carboxylatidny,. As well

as some parameter differences, the formulation used
in TRIFFID (Eq. (A.8.11) includes a low tempera-
ture inhibition function which is not used in the sim-
ple TRIFFID formulation Eq. (A.7.11). The location

of the maximum in the BIOME3 model is probably a
result of the of the optimised Rubisco carboxylation
rate €q. (A.10.11).

3.1.2. Carbon dioxide response of photosynthesis

All four models which include carbon dioxide
(DEMETER does not) exhibit nearly identical re-
sponsesKig. 2). The obvious differences in magnitude
arise from the differing bases rate of photosynthesis
at 15°C.

3.1.3. Water stress and photosynthesis

All three models which consider the effects of wa-
ter stress on photosynthesis (simple TRIFFID consid-
ers water in the form of atmospheric humidity which

Carbon Dioxide ppmv

Fig. 2. Response of photosynthesis to atmospheric carbon dioxide
levels when other variables are held constant 7at= 15°C,

W =1, I = 120W/n?. (red line) Lenton, (blue line) simple
TRIFFID (black line) TRIFFID, (magenta line) BIOMES.

is taken to be a function of temperature in this study)
redict a saturating respongeéid. 3). The main dif-
erence is in the from of saturation and location of the
saturation point. TRIFFID predicts a piecewise linear
response, saturating whé# is approximately 0.38.
DEMETER also predicts a piecewise response which
is near linear until saturation whét is approximately
0.75. BIOME3 predicts a continuous response, satu-
rating whenW is approximately 0.65.

The water stress responses are remarkably simi-
lar given that treatment of water stress differs signifi-
cantly between the three models. TRIFFID employs a
very simple, piecewise linear functiokq. (A.8.20)
with a fixed saturation point to represent the effects
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Fig. 3. Response of photosynthesis to water stress when other
variables are held constant aI! = 15°C, Ca = 350ppmv,

I = 120W/n?: (green line) DEMETER, (black line) TRIFFID,
(magenta line) BIOME3.
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of soil water levels. (Although it should be pointed
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a saturating response with a saturation point around
80 W/n?. DEMETER shows a very gently saturating
response in photosynthesis until around 145 Waia
ter which it begins to decline. BIOME3 predicts a
linear increase in photosynthesis up to 150 A/
which point the response begins to slowly saturate.
The saturation in the DEMETER model arises from
the interplay of the two inverse logarithmic functions
of photosynthetically active radiation in the light use
efficiency formulations Eqgs. (A.9.5) and (A.9.6)
The negative response at very high levels of photosyn-
thetically active radiation appears to occur because
of water stress. Evapotranspiration is directly related
to solar radiation in DEMETER and, even when soil
water is saturating, very high solar radiation levels re-
sult in evapotranspiration demand exceeding supply.
Photosynthetically active radiation is incorporated
into the TRIFFID models as a linear factor of the light

out that atmospheric humidity can also have an impact |imited photosynthesis rate (Egs. (A.7.5) and (A.8.5)).

though the equation for internal leaf carbon dioxide
level (Eq. (A.8.10) but this depends only on temper-

ature, which is constant, in this study). Water stress in
DEMETER is based on evapotranspiration supply and

The saturating response emerges as the RuBP and
transport limited photosynthesis rates start to limit the
overall photosynthesis rate at high light levels. This
does not occur in BIOME3 as the optimisations in

demand rates which are calculated using the ambientthat model assume that nitrogen and Rubisco activity
temperature and solar radiation levels but apparently gre redistributed through the canopy so as to utilise all

independently of the state of the vegetation. The satu-

available light and give a light use efficiency which

ration point is thus determined by the temperature and js independent of photosynthetically active radiation.

incident solar radiation. When the water level is be-
low the saturation point the dominant effect is the ac-
tion of a linear water stress functioiq. (A.9.4) on
the base photosynthesis rakg( (A.9.2) but a small

degree of non-linearity creeps in as the base photo-

This results in a linear response with slight saturation
occurring at very high light levels due to water stress.
This can be seen in the model formulation with pho-
tosynthetically active radiation appearing only as a
linear factor inEqgs. (A.10.1) and (A.10.11)

synthesis rate also occurs in the canopy scaling func-
tion (Eq. (A.9.1). BIOME3 employs a similar model  3.1.5. Summary of photosynthesis responses
to calculate evapotranspiration but factors the canopy  photosynthesis shows a similar near-parabolic re-
conductance of the vegetation into the evapotranspira- sponse to temperature in all the models considered.
tion demand equatiorEQy. (A.10.13) and then uses @ The main differences are in the threshold tempera-
stomatal conductance model, rather than a simple lin- tyres. The low temperature threshold for photosyn-
ear factor, to calculate the effects of water stress. This thesis ranges from 0 te60°C, the optimum temper-
gives a smoothly saturating response. The saturation gtyre ranges from 8 to 2&€ and the high temperature
point is determined by temperature, solar radiation and threshold ranges from 40 to 5@. All models show
the state of the vegetation itself. a very similar, saturating response to atmospheric
carbon dioxide. Water responses are also all satu-
3.1.4. Photosynthetically active radiation and rating although the location of the saturation point
photosynthesis varies considerably due to the diverse functions used
There is some difference in the response of pho- to represent water stress and their interplay with the
tosynthesis to photosynthetically active radiation lev- solar radiation level. The way in which photosynthet-
els Fig. 4. Simple TRIFFID and TRIFFID show ically active radiation is treated in the models is also
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quite variable. This leads to saturating responses in
simple TRIFFID and TRIFFID, a near linear increase
then decline in DEMETER and a linear response in
BIOMES. The interplay between solar radiation and
soil water can be important in the latter two models.

W »

N
[ S N U N N

Respiration KgC/mzfy

3.2. Respiration

-

Five of the models considered in this study explic- o5}
itly calculate plant respiration. Approaches are varied. ) r——
The Lenton (2000)model bundles all respiration pro-
cesses into a single response function based on the
total vegetation carbon. Simple TRIFFID recognises Fig. 5. Temperature response of respiration when other variables
leaf respiration and non-leaf respiration. Leaf respi- f?;ee)hffnfoonnszﬁrteaﬁﬁe? 3"5“0 FI):r'nI'\F/Q’IVI‘:/F:IDl’(Ib ;Cizﬁnvg"jal({:elz‘ft)
ration is related to the rate of Rubisco carboxylation. (areen fine) 'DEh‘leTER’s(m;gema ine) BIOMES. ’
Non-leaf respiration is just a constant fraction of the
leaf respiration. TRIFFID recognises leaf and non-leaf
maintenance respiration. Leaf respiration is a function of the increase differs slightly. Simple TRIFFID and
of temperature (not the rate of Rubisco carboxyla- Lenton (2000)predict a concave up curve, TRIFFID
tion). Non-leaf maintenance respiration is based on the and BIOME3 a concave down curve. Although al-
non-water stressed leaf respiration rate and an elab-ways positive, the gradient of the DEMETER response
orate calculation to determine the amount of carbon curve changes suddenly around 8. The most sig-
stored in the stem and roots from the leaf area in- nificant differences in the respiration response occur
dex. An additional growth respiration tax of 25% is when the temperature exceeds®°30D. Lenton (2000)
levied on any positive productivity remaining. DEME- and DEMETER predict a continued exponential in-
TER recognises leaf, stem and root respiration. All are crease in respiration rate. TRIFFID predicts a brief
calculated by modifying a base respiration rate with decrease followed by an exponential increase. Simple
the same temperature response function. The carbonTRIFFID predicts that respiration will decrease to 0
in each plant component is determined according to at 60° C. BIOME3 predicts that respiration decreases
constant allocation ratios for each plant type. An ad- a little up to 45° C when it drops suddenly and then
ditional growth respiration tax of 33% is levied on begins to increase slowly.
any positive productivity remaining. BIOME3 recog- The difference in magnitude of respiration rates is
nises leaf, wood and root respiration. Leaf respiration hard to diagnose. Clearly it is lower for theenton
is related to the rate of Rubisco carboxylation. Stem (2000) model as it is parameterised for globally av-
respiration responds to temperature, with stem carboneraged water and solar radiation levels. In the other
being diagnosed from leaf area index. Root respiration models it may be due to the base photosynthesis rate
occurs at a constant rate proportional to the leaf areaand associated growth tax for the specified environ-
index. A growth respiration tax of 20% is applied to ment, the basic parameterisation of the functions used,

foe)
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o
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20 40 60

Temperature C

any positive productivity remaining. or the way in which carbon is allocated to the individ-
ual plant components. The sudden gradient change in
3.2.1. Temperature response of respiration the DEMETER model corresponds to a similar shift in

In all models temperature is the dominant envi- photosynthesis rate at about the same point and shows
ronmental factor determining the respiration rate but up here as a result of the growth respiration tax. The

the nature of the response is quite differefig( 5). same is true for the brief downward trend predicted by
All models predict that respiration declines to 0, or TRIFFID and BIOME3 above 30 C. In both cases
very close to 0, at temperatures belevi0° C. Be- non-growth respiration regains dominance as photo-

tween —10 and 30 C all five models predict in-  synthesis declines, resulting in an increasing respira-
creasing respiration although the form and magnitude tion rate.
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3.2.2. Response of respiration to carbon dioxide,
water and photosynthetically active radiation

Only two of the models considered in this study
include a direct response of respiration to any envi-
ronmental variables besides temperature. In TRIFFID,
leaf respiration depends on soil water and tempera-
ture, in BIOMES it depends on soil water, atmospheric
carbon dioxide, photosynthetically active radiation
and temperature via the Rubisco optimisation scheme
(Eq. (A.10.11). However, in both of these models,
the growth respiration tax on photosynthesis domi-
nates the respiration rate compared to the response
to these environmental factors. In fact, their impact is Fig. 6. Temperature response of net primary productivity when
sufficiently limited that (non-growth) respiration can other variables are held constant &t = 350 ppmv, W = 1,

be taken to depend on temperature alone in all models! = 120 W/n?: (dashed magenta line) Miami, (dashed red line)
King et al. (1997) (dashed blue line) Polglase and Wang #1,

NPP kgC/m?ly

-40 -20 o] 20 40 60

Temperature C

considered in this study. (dashed black lineling et al. (199541, (cyan line) Svirezhev and
von Bloh, (red line) Lenton, (blue line) simple TRIFFID, (black
3.2.3. Summary of respiration responses line) TRIFFID, (green line) DEMETER, (magenta line) BIOME3.

Temperature is the main environmental variable de-
termining the respiration rate. Carbon dioxide, water
and photosynthetically active radiation levels have a (1998) model and simple TRIFFID, for which NPP
small impact in some models but this is over-shadowed is always non-negative at sub-zero temperatures. At
by the growth respiration tax on photosynthesis. In all temperatures above 4Q Lenton (2000) TRIFFID,
models respiration rates increase in a fairly similarway DEMETER and BIOMES all predict significant nega-
up to 30°C. Above this temperature there is a differ- tive NPP. In contrastSvirezhev and von Bloh (1998)
ence of opinion. Three predict a continued exponential predict that NPP declines to zero but never becomes
increase in respiration rate, one a decline to zero and negative, while simple TRIFFID shows a slight dip
one a rapid decline followed by a slow increase. The into negative NPP which returns to O when the temper-
respiration models are relatively straightforward and ature reaches 6@C. Among the biochemical models
there is no mystery about why the response functions there is some variation in the optimal, high and low
have the shape that they do, only whether or not they temperatures for NPP. As well as a difference in form

should have that shape. between all the models studied, there is also a con-
siderable difference in the magnitude of the predicted
3.3. Net primary productivity rate of NPP.
The empirical models saturate at high temperatures
3.3.1. Temperature response of net primary but do not decline in the way that might be expected
productivity because of the way in which they are structured. The
The temperature responses of net primary produc- data used to construct these models is based on annual
tivity fall into three main groupsKig. 6). The em- averages. An average annual temperature abo%€ 30

pirical models predict that NPP increases with tem- is very unlikely and there is no data available with
perature up to approximately 8& and then remains  which to construct the response to such conditions, so
at that rate. Thes-factor models show only a very the given model functions were extrapolated in this
small, slow increase in NPP with temperature. The study. In practise this is probably pushing the model
guasi-biochemical and biochemical models all show beyond its intended purpose and so results at very
a similar form of parabolic response between 0 and high temperatures should be treated cautiously. The
45°C. Below O°C they all predict slightly negative  near absence of a temperature response ig-flaetor
NPP which returns to 0 as temperature decreases fur-models is highly suspect. It arises because the tem-
ther. The exceptions arBvirezhev and von Bloh’s  perature dependence only occurs in ghfactor itself
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and this is then multiplied by a factor based on the
deviation of atmospheric carbon dioxide from a base
value Egs. (A.3.1) and (A.4.2) Since this deviation

is generally small the potential impact of tefactor,

and the associated temperature dependency, is limited.
The true temperature dependence in these models is

built into the constant base NPP rate attributed to
each biome type. The form of the quasi-biochemical
and biochemical models can be most easily under-
stood by studying their photosynthesis and respiration
functions which are described 8ections 3.1 and 3.2
The parabolic responses of thenton (2000)and
Svirezhev and von Bloh (1998hodels are probably
more appropriate high temperature extrapolations of
the empirical models. The other biochemical models
predict much higher NPP rates but this is probably an
artifact of the methodology used in this study. Since
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Fig. 7. Response of net primary productivity to atmospheric carbon
dioxide levels when other variables are held constarft at: 15°C,

W = 1,1 = 120 W/n?: (dashed red lineiing et al., 1997 (dashed
blue line) Polglase and Wang #1, (dashed green line) Polglase
and Wang #2, (dashed black ling)ng et al., 1995#1, (dashed
cyan line)King et al., 1995#2, (cyan line) Svirezhev and von

output is scaled to an annual rate, a temperature of Bloh, (red line) Lenton, (blue line) simple TRIFFID, (black line)

40°C in these models is applied day and night, 365

TRIFFID, (magenta line) BIOME3.

days a year. They also assume saturating water and
solar radiation levels as opposed to the average levels|y contrast to thisSvirezhev and von Bloh's (1998)

built into the parameterisations of the other models.
As such it is probably not appropriate to attempt to

model gives a parabolic relationship with a maximum
whenW = 0.475.

compare the magnitude of NPP rates between the The empirical models indicate that there is an up-

different types of model.

3.3.2. Carbon dioxide response of net primary
productivity

The response to carbon dioxide fertilisation is very
similar for all models except that ddvirezhev and
von Bloh (1998)(Fig. 7). There is a general upward,
but saturating, trend in NPP with increasing car-
bon dioxide. NPP actually decreases with increasing
carbon dioxide in Svirezhev and von Bloh's model
(1998). This is because that model is not really set
up to deal with extra carbon being added to the at-
mosphere and it leads to an increase in competition
in the combined fertilisation/competition function
(Eg. (A.6.3) even though vegetation carbon is un-
changed. The difference in magnitude of NPP is an
artifact of the base NPP rate at 45 and should be
disregarded.

3.3.3. Water stress and net primary productivity

Six of the ten models considered here include a
water stress function. The empirical Miami aliéhg
et al. (1997)models show a saturating relationship,
as do DEMETER, TRIFFID and BIOME3F(g. 8.

per limit for W of approximately 0.35 (equivalent in
these models to precipitation of 1500 mm per year)
above which further precipitation does not enhance
NPP unless the temperature is also increased. TRIF-
FID, DEMETER and BIOME3 are largely in agree-
ment with this although the location of the saturation

0.4 0.6 0.8 1

Water (volumetric ')

Fig. 8. Response of net primary productivity to water stress when
other variables are held constant &= 15°C, C4 = 350 ppmyv,

I = 120 W/n?: (dashed magenta line) Miarkihg et al., 1997
(cyan line) Svirezhev and von Bloh, (green line) DEMETER,
(black line) TRIFFID, (magenta line) BIOMES3.
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BIOMES.
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3.3.5. Summary of net primary productivity responses
All models considered in this study show a strong
temperature response for NPP. The empirical mod-
els predict a saturating response as water becomes

a limiting factor although extrapolation to high tem-
peratures is probably not valid for these models. The
B-factor models show only a very weak response as
temperature dependency is mostly built into the con-
stant parameterisation. The quasi-biochemical and
biochemical models predict a parabolic response. All
models, exceptSvirezhev and von Bloh’s (1998)
show a similar increasing but saturating response to
atmospheric carbon dioxide levels. Of the models
which include water stress all except thaSfirezhev
and von Bloh (1998show a saturating response as
water levels increase and other factors become limit-
ing. Svirezhev and von Bloh's (1998hodel predicts

a parabolic response with NPP decreasing as water

point varies. The reasons behind this response arejeyels pass a critical threshold. The response of NPP
best understood through the responses of photosyn-tg photosynthetically active radiation is predicted to

thesis and respiration discussedSections 3.1 and
3.2 The parabolic response @virezhev and von
Bloh’s (1998) model is in stark contrast to all the
others. At first sight is appears incorrect as very wet

be saturating in all models which consider it although
the location of the saturation point is highly variable.

3.4. Net primary productivity response to changes in

ecosystems can be among the most productive in theywyo variables

world (Leith, 1975. However, Svirezhev and von
Bloh’s (1998) model is based on a single, generic

So far only responses to changes in a single en-

global vegetation type. If the composition of this yironmental variable have been considered. But what
vegetation is assumed to be static, or at least rela- nappens if more than one factor is affecting NPP? In
tively slow to change, then very high soil water levels particular, do the intricate interactions between vari-
could be expected to lead to a severe reduction in gples in the complicated biochemical models result
productivity among the many plants which will not i, significantly different behaviour to the multiplica-

tolerate water logged soils. Indeed, there is a case t0tjye combination of several independent factors used

be made for including a similar response in at least
some of the vegetation types of the biogeochemical
models.

3.3.4. Photosynthetically active radiation and net
primary productivity
Only four models, simple TRIFFID, TRIFFID,

DEMETER and BIOME3 include a response to pho-
tosynthetically active radiation. They all show a near
linear increase followed by saturation although the
position of the saturation point varies considerably
(Fig. 9. This echoes the form of photosynthesis and

in the quasi-biochemical models? It is not really pos-
sible to effectively compare the surfaces generated by
two simultaneously changing variables. Although dif-
ferences in magnitude can be filtered out by normal-
ising or comparing gradients, the inherent differences
in critical threshold values between all models hinders
the extraction of useful information from such sur-
faces. Instead, a general idea of how two variables may
be interacting is sought by comparing the response
curves for a particular variable, such as temperature,
at three fixed values for another, such as water.
Six cases are shown fRig. 10 (a and b) temper-

respiration responses for these models and is best un-ature and carbon dioxide, (c and d) temperature and

derstood by reference to those procesSei{jons 3.1
and 3.3.

photosynthetically active radiation, (e) temperature
and water, (f) carbon dioxide and water, (g) carbon
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Fig. 10. Responses of net primary productivity to changes in one environmental variable at three fixed values of another. The coloured
lines correspond to different models: (red lingdnton, 2000 (blue line) simple TRIFFID, (green line) DEMETER, (black line) TRIFFID,
(magenta line) BIOME3. The line styles correspond to different values of the second variable: (a and b) response to temperature with ---
C, = 250, — (thick) Ca = 350, — (thin) Ca = 350; (c and d) response to temperature with {psr = 30, — (thin) Ipar = 70, —

(thick) Ipar = 120; (e) response to temperature with -W-= 0.3, — (thin) W = 0.6, — (thick) W = 1.0; (f) response to atmospheric

carbon dioxide levels with --W = 0.3, — (thin) W = 0.6, — (thick) W = 1.0; (g) response to atmospheric carbon dioxide levels with

--- Ipar = 30, — (thin) Ipar = 70, — (thick) Ipar = 120; (h) response to photosynthetically active radiation levels withw-= 0.3,

— (thin) W = 0.6, — (thick) W = 1.0. In all cases, if a variable is not one of the two being considered it is held fixefl at15°C,

Ca = 350 ppmv,W = 1 volumetric scale/par = 120 W/n?.

dioxide and photosynthetically active radiation, (h) 3.5. Responses of different plant types including
photosynthetically active radiation and water. As can those using the £pathway

be seen, the effect of the second variable is essen-

tially to scale the response to the first. Some small  Five of the modelsFRolglase and Wang, 1992; King
differences in curvature do occur, notably in the re- et al., 1995 TRIFFID, DEMETER and BIOME3)
sponse to atmospheric carbon dioxide and water in include parameterisations for different vegetation
BIOMES3, but they do not appear to be significant. types. Theg-factor models are of little interest as
Of course, there may be more complicated effects their generic responses to environmental conditions
concealed in the covariance of two factors over their are limited and the vegetation type parameterisation
full range or the combined effect of three or more amounts to little more than defining the base NPP
variables but the limited investigation undertaken rate. The other models are more interesting with sev-
here does seem to imply that simple multiplicative eral important parameters in the model being adjusted
factors will yield similar results to more intricate for different plant types and fundamental changes
functions. being made to the model formulations to account for
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Fig. 11. Photosynthesis and respiration responses of different plant types in the DEMETER model to temperature, carbon dioxide, soil
water and photosynthetically active radiation. Solid lines are photosynthesis, dashed lines respiration: (cyan line) humid tropical forest,
(green line) temperate deciduous forest (magenta line) boreal forest, (red §rgpss, (blue line) ggrass, (black line) generic.

C4 photosynthesis. In this section the responses of forest is the least productive, followed by temperate
the various plant types are compared for each model. deciduous forest, humid tropical forest angd g ass.
This is mostly due to the different constant base rates

3.5.1. Plant types in DEMETER used for photosynthesis and respiration.
The NPP of all plant types in DEMETER shows _
a similar form of response to temperatufég 12). 3.5.2. Plant types in TRIFFID
The G grass IS more productive than otheg ﬁ]ant The NPP of all plant types in TRIFFID also shows

types between 35 and 4G. It can be seen ifig. 11 a similar form of response to temperatufég(. 14).

that this is because of a lower respiration rate at these However, the maxima for all thegplant types occur
temperatures which is determined by the base respi-around 30C and the maximum for £grass occurs
ration rate parameterisations @rasses are more pro- close to 40C by which point NPP is close to 0 in
ductive than any €plant type between 10 and 486, the G types. NPP only becomes positive fof grass
particularly in the higher part of this range. This is around 5C, compared with-5°C for C3 types and
due to both a higher photosynthesis and a lower res- remains lower until around 3Z. All of this is de-
piration rate. All plant types have the same response termined by the form of the photosynthesis response
to changes in water and photosynthetically active ra- (Fig. 13 as the respiration response is very similar
diation. Although NPP in all the £plant types show  to that of G plant types. All plant types show the
essentially the same form of response to all environ- Same saturating response to increasing carbon dioxide
mental variables, it does vary in magnitude. Boreal levels except ¢ types which show no response. All

0
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Fig. 12. Net primary productivity response of different plant types in the DEMETER model to temperature, carbon dioxide, soil water and
photosynthetically active radiation: (cyan line) humid tropical forest, (green line) temperate deciduous forest, (magenta line) boreal forest,
(red line) G grass, (blue line) ggrass, (black line) generic.
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Fig. 13. Photosynthesis and respiration responses of different plant types in the TRIFFID model to temperature, carbon dioxide, soil water
and photosynthetically active radiation. Solid lines are photosynthesis, dashed lines respiration: (cyan line) broadleaf tree, (magenta line)
needleleaf tree, (green line) shrub, (red ling) @tass, (blue line) ggrass, (black line) generic.
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Fig. 14. Net primary productivity response of different plant types in the TRIFFID model to temperature, carbon dioxide, soil water and
photosynthetically active radiation: (cyan line) broadleaf tree, (magenta line) needleleaf tree, (green line) shrub, (redglias3,Eblue
line) C4 grass, (black line) generic.

plant types show the same response to water stresgproximately 22C when they gain a slight advantage.
and photosynthetically active radiation although NPP Shrubs are the second least productive except above
in C3 grasses appears to saturate at a higher light levelapproximately 40C. Next are broadleaf trees, then
than for other types. As regards the magnitude of NPP, C3 grass. The maximum of £grass is significantly
needleleaf trees are least productive except below ap-greater than that of anyzQype.
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Fig. 15. Photosynthesis and respiration responses of different plant types in the BIOME3 model to temperature, carbon dioxide, soil water
and photosynthetically active radiation. Solid lines are photosynthesis, dashed lines respiration: (cyan line) humid tropical forest, (green
line) temperate deciduous forest, (magenta line) boreal forest, (red lnep@ grass, (yellow line) £ cool grass (blue line) £warm

grass, (black line) generic.
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Fig. 16. Net primary productivity response of different plant types

photosynthetically active radiation: (cyan line) humid tropical forest, (green line) temperate deciduous forest, (magenta line) boreal forest,
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in the BIOME3 model to temperature, carbon dioxide, soil water and

(red line) G cool grass, (yellow line) & cool grass, (blue line) £warm grass, (black line) generic.

3.5.3. Plant types in BIOME3

As with the previous models, all plant types in
BIOME3 have a similar form of response to tem-
perature Fig. 16. NPP becomes positive at approx-
imately 0°C for C3 plant types and 10C for the G
grass types. Maximum NPP occurs close to°@8
for Cz plant types and 25C for C4 grasses. In all

3.5.4. Summary of the responses of different plant
types

There is a general consensus among the three
models studied here thaty(hotosynthesis is more
efficient at high temperatures than thg @athway.
TRIFFID and BIOME3 also predict that thes@ath-
way has a higher minimum temperature threshold for

cases NPP becomes negative again when the tem-positive NPP than the £pathway although DEME-

perature reaches approximately °4Q) At very high
temperatures NPP of the humid tropical forest type
is significantly more negative than the others as a
result of a higher respiration rat€ig. 15. All plant

types have the same response to carbon dioxide lev-

els except the g grasses which show no response.
Although all plant types have the same saturating
response to water levels, the €ool grass and boreal
forest types achieve maximum NPP at a much lower
water level than the other types. Thg @arm grass
requires the highest water level to achieve maximum

photosynthesis. Responses to photosynthetically ac-

tive radiation are the same for all plant types except
at very high levels when saturation, or even decline,
occurs as a result of water stress. This occurs for
both cool and warm g grasses around 150 W#m
and not at all (for light levels below 200W?Ah
for the G grass or boreal forest plant types. In
general, the boreal forest plant type has the lowest
NPP, followed by G cool grass, temperate decidu-
ous forest and humid tropical forest. The maximum
NPP of both the ¢ grasses is significantly greater
than any G type for carbon dioxide levels around
350 ppmv.

TER does not recognise this. DEMETER predicts that
C3 grass has a higher temperature threshold than other
C3 plant types but TRIFFID and BIOME3 do not
agree. The two models which include a carbon dioxide
response agree that alg@lant types show the same
response to carbon dioxide levels but @ants show

no response. DEMETER predicts that all plant types
have the same response to water and photosynthet-
ically active radiation levels. TRIFFID predicts the
same response to water levels but a higher light level
before saturation occurs fors@rass. BIOME3 pre-
dicts that saturation occurs at a lower water level for
boreal forest and £grass types than humid tropical
forest and @ grass types. This water stress also ap-
pears in the response to photosynthetically active radi-
ation, with saturation occurring earlier for the humid
tropical forest and gplant types as water stress takes
effect. All models agree that{plants have the largest
optimum productivity and boreal forest/needleleaf
trees the least. DEMETER and TRIFFID predict that
Cs grass has a greater optimum productivity then hu-
mid tropical forest/broadleaf trees but BIOME3 places
these the other way round. However, the opportunity
of a direct comparison between models is limited
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because plant type definitions are not identical in all dependence is very weak. In the simple form of the
models. models it is parameterised out altogether. This works
for relatively modest increases in temperature asso-
ciated with relatively small increases in atmospheric
4. Discussion carbon dioxide. However, if changing carbon dioxide
levels lead to a greater temperature increase, a more
There is broad agreement between all models con- significant impact would be expected in both the re-
sidered in this study except those using-gactor ap- sponse and structure of terrestrial ecosystems. There-
proach. The main differences occur in the definition fore, these models would need to be greatly extended
of critical thresholds and at the extremes of all vari- to be of more general use in studying the integrated
able ranges. The former is probably a result of both dynamics of the Earth system.
the model structure and the compression of data to fit
a few broad vegetation types. The latter probably re- 4.1.3. Quasi-biochemical and biochemical models
flects a shortage of data on the way plants behave in The quasi-biochemical models &virezhev and
such extreme environments. It is also clear that the in- von Bloh (1998)and Lenton (2000)appear to give
tended use of the model affects the way in which it reasonable estimates of global NPP but, because they
is formulated. None of the models considered in this have been set up for use in zero-dimensional models,
study can be said to be wrong within the context for they do not properly consider spatially heterogeneous
which they were intended. However, extension beyond environmental factors such as soil water or light use
these limits is not always possible or appropriate. This efficiency. Lenton (2000)neglects both of these fac-
means that, when combining vegetation models with tors. Svirezhev and von Bloh (1998)clude a water
models of other components of the Earth system, care function, although this must be treated very cautiously
must be taken to ensure that they are truly compatible. when used in a globally averaged context. Indeed, the
The main advantages and disadvantages of eachuse of a globally averaged temperature in both mod-
class of model are now discussed. els may also problematic as small changes in extreme
temperature environments such as the tropical forests
4.1. The advantages and disadvantages of different or tundra may have a significant impact on global

classes of model NPP that an average global temperature will not pick
up. That said, the framework used in either model
4.1.1. Empirical models could be extended to include spatial effects but some

The empirical models should, by definition, give reparameterisation would be necessary to account
good estimates of NPP. However, their use in a chang- for the shift from a global average environment to a
ing environment is limited as they implicitly assume spatially heterogeneous one. The DEMETER model
that the vegetation will be immediately transformed to attempts to step in this direction and falls between
the most appropriate type for that environment. They simple quasi-biochemical models such Bbenton
are also limited by the necessity to extrapolate in order (2000)and true biochemical models such as TRIFFID
to calculate the vegetation’s response to an environ- or BIOME3. Both of these latter biochemical models
ment (for instance very high temperature and rainfall) give similar estimates of photosynthesis, respiration
that does not currently exist on the Earth. Neverthe- and NPP but employ different methods to get there.
less, they remain a helpful reference point for com- Although the physiology and biochemistry of plants

parison with other types of model. is fairly well understood, there is no agreement on the
best way to model it. Thé&arquhar and von Caem-
4.1.2. B-Factor models merer (1982photosynthesis model and its derivatives

The g-factor models are solely intended to inves- are in widespread use although, even if this is as-
tigate the effects of carbon dioxide fertilisation. As sumed to be correct, it should be noted that it always
a result temperature dependence only occurs in therelies on an external stomatal conductance model to
form of the carbon dioxide compensation point. The calculate the internal leaf carbon dioxide levelThe
formulation of this function is such that temperature representation of respiration, water stress, light use
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and scaling from the leaf to the canopy level varies. and transport components for each plant part. But
This is discussed further below. In general, the full he believes that each of these components will show
biochemical models are likely to provide the most a different response to a changing environment. He
accurate predictions of vegetation productivity and also suggests that internal carbon and nitrogen con-
dynamics. However, their complexity makes it dif- centrations affect the respiration rate (as they do in
ficult to understand the results they are producing, TRIFFID and BIOME3) but that their distribution

leaves them open to computational errors and incurs throughout the plant may change in response to en-

large computational overheads. vironmental changes (as happens in BIOMHBE3yan
(1991) also notes that plants appear to acclimatise
4.2. Models of plant processes to local conditions. Thus, long term respiration rates

may not change as significantly as the standard Q
Many models break net primary productivity down response would suggest.

in photosynthesis and respiration, which may them-  Ryan’s (1991) model, like all of the others consid-
selves depend on functions representing water stressered in this study, makes a basic separation of the plant
(or stomatal conductance) and light-use efficiency. As respiration processes. In fact, the numerous respira-
discussed above thEarquhar and von Caemmerer tion processes going on in a plant could be resolved
(1982) model is widely used for photosynthesis but in more detail.Thornley and Cannell (200@pnsider
models for other processes are more variable. Herethis. They suggest that the substrate and structure of
some of the issues involved in modelling these pro- a plant should be separated. Then substrates can be
cesses are discussed along with some other major sub€can be transported around the plant and local con-

models not already discussed. centrations used to calculate the rates of energy con-
suming processes. This leads them to define seven
4.2.1. Modelling respiration different forms of respiration in seven different plant

The main issue with respiration in the models con- tissues. Respiration rates are calculated for: growth,
sidered in this study is the response to high temper- phloem loading, ammonium uptake, nitrate uptake,
atures. Does it continue to increase exponentially as No-fixation, mineral ion uptake and residual mainte-
extrapolating the @) reaction rate function suggests, nance. Although this is more comprehensive, param-
or do other factors take effect and reduce the respi- eterisation for any but the most extensively studied
ration rate?Larcher (1983)suggests the latter, but it  plant types may be vague. This is a general problem
remains a contentious issue. Besides this there are sevwith any respiration model as data are not as easy to
eral other issues. Some models distinguish betweencollect as they are for photosynthesis.
different parts of the vegetation such as leaf, branch
and root. This requires a method for calculating the 4.2.2. Modelling stomatal conductance and water
amount of carbon, and the respiration rate, for each stress
part. There is no agreement on the correct way to ap- The models in this study use a variety of methods
proach, or parameterise, this. There is also no agree-to deal with stomatal conductance and water stress.
ment regarding how to distinguish different forms of Svirezhev and von Bloh (199&jse a straightforward
respiration. Some models just use a single rate for multiplicative stress function. DEMETER is simi-
the whole plant, others calculate leaf and non-leaf lar but relates water availability to the (vegetation-
rates, others leaf, maintenance and transport plus aindependent) evapotranspiration rate. TRIFFID uses
growth tax. This itself is problematic with the esti- a combination of a basic multiplicative factor and
mated proportion of NPP to be levied ranging from an integrated stomatal conductance function relating
20% in BIOME3 to 33% in DEMETER. In fact it internal leaf carbon dioxide to atmospheric carbon
is likely that this is one of the main parameters that dioxide and humidity. BIOME3 uses a more complex
can be adjusted to tune the output to match current model involving the soil water, evapotranspiration
data. rate, canopy conductance and photosynthesis.

Ryan (1991)suggests that respiration can be ad-  Various other models have been put forward for
equately modelled using construction, maintenance stomatal conductance and water use efficiency. Like
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respiration, it is a complicated issue and there is a saturating response, as seen in the TRIFFID model.
no agreement on the most appropriate way to ap- The second moddtriend (2001)considers is due to
proach it. According taCollatz et al. (1991 truly Kull and Krujit (1998) This assumes that, although
mechanistic model is not plausible and empirical, or the uppermost leaves of the canopy are light saturated,
semi-empirical models, are used instead. There arethe lower ones may not be. At low light intensities, all
two basic approaches. A maximum rate of stomatal leaves are light limited. When a critical light intensity
conductance can be modified by multiplicative envi- is reached, determined by the leaf nitrogen content,
ronmental stress functions. This is exemplified in a an increasing proportion of the canopy becomes light
model byJarvis (1976which uses stress factors de- saturated. At the canopy level both models show a
pending on the ambient temperature, solar radiation saturating response as light intensity increases but the
and vapour pressure deficit. An alternative approach second model, with a uniform nitrogen distribution,
recognises that stomatal conductance and photosyn-predicts maximum photosynthesis rates 26% higher
thesis are mutually influencing processes. Thus, the than the first.Friend (2001)considers that the sec-
submodels for each process are coupled and solvedond of these models is likely to be more accurate. In
simultaneously (as in BIOME3). This is the gen- contrast to both of these models, BIOME3 tackles the
eral approach taken bBall et al. (1987) Leuning canopy scaling problem by assuming that nitrogen
(1995)andCollatz et al. (1991)among others. Other is always optimally distributed for the light intensity
important issues in the calculation of stomatal con- at any canopy level and thus light use efficiency is
ductance include the use of environmental variables maximised. This results in a linear, not saturating,
measured at the leaf surface rather than ambiently response to increasing light intensity. As with the
and scaling from the leaf to the canopy level. Both of other plant processes, there is no agreement on which
these issues are made all the more important by theof these formulations is most appropriate, although
observation that temperature and leaf level humidity Friend (2001)concludes his review by asserting that
deficit, as well as solar radiation, can show great vari- the only way to accurately model canopy photosyn-
ability with canopy depth Jarvis and McNaughton, thesis is by explicity modelling multiple canopy
1985. layers.

4.2.3. Modelling light-use efficiency and scaling to
the canopy level 5. Conclusion

There is good data available on the way light in-
tensity affects the rate of photosynthesis in individual ~ This study has investigated ten published terrestrial
leaves. This shows a saturating responisardher, NPP models which were broadly classified as em-
1983. However, scaling from a single leaf to the pirical, 8-factor, quasi-biochemical and biochemical.
canopy level is a more complicated issue as the leavesAll of the models considered here claim to make rea-
at the top of the canopy receive more light than those sonable predictions of current or preindustrial NPP
below them. Furthermore, the photosynthesis rate is and, with the exception of thg-factor models, show
related to leaf nitrogen content which may not be uni- broadly similar responses to changes in environmental
form throughout the canopyriend (2001)reviews variables. This suggests that choosing, or developing,
two methods for scaling from the leaf to the canopy an NPP submodel for use in a wider model should be
level. The first, as employed tyellers et al. (1992) a largely pragmatic decision based on the context of
assumes that the distribution of canopy nitrogen the model and the nature of the information required
matches the distribution of solar radiation through the from it.
canopy. This means that a change in photosyntheti- The empirical Miami model is very easy to imple-
cally active radiation causes the photosynthesis rate ment and understand. It relies on very few parameters
of each leaf to change by the same relative amount in and should, by definition, give reasonable estimates of
each leaf. A smoothing function is then used to make NPP. However, it may be compromised by the omis-
the transition from light-limited to Rubisco limited sion of vegetation carbon density and responses to
photosynthesis resemble observations. This leads toseveral environmental factors, the need to extrapolate



374 B. Adams et al./Ecological Modelling 177 (2004) 353-391

to environments that do not currently exist on the problems through the ETEMA projecBykes et al.,

Earth and the implicit assumption of spontaneous 2001), a pan-European working group using stan-

changes in vegetation composition, although it may be dardised data and parameter sets to investigate a

possible to parameterise this out. Tdactor models number of issues in vegetation modelling, and we

considered here are tightly bound to their intended hope that the standardised equations presented in

context and probably of limited general applicability. Appendix A may also be of some use. However,

Their utility in rapid climate change scenarios is par- given the current widespread interest in modelling the

ticularly compromised by a formulation that produces terrestrial vegetation and its role in a changing Earth

a temperature response which is either very weak or system, the general implementation of some form

non-existent. of standardisation would undoubtedly be of great
The responses of the quasi-biochemical models benefit.

considered here generally show reasonable agreement

with more sophisticated biochemical models and so

may offer more appropriate responses for extreme en- Acknowledgements

vironments, and generally be more versatile, than em-

pirical models. However, the compression of data re-  \We thank Marcel van Oijen for helpful comments
quired to construct and parameterise the functions they and discussion. Ben Adams was funded by an EPSRC
use, particularly when employed in zero-dimensional studentship.

contexts, suggests that even qualitative output should
be considered cautiously. Furthermore, pairing causes
and effects when interpreting results is not always
straightforward, even in the simplest of formulations.
The true biochemical models should be expected to

provide the most reliable estimates of NPP, albeit Complete equations for all of the NPP models
at the cost of much higher computational overheads .,ngigered in this paper are presented below. These
and opacity. However, there are significant uncertain- paye peen taken from the literature but transformed
ties concerning respiration, stomatal conductance and;niq 4 standardised. and relatively compact, format
canopy scaling schemes and, although the responsegy, jow easy comparison between them and facil-
of the models considered here are similar, they are jiaie 4 straight forward translation into computer
certainly not the same. Furthermore, the fact that .,4e The main notation is given below. All param-
predicted NPP for different plant types within these g1 have been generalised to letters and the only
models shows relatively small differences, and that ,,pers in the given equations correspond to unit
these differences are not consistent between models,., v ersions except where 1 is used as an identity
suggests that ecophysiological constraints, phenology gjement. Tables of parameter values are given in
and competition submodels have a strong influence Appendix B Units for input and output of the models
on the vegetation distributions these models predict. 5.o standardised and are given below. Units within

So, although these models provide the best estimatesy,,qels can vary and are detailed with each model
of NPP currently possible, their output must still be description.

treated cautiously until further empirical work can

soften some of the uncertainties in their formulations. e NPP: net primary productivity (kgC/frper year)

Meanwhile, empirical or quasi-biochemical models e Cy: carbon in the vegetation (kgCfn

may be sufficient for all but the most comprehensive e Cjy: carbon in the atmosphere (Pa)
[ )
[}

Appendix A. Full equations for each model
considered in this paper

simulations. Ay: fraction of vegetated land area
On a different note, carrying out this investiga- T air temperature at the surfaceQ)
tion has been made unnecessarily difficult by the e W: soil water or precipitation—volumetric (see note
non-standard use of definitions, notation, units of  below)
measurement and plant types in the literature. Theree P: gross photosynthesis rate (kgC/mer year)
has been some movement towards tackling thesee R: respiration rate (kgC/fper year)
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L: litter rate (kgC/n8 per year)

Ipar: photosynthetically active radiation reaching
the canopy (Ein/(rhs))

A: leaf area index (fleaf/in? area)

B: biotic growth factor

I': CO, compensation point for photosynthesis
ci: internal leaf CQ partial pressure (Pa)

Jc: Rubisco limited gross photosynthesis rate
JL: light limited gross photosynthesis rate

Je: transport limited gross photosynthesis rate
D: evapotranspiration demand

S: evapotranspiration supply

gc: canopy conductance

gp- potential canopy conductance

H: humidity deficit at leaf surface (kg/kg)

d: day length (h)

Where NPPCy, or R is partitioned between different
parts of the plant, subscripts i§éaf),b(ranch),s(tem),
w(ood) andr(oot) are applied. Functions are always
written as f; except for those used in widespread use
in which case the standard notation, as set out above,
has been retained for clarity. Constants are always
given ask;j. They are described and enumerated in
Appendix B

Note on water: The way in which water is rep-
resented is particularly non-standard. Some models
(Leith, 1975a; King et al., 1997use precipitation in
mm per year, othersS{irezhev and von Bloh, 1998
actual soil water, othersCpx, 2001; Foley, 1994;
Haxeltine and Prentice, 1996a,bse a volumetric
soil water scale. To overcome this, all scales are
transformed to the interval [0,1], based on a maxi-
mum precipitation of 4000 mm per year in Leith et al.
(1975) andKing et al.'s (1997nodels, and a maxi-
mum soil moisture content of 20 g/énin Svirezhev
and von Bloh'’s (1998jnodel.

A.1. Miami model-teith (1975a)

Inputs:

Temperature™) (°C)
Precipitation YV) (volumetric transform of mm per
year)

Productivity:
Net primary productivity (kgC/rhper year):

375

1
NPR(T, W) = F()Omm{fl(n’ F2(W)}

Temperature-dependent NPP (g&/per year):

k1
f1(h) = 0-45m

Precipitation-dependent NPP (g&/per year):
f2(W) = 0.45ks(1 — ~400%sW) (A.1.3)

(A.1.1)

(A.1.2)

A.2. King et al. (1997), Post et al. (1997)

Inputs:

TemperatureT) (°C)

Precipitation V) (volumetric transform of mm per
year)

Atmospheric CQ (Cy) (Pa)

Productivity:

Net primary productivity (kgC/rhper year):
NPRT, W, Ca)

1
= —min{ f1(D), f2(W)} f3(T. Ca)

= A2.1
1000 ( )

Temperature-dependent NPP (g&/per year):

k1
fi(h = 0'45m

Precipitation-dependent NPP (g&/per year):
f2(W) = 0.45k4(1 — e 4000sW) (A.2.3)

(A.2.2)

CO, fertilisation function (dimensionless):

9.901C,; — k
£3(T, Ca) = 1+ keB(T. ca>k—j7
(A.2.4)

Biotic growth factor (dimensionless):

B(T, Ca)
_ 9.901kgkgCal (T)
"~ (9.90%gCa— I(T))(9.901kgCa+ k10I(T))
(A.2.5)

CO; compensation point, ppmv (not given, taken
from Polglase and Wang, 1992
(1) = k11 + kao(T — k1) + kas(T — k14)?
(A.2.6)
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A.3. Polglase and Wang (1992)
Inputs:

TemperatureT) (°C)
Atmospheric CQ (Cy) (Pa)

Productivity:

#1
Net primary productivity (kgC/rhper year):

NPRT, Ca)
1 9.901C,
- L (1 acz com (25022)
(A.3.1)
Biotic growth factor (dimensionless):
B(T; Ca)
_ 9.901k3k4Cal(T)
"~ (9.902k4Ca — I(T))(9.902k4Ca + ksI(T))
(A.3.2)

CO, compensation point (ppmv):
I(T) = ke + k7(T — ko) + kg(T — ko)* (A.3.3)

#2
Net primary productivity (kgC/r per year):

1 9.901C
NPP(Ca)zﬁkl (1+k10|n< o a))

(A.3.4)

A.4. King et al. (1995)

Inputs:

TemperatureT) (°C)
Atmospheric CQ (Cy) (Pa)
Vegetation carbon density’() (kgC/n?)

Productivity:

(ks + T + 273 — kg)2(k7 — (T + 273— kg)

CO; fertilisation function (dimensionless):
9.901C, — k1

ST, Ca) = 1+B(T, Cy) I (A.4.2)
Biotic growth factor (dimensionless):
B(T, Ca)
_ 9.901k2k3CaI(T)
~ (9.90%3Ca — I(1))(9.901k3Ca + kaI(T))
(A.4.3)

CO, compensation point (ppmv):
I(T) = ks + ke(T — ke) + k2(T —kg)* (A.4.4)
Logistic growth rate (kgC/mper year):
J2(Cy) = koCy(k1o — Cv)
#2
Net primary productivity (kgC/rh per year):
NPHT; Ca, Cv) = f3(Ca) f2(Cv) (A.4.6)
CO, fertilisation function (dimensionless):

k11(9.901C5 — k1)
k1

(A.4.5)

f3(Ca) = 1+ (A.4.7)

A.5. Lenton (2000)

Inputs:

TemperatureT) (°C)
Atmospheric CQ (Cy) (Pa)
Vegetation carbon density (I (kgC/nt)

Photosynthesis:

Photosynthesis rate (GtCfnper year):

k1kok
P(T, Ca) = %fl(nfz(ca)

(A.5.1)
Temperature response (dimensionless):

if ks <T+273—ke < k7

A = kg

#1
Net primary productivity (kgC/rhper year):

NPRT, Ca, Cv) = f1(T, Ca) f2(Cv)

(A4.1)

(A.5.2)
else

CO, fertilisation function (dimensionless):

9.901C, — ko

A.5.3
9.901C3 + k10 — ko ( )

fZ(Ca) =
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Respiration: A.7. Simple TRIFFID-Huntingford et al. (2000)

Respiration rate (GtC/fper year):

R(T, Cy) = katk12C, f3(T) x 10712 (A.5.4)
Temperature response (dimensionless)

fa(D) = g k13k14(T+273 (A.5.5)

Productivity:
Net primary productivity (kgC/rh per year):

NPHRT, Ca, Cv)
= (P(T, Ca) — R(T, Cy)) x 102 (A.5.6)

A.6. Svirezhev and von Bloh (1997, 1998)

Inputs:

Temperature®) (°C)

Atmospheric CQ (Cy) (Pa)

Total vegetation carbor(y,) (kgC/n?)

Soil water {V) (volumetric transform of g/cR)

Productivity:
Net primary productivity (kgC/rh per year)
NPRT, Ca, Cy, W)
= %fl(ﬂfz(ca)fs(cv)ﬂ(w) x 102
(A.6.1)
Temperature response (dimensionless):

k3(T—ka) (ks—T)
(D = (ks—ka)?
0 else

forka<T<ks

(A.6.2)

CO;, fertilisation/competition (dimensionless):

(9.901 x 12.011(1.773 x 1079/10?Y)kCa) (k2Cy x 10712

fZ(Ca)fS(Cv) =

Inputs:

TemperatureT) (°C)

Atmospheric CQ (Cy) (Pa)

Photosynthetically active radiation/par) (Ein/
(m?s))

Photosynthesis:
Gross photosyn. rate (kgCfnper year):
P(T, Ca, Ipar) = 0.012 x 31557600
x fi(Je, Ji, Je) fa(A)
(A.7.1)

Gross photosynthesis rate (mol g@n?s)):
f1(Jc, JL, Je) = smallestroot of :
k1J? — J(Jp+ Jg) + JpJe = 0 (A.7.2)
where

Jp = smallestrootof :
kaJg — Jp(Jc + JL) + JeJL =0 (A.7.3)

RuBP limited photosynthesis rate (mol @0n? s)):

ci(T, Ca) — I(D)
ci(T, Ca) + f2(T)

X (1+ (k3/f3(D))
(A.7.4)

Je(T, Ca) = V(D)

Light limited photosyn. rate, mol CAXm? s):

JL(T, Ca, IpaR)
ci(T, Cy) — I(D)
= ka(1 — k)1 A.7.5
4( 5) PARCi(Z Co+ kel (D) ( )

Water response (dimensionless):
k7(20W — kg) (kg — 20W)
(kg — kg)?

0 else

fa(W) =

[(9.901x 12011(1.773x 10%9/10P1)Cy) + (k2Cy x 10-12)]2

(A.6.3)

forkg < 20W < kg,

(A.6.4)
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Transport limited photosynthesis rate (mol £0 Productivity:

(m?s)): : . @ :
Net primary productivity (kgC/rhper year):
Je(T) = k7Vm(D) (A.7.6) NPRT. C.. I A
Photo-respiration compensation point (Pa): RT. Ca. Ipar. 4)
ka = P(T, Ca, IpaR) — RL(T) — Rp(T)  (A.7.18)
D = Tl D (A.7.7)
Michaelis—Menton constant for GQPa): A.8. TRIFFID—Cox (2001)
Fo(T) = kypki0T v (A.7.8) Inputs:
Michaelis—Menton constant forQPa): TemperatureT) (°C)
Internal leaf CQ partial pressure (Pa): (%2333)’)” etically active radiation/par) (Ein
_ H(T) Water (V) volumetric
¢i(T, Ca) =kie (1 - k_l7> (Ca—I(D) + I(T) Photownth&sis
(A.7.10) Gross photosynthesis rate (kgC/mer year):

Maximum rate of Rubisco carboxylation (mol

CO/(m? s)):

kio(T—k
k18k1§0( 11)

Leaf humidity deficit (kg/kg):
H(T) = Hmax(T) — k22 (A-7-12)

Saturated atmospheric humidity, kg/kg (not given,

from Buck (1981):

k
Hmax(T) = k—zse("st/ kes+1) (A.7.13)

24

Beer's law scaling to canopy level (dimensionless):

1— e kerd

Sfa(A) = P (A.7.14)
27
Respiration:
Respiration rate (kgC/fnper year):
R(T) =R_L+ Rp (A.7.15)

Leaf respiration rate (kgC/frper year):

RL(T) = 0.012x 31557600x k2gVin(T) fa(A)
(A.7.16)
Non-leaf respiration rate (kgCAper year):
Rp(T) = f5(T) = kooRL(T) (A.7.17)

P(T, Ca, 1) =0.012 x 31557600
x fi(Je, Ju, Je) f1(W) fa(A)

(A.8.1)
Gross photosynthesis (mol G@M? s)):
f1(Jc, JL, JE) = smallestrootof :
k1J% — J(Jp + Jg) + JpJg =0 (A.8.2)

where:
Jp = smallestrootof :
kaJg — Jp(Jc + JL) + JeJL =0 (A.8.3)
RuBP limited photosynthesis rate (mol @Q@n? s)):
Je(T, Ca)

v (T, Ca) = (D)
i(T. Ca) + f2a(D(A+ (k3)/(f3(1)

(A.8.4)

Light limited photosynthesis rate (mol G@m? s)):

JL(T, Cq, IpaR)
ci(T, Cy) — I(T)
=ka(l—ks)l A.8.5
4( 5) PAR T €+ kel (D) ( )

Transport limited photosynthesis rate (mol £0
m?/s):

Je(T) = k7Vm(D) (A.8.6)
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Photorespiration compensation point (Pa):
k3

= W (A.8.7)
Michaelis—Menton constant for GQPa):
f2(T) = kaa(kaz) 107 1) (A.8.8)
Michaelis—Menton constant forJPa):
f3(D) = kaa(kyg) 107 10 (A.8.9)
Internal leaf CQ partial pressure (Pa):
¢i(T, Ca) = k16 (1— %) (Ca—1(D) + I(D
(A.8.10)

Maximum rate of Rubisco carboxylation (mol
COu/(m?s)):

k1o(T—k
k18k19k2%)0( 11)

V(D) = (1 + ek1(T—k22)) (1 4 eka1tkas—D)
(A.8.11)
Leaf humidity deficit (kg/kg):
H(T) = Hmax(T) — k24 (A.8.12)

Saturated atmospheric humidity, kg/kg (not given,
from Buck (1981):

k
Hmax(T) = ie(kzﬂ/ kog+T)

(A.8.13)

Respiration:
Respiration rate (kgC/fper year):
R(T, W, A, Cyry, Cow))

=RL(TW, A) + Ry(T, W, A, Cyry, Cyw))
(A.8.14)

Leaf respiration rate (kgC/frper year):

R(T, W, A)
= 0.012 x 3155760@z0k18k19 f4(T) f7(W) fa(A)
(A.8.15)
Temperature response (dimensionless):

fa(D) = k5T R (A.8.16)
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Non-leaf plant maintenance
(m?s)):

respiration (kgC/

Ru(T, W, A, Cyiry, Cow))
= fS(Ta W, A, Cv(r)v Cv(w))
_ (Rleaf(T, W, A))

f1(W)
8 <k19k31k32/1 + k19k3sksa f6(C U(w))A)
kigkz2A
(A.8.17)
Pipe model to diagnose canopy height (m):
Cv(w) ( k36 >k37
(Cow) = T—— A.8.18
Jo(Cowwy k3ak3s \ Cyw) ( )
Productivity:
NPP (kgC/m per year):
NPRT; Cav W [{a I5 A)
= (1 — ksg)[ (T, Ca, H, ) — RL(])
—Ry(T, A, Cu(w))] (A.8.19)

Water stress response modifier (dimensionless):

1 W > k3g
W — k3
fi(W) = 2B o< W <ksg
k39 — kao
0 W < k3g

(A.8.20)

Beer’s law scaling to canopy level (dimensionless):
e ka1fo(A)

fe(A) =1— (A.8.21)
ka1
Adjustments for C4 photosynthesis:

Jo(T) = Vin(D) (A.8.22)
JL(D) = ka2(1 — ks) Ipar (A.8.23)

Ci(T, Cay,
Je(T, Ca, H) = k43Vm(D% (A.8.24)

k kklo(T*kn)
Vin(T) = 44k1okys (A.8.25)

(1 + ek1(T—k22)) (1 4 ekarlkas—D)

RL(T) = 0.012x 3155760@46kaak19f4(T) f8(A)
(A.8.26)
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A.9. DEMETER-Foley (1994) Quantum efficiency (molC/Ein):
Note: equations marked (*) below are not stated in Jo(D) = ka1 — kaoT (A9.7)
the literature but have been estimated from published 5,21 evapotranspiration (mol/és)):
graphs.
Inputs: S1(T, W, Ipar) = Min{D(T; Ipar), S(W)}
TemperatureT) (°C) (A.9.8)
Photosynthetically active radiation/, Ein/
(m? SB)/) =y W lation/ear) - (El Evapotranspiration demand (molRis)):

Water V) (volumetric)

. . D(T, Ipar)
Vegetation carbon density’() (kgC/n?) PA;B D (2% 218% 1T — kalhe — T)
Photosynthesis: R < o )
Gross photosynthesis rate (kgC/mer year): (A.9.9)
P(T, W, A, IparR) Potential evapotranspiration rate (molf(s)):
= 0.012 x 3155760Q1(. W, Ipar)[A S(W) = keaW (A.9.10)

— fa(f1, T, Iear, A) + f5(f1, T, Ipar)]
Rate of change of saturated water vapour pressure

(A9.1) (Pa/°C (not given, from BIOME3):
Light saturated photosynthesis rate (mol O ky4etk1sT/kis+ 1)
(m?s)): f8(T) = ST (A.9.11)
JA(T, W, Ipar) = k1 f2(T) f3(T, W, Ipar) (A.9.2) Respiration:
Temperature response of photosynthesis (dimen- | a5fand plant maintenance respiration (kg€&fer
sionless) (*) : year):
0 T < ko
T Tk Ry (T) = fo(D)
ks 2 <1 <Kks = 3652515 k1ei) Cokpg |22
(=11 k3<T <ka (A.9.3) i
T i=1sr (A.9.12)
1—— ka<T<ks
ks
0 ks < T Productivity:
Available water index (dimensionless): Net primary productivity (kgC/rhper year):
f1(T, Ipar, W)
T W, Ippg) = 2 PAR ) A.9.4
13( PAR) DT Iopr) ( ) NPRP, T, W, A, I)
Light use efficiency factor (mol C&Ein): = (1—kae)(P(T,W, A, ) = Ry (D)) (A.9.13)
Ja(T, IV Ipar, A) e ) Adjustments for C4 photosynthesis:
1(T, W, Ipar

Light use efficiency factor (mol C&Ein):
fs(T, W, Ipar)

1
= In (fG(T) +
6

A.10. BIOME3—-Haxeltine and Prentice (1996a,b)

Inputs:
ST, W, Ipar) P

IpAR ) (A.9.6) TemperatureT) °C
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Atmospheric CQ (Cy) Pa
Photosynthetically active radiatioftar) (Ein/(m? s))
Water V) volumetric scale

Photosynthesis:

Light and RuBP co-limited net daily photosynthesis
rate (kgC/nd per year):
f1(T. ci, Ipar. A, d)
= f2(T, ci) f3a(Ipar, A)(1 — fa(T, ci, d))

(A.10.1)
Auxiliary function for f; and Viy,:
N ci — I(D)
Sf2(T, ¢i) = ka2 f7(T)kskaks (—Ci n F(T))
(A.10.2)

Canopy scaling (Ein/fper day):
f3(A, Ipar) = (1 — %64y x 8640Upar
(A.10.3)

Auxiliary function for f; and Viy,:

fs(T i) — fold) \ Y2
T» 0 — 1_
Jall . D [ (fs(T,ci)—klfe,(d)ﬂ
(A.10.4)
Auxiliary function for f1 and Vi:
fo(T.ci) = a1 (A.10.5)

¢+ fe(DQ+k7/f2(D)
Auxiliary function for f1 and Viy:

IC’ -7W7I 7A7 =
&c(T, Ca, ci PAR, A, d) { k(L —

gp(T, Ca, W, ci, Ipar, A, d)
S(W)
k22 f10(T, Ipar)

Michaelis—Menton constant for GQPa):

fo(T) = kio(kyp) 12719 (A.10.8)
Michaelis—Menton constant for QPa):

fo(T) = kia(kys)* 12T 19 (A.10.9)
CO, compensation point (Pa):

T = k7 (A.10.10)

k12(T—k
k1 6k1172( 13)

Optimised maximum rate of Rubisco carboxylation
(gC/n? per day):

VI’TI(T; Ci, dv Av ]PAR)

f2(T, ci)

= IZ2A 1ok — 1) fe(d) — (k1 fo(d
kig f5(T, ci) [(2k1 = 1) fo(d) — (2k1fo(d)
— f5(T; ci)) fa(T, Ci,d)] fa(Ipar, A)

(A.10.11)

Gross daily photosynthesis rate as determined by
canopy conductance (gC#per day):

S11(T, Ca, ci, W, Ipar, A, d)
_ 12[&:(7", Ca, ci, W, Ipar, A, d) — k19:|

16

Ca
_ A.10.12
. [kzo(l - Ci/Ca):| ( )

Canopy conductance (mol G@M? per day)):
S(W) > D(T, Ca, ci, Ipar, A, d)

(A.10.13)
) S(W) < D(T, Ca, ci, d, A, Ipar)

Maximum potential canopy conductance (mof(m
per day)):

gpo(T, Ca, ci, IpaR, A, d) = k19 + 7

24k
fold) = d“

Photosynthesis low temperature inhibition function
(dimensionless):

f(D) =

(A.10.6)

s (A.10.7)

1 |:1-6f1(71 ci, Ipar, A, d) — (d/2H R (T, ci, Ipar, A, d)
(Ca/ k20) (1 — k23)

} (A.10.14)

Transpiration demand (mol/@wper day)):

D(T: Caa Ci, IPAR’ A’ d)
= koo f1o(T, IPAR)(1_e(*gp(T»Ca»CislPAR,A»d)/k21))
(A.10.15)
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Supply rate of water for evapotranspiration (mol/  Temperature response of stem respiratit®¢):

(m? per day)): 1 1
= — A.10.26
S(W) = koaW (A.10.16) fi(D k37 —kzg T — k3s ( )
Equillibrium transpiration rate (mol/(Pper day)): Total respiration rate (kgC/fper year):
J10(T; Ipar) R(T, ;Iéé?;, A, d)
__ fu® [2 x 2.18 x 10PIpar — koo(ko7 — T)] = ———"(R.(T, ¢i, Ippr, A, d)
fll(Y) + kos kog 1000
Productivity:
Rate of increase of saturated water vapour pressure )
with temperature (P&C): NPP (kgC/nd per year):
kzge(ksoT/k31+T) NPRT, Ca, ci, W, Ipar, A, d)
) =— 5 (A.10.18) 436525
( 32+T) ZE[WP(ZCa5C|5W9IPAR7A7d)
Photosynthesis rate accounting for all factors
(gC/n? per day): — R(T, Ca, ci, d, A, IpAR)] (A.10.28)
P(T, Ca, ci, W, Ipar, A,
( ,a ' PAR d) Adjustments for C4 photosynthesis:
= simultaneous solutiarfor  P1 andc;, of : ¢
2(T, Ca, ci) = 5(Tkakakao A.10.29
(A1019) ST Cac) = = f ( )
1- feld) 12
=[(1-—— A.10.30
P1= f1(T, ci, Ipar, A, d) fa@ [ 1—k1f6(d)] ( )
d
- ﬂRL(Tv Ca, ci,d, A, Ipar)  (A.10.20) f5(D) =1 (A.10.31)
2441
P1 = f11(T, Ca, ci, W, Ipar, A, d) (A.10.21) Jeld) = p (A.10.32)
_— 1 1
Respiration: f2(D = (A.10.33)

1 + eka2(k)43-T) 1 4 gkaa(T—kas)
Vm(]: Ca, G, As d)

RU(T. ci, Iear, A, d) = T Ca ) v 1y fea

= k18Vm(T: ci, IpaR, A, d) (A.10.22) ka1
— (2k1 fo(d) — 1) fa(d)] fa(Ipar, A)  (A.10.34)

Leaf respiration rate (gC/frper day):

Stem and woody root respiration (gC/mer day):

Rs(A,T) = k33f12(A)ek34f13(D (A.10.23) &p(T, Cq, ci, Ipar, A, IpaR)

1
Root respiration (gC/fper day): =hot 5
Re(A) = kas (A.10.24) » [1~6f1(T, ci, Ipar, A, d)— d/24Rieat(T, ci, d, A, IPAR)]

Ca/kao(1 — k3o)

Pipe model diagnosis of stem carbon from leaf area (A.10.35)

index (gC/n): RL(T, ci, Ipar, A, d) = ka1Vm(T, ci, Ipar, A, d)
f12(A) = kzpA (A.10.25) (A.10.36)



Appendix B. Tables of parameter values and units conversions used

See in appendiXables 1-17

Table B.1

Units conversions used in this paper
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Atmosphere
Atmosphere
Atmosphere
Atmosphere

Solar energy

Solar energy
Temperature
Evapotranspiration
Evapotranspiration
Canopy conductance

Pa CO— CO; ppmv
mol C® — kgC
GtG~ kgC
ppmv C®— GtC
Ein/(ths)— W/m?
rEin — Ein
K—°C
mm/s> kg/(n? day)
mm per day mol H,O/m? per day
mm/s mol/(n?s)

x9.901

x0.012

x 1012

x9.901x 1.773x 0.12011
x2.18 x 10° (Larcher, 1983
x1076

—273

x1 (Azam-Ali and Squire, 2001
x55.6

x0.04 (Collatz et al., 1991

Vegetation carbon kg dry mattes kgC x0.45

Vegetation carbon tC/ha> kgC/nm? x0.1

Time years— seconds x 31557600

Time years— days x 36525

Time days— seconds x 86400

Table B.2

Constants used in this paper

Atmospheric pressure 101000 Pa
Proportion of solar radiation photosynthetically active 0.5

Latent heat of vaporisation of water 2.26 x 108 J/kg
Latent heat of vaporisation of water 40660 J/mol
Vegetated area of the Earth 1.33x 1014m?
Table B.3

Parameter values used in the Miami modadjth (1975a)

Parameter Description Value
k1 Temperature response parameter 3000
ko Temperature response parameter 1.315
k3 Temperature response parameter 0.119
ka Precipitation response parameter 3000
ks Precipitation response parameter 0.000664
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Table B.4

Parameter values used l€ing et al. (1997)

Parameter Description Value

k1 Temperature response parameter 3000
ko Temperature response parameter 1.315
k3 Temperature response parameter 0.119
ka Precipitation response parameter 3000
ks Precipitation response parameter 0.000664
ke Efficiency scaling parameter 0.6

k7 CO, reference concentration 320 ppmv
kg Ratio of intracellular to atmospheric GO 0.7

ko Biotic growth factor parameter 3

k1o Biotic growth factor parameter 2

k11 CO, compensation point parameter 42.7
k12 CO, compensation point parameter 1.68
k13 CO, compensation point parameter 0.012
k14 CO, compensation point reference temperature °@5
Table B.5

Parameter values used Rolglase and Wang (1992)

Parameter Description Value

k1 Baseline NPP See below (tC/ha per year)
ko CO, reference concentratidn 320 ppmv

k3 Biotic growth factor parameter 3

kq Ratio of intracellular to atmospheric GO 0.7

ks Biotic growth factor parameter 2

ke CO, compensation point parameter 42.6

k7 CO, compensation point parameter 1.68

ks CO, compensation point parameter 0.012

ko CO, compensation point reference temperature °@5

k1o Biotic growth factor Varied in range 0.27-0.54

* Not given. Taken fronKing et al. (1997)

Table B.6

Plant type-specific parameters fBplglase and Wang (1992)

Humid tropical  Seasonal tropical Savanna Temperate Boreal Grassland Agricultural
forest forest land

forest forest

Desert Tundra Genefic

kp 10.1 7.2

7.87 6.13 3.58 3.52 4.25

4.7 1.0 4.89

* Not published. Calculations here based on the values given for the forest vegetation types.
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Table B.7
Parameter values used King et al. (1995)
Parameter Description Value
k1 CO; reference concentration 280 (pprv)
ko Biotic growth factor parameter 3
k3 Ratio of intracellular to atmospheric GO 0.7
ka Biotic growth factor parameter 2
ks CO, compensation point parameter 42.7
ke CO, compensation point parameter 1.68
k7 CO, compensation point parameter 0.012
ks CO, compensation point reference temperature °@5
ko Intrinsic growth rate See below (per year)
k1o Carrying capacity See below (kgC#in
kg Alternative constant for response function See below

* This value is not clearly stated in the text, only implied.

Table B.8
Plant type-specific parameters fding et al. (1995)

Moist.  Seasonal Temperate Temperate Boreal Tropical Temperate Tropical Temperate Tundra Desert Cult. Pasture Generic
tropical tropical Eg. forest deciduous forest wood/ wood/ grassland grassland Land
forest  forest forest shrub shrub
kg 0.007  0.009 0.009 0.011 0.016  0.109 0.054 0.814 1.047 2442 2442 2931 2093 0.01
k1o 20.0 16.0 16.0 13.5 9.0 2.7 2.7 1.8 0.7 0.3 0.3 0.5 0.7 13.33
ki 0.21 0.19 0.11 0.11 0.08 0.22 0.15 0.07 0.05 0.07 016 013 0.3 0.11
Table B.9
Parameter values used lrenton (2000)
Parameter Description Value
k1 Steady-state vegetation carbon density 550 GtC
ko Photosynthesis rate constant 0.184 per year
k3 Photosynthesis normalising constant 1.578
ka Vegetated area of the Earth 1,380 m?
ks Maximum negative deviation from photosynthesis reference temperature 15K
ke Photosynthesis reference temperature 288.15K
k7 Maximum positive deviation from photosynthesis reference temperature 25K
ks Temperature response parameter 5625
ko CO, compensation point 29 ppmv
k10 CO;, half saturation point 145 ppmv
k11 Respiration rate constant 0.092 per year
k12 Respiration normalising constant .7839x 10°
k13 Respiration activation energy 54,800 J/mol
k1a Ideal gas constant 8.314 J/(mol K)
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Table B.10

Parameter values used 8virezhev and von Bloh (1997, 1998)

Parameter Description Value

k1 Maximum potential NPP 200 (GtC per year, 1998)
ko Vegetated area of the Eaith 1.33x 10 (m?)
k3 Temperature response parameter 4

ka Minimum growth temperature ®

ks Maximum growth temperature 4C

ke CO;, fertilisation function parameter 4

k7 Water response function parameter 4

ks Minimum soil water for growth 1g/ch

ko Maximum soil water for growth 18 g/ctn

k1o Constant for conversion of biomass to area 600 GtC

k11 Vegetation turnover rate constant 0.08 per year

* Not used by Svirezhev and von Bloh but added here to standardise output units. Takedrefram (2000)

Table B.11

Parameter values used in simple TRIFFHEyntingford et al. (2000)

Parameter Description Value

k1 Photosynthesis co-limitation coefficient 0.93

ko Photosynthesis co-limitation coefficient 0.83

k3 Atmospheric oxygen concentration 21200 Pa
kq Quantum efficiency 0.08 mol electrons/Ein
ks Light scattering rate 0.15

kg Parameter for/,. 2

k7 Ratio of light limited photosynthesis to Rubisco carboxylation 0.5

ks Photo-respiration compensation point parameter 5200

ko Photo-respiration compensation point parameter 0.57

k1o Q10 function parameter 0.1

k11 Q10 function reference temperature x5

k12 Michaelis—Menton constant for GQparameter 30Pa

k13 Michaelis—Menton constant for GQparameter 2.1

k1a Michaelis—Menton constant for Qparameter 30000 Pa
kis Michaelis—Menton constant for Oparameter 1.2

ki Maximum ratio of internal to external GO 0.875

k17 Critical humidity deficit 1.0kg/kg
kis Maximum Rubisco carboxylation rate 0.00004 mol £@?s)
k19 Rubisco carboxylation rate parameter 2

k20 Rubisco carboxylation rate parameter 0.3

ko1 Rubisco carboxylation rate parameter °86

k22 Leaf level humidity 0.005 kg/kg
ko3 Atmospheric humidity parameter .04 x 6.112 x 0.6220 (Pa)
koa Atmospheric pressure 100100 Pa
kos Atmospheric humidity parameter 17.502
kos Atmospheric humidity parameter 240.97
ko7 Light extinction coefficient 0.5

kog Ratio of respiration to Rubisco carboxylation rates 0.015
kog Whole plant-leaf respiration ratio 3.85
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Table B.12
Parameter values used in TRIFFIDpx (2001)
Parameter Description Value
k1 Photosynthesis co-limitation coefficient 0.93
ko Photosynthesis co-limitation coefficient 0.83
k3 Atmospheric oxygen concentration 21200 Pa
ka Quantum efficiency 0.08 mol electrons/Ein
ks Light scattering rate 0.15
ke Parameter for/. 2
k7 Ratio of light limited photosynthesis to Rubisco carboxylation 0.5
ks Photo-respiration compensation point parameter 5200
ko Photo-respiration compensation point parameter 0.57
k1o Q1o function parameter 0.1
k11 Q1o function reference temperature 25
k12 Michaelis—Menton constant for GQparameter 30Pa
k13 Michaelis—Menton constant for GQparameter 2.1
k1a Michaelis—Menton constant for Oparameter 30000 Pa
k15 Michaelis—Menton constant for Oparameter 1.2
k16 Maximum ratio of internal to external GO See below
k17 Critical humidity deficit See below (kg/kg)
kis Ratio of leaf N to maximum Rubisco carboxylation rate 0.0008 mob/Qe? s kgN)
k1o Leaf nitrogen concentration See below (kgN/kgC)
k2o Rubisco carboxylation rate parameter 2
ko1 Rubisco carboxylation rate parameter 0.3
ko2 Carboxylation rate temperature parameter See bel@y (
ko3 Carboxylation rate temperature parameter See bel@y (
koa leaf level humidity (from simple TRIFFID) 0.005 kg/kg
kos Atmospheric humidity parameter .aD4 x 6.112 x 0.6220 Pa
koe Atmospheric pressure 100100 Pa
ko7 Atmospheric humidity parameter 17.502
kog Atmospheric humidity parameter 240.97
kog Ratio of respiration to Rubisco carboxylation rates 0.015
k3o Respiration temperature response parameter 2
k31 Ratio of root nitrogen to leaf nitrogen 1
k32 Specific leaf density See below (kg@m
k33 Ratio of stem nitrogen to leaf nitrogen See below
k3a Ratio of stem wood to canopy heigtieaf area 0.01 (kgC/R)
k3s Ratio of wood carbon to respiring stem carbon See below
k3e Ratio of wood carbon to leaf carbon See below (kg&/m
ka7 Unknown 0.6
kag Growth respiration fraction 0.25
k39 Wilting soil moisture concentration 0.387
kao Critical soil moisture concentration 0.205
ka1 Light extinction coefficient 0.5
ka2 C4 quantum efficiency 0.04 (mol electrons/Ein)
ka3 PEP-carboxylase limitation parameter x2L0*
kaa C, ratio of leaf N to Rubisco carboxylation rate 0.0004
kas C, ratio Rubisco carboxylation parameter 2
kag C4 ratio of respiration to Rubisco carboxylation rates 0.025

* From Cox et al. (1998)
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Table B.13

Plant type-specific parameters for TRIFFID

Vegetation type kig ka7 kig k22 ko3 k32 k33 k3s k3g

Broadleaf tree 0.875 0.09 0.04 36 0 0.0375 0.1 10 0.65

Needleleaf tree 0.875 0.06 0.03 31 -5 0.1 0.1 10 0.65

Cs grass 0.9 0.1 0.06 36 0 0.025 1 1 0.005

C4 grass 0.8 0.075 0.03 45 13 0.05 1 1 0.005

Shrub 0.9 0.1 0.03 36 0 0.05 0.1 10 0.1

Generi¢ 0.875 0.08 0.04 36 0 0.05 0.1 10 0.65
* Not published. Calculations here based on the values given for the forest vegetation types.

Table B.14

Parameter values used in DEMETERyley (1994)

Parameter Description Value

k1 Maximum rate of photosynthesis See below (mol BAF/s)

ko Minimum temperature for photosynthesis °0

k3 Lower limit for optimum photosynthesis To

ka Upper limit for optimum photosynthesis 45

ks Maximum temperature for photosynthesis °50

ke Light extinction coefficient 0.5

k7 Psychrometer constant 65 (Pal)

ks Evapotranspiration demand parameter 0.6

ko Evapotranspiration demand parameter 107

k1o Latent heat of vaporisation of water 40660 J/mol

k11 Quantum efficiency intercept 0.075mol electrons/Ein

k12 Quantum efficiency gradient 0.001

k13 Maximum rate of evapotranspiration 0.000008903 (malayi

k1a Rate of change of water vapour pressure parameter 5xa0°

k1s Rate of change of water vapour pressure parameter 17.269

kis Rate of change of water vapour pressure parameter 237.3

k17 Rate of change of water vapour pressure parameter 237.3

k1sg) Carbon allocation fraction See below

k1o Leaf respiration rate See below (per day)

k1ggs) Stem respiration rate 0.018 (per day)

k1gr) Root respiration rate 0.073 (per day)

k20 Respiration temperature parameter 2

ko1 Q1o function parameter 0.1

ko2 Q10 function reference temperature 20

k23 Leaf area index under growing conditions See belov/(m)

ko4 Leaf area index under dry conditions See belovf/m?)

kos Leaf area index under winter conditions See belov?r/(n%)

kos Growth respiration fraction 0.33

ko7 C4 quantum efficiency 0.055 mol electrons/Ein

* Not given, taken from BIOMES3.
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Table B.15
Plant type-specific parameters for DEMETER
Vegetation type Cy k1 k1sa) kig(s) kg k1o ko3 kos ko7
Tropical rain forest 20 #10°° 0.03 0.85 0.12 0.0014 7 7 7
Seasonal tropical forest 14 *x40°® 0.03 0.85 0.12 0.00185 6 4 4
Temperate deciduous forest 10 el ol 0.03 0.08 0.17 0.00370 5 5 2
Cool conifer forest 17 30106 0.05 0.75 0.2 0.00120 5 5 4.
Boreal forest 9 2.510°° 0.04 0.8 0.16 0.00350 5 5 5
Warm grass and shrub (T 15 6x10°° 0.2 0.2 0.6 0.00055 4 2 2
Cool grass and shrub 1 @06 0.2 0.2 0.6 0.0037 35 2 2
Tundra 1 5106 0.35 0.2 0.45 0.005 3 3 3
Desert 0.5 12106 0.05 0.25 0.75 0.0006 2 15 1.
Generi¢ 15 5.5¢10°% 0.03 0.8 0.15 0.002 6 4 4
* Not published. Calculations here based on the values given for the forest vegetation types.
Table B.16
Parameter values used in BIOME3axeltine and Prentice (1996a,b)
Parameter Description Value
k1 Photosynthesis co-limitation parameter 0.7
ko Leaf photosynthesis efficiency parameter See below
k3 Molar mass of carbon 12 g/mol
ka Quantum efficiency adjustment 0.5
ks Intrinsic quantum efficiency 0.08 mol electrons/Ein
ke Extinction coefficient 0.5
k7 Atmospheric oxygen concentration 20900 Pa
kg Low temperature inhibition parameter 0.2
ko Low temperature inhibition parameter 10
k1o Michaelis—Menton constant for GOparameter 30Pa
k11 Michaelis—Menton constant for GOparameter 2
k12 Qo function parameter 0.1
kiz Qo function reference temperature 25
kia Michaelis—Menton constant for Oparameter 30000 Pa
k1s Michaelis—Menton constant for Oparameter 1.2
k16 CO, compensation point parameter 5200
k17 CO, compensation point parameter 0.57
kig Ratio of respiration to Rubisco carboxylation 0.015
k19 Minimum canopy conductance See below (mol W& per day)
koo Atmospheric pressure 100100 Pa
ko1 Maximum canopy conductance 17280 mol & per day
koo Unknown 1.4
ko3 Optimum ratio of internal to external leaf GO 0.7
ko4 Maximum daily transpiration rate 278 mol per day
kos Psychrometer constant 65 Pa/K
ko Evapotranspiration demand parameter 0.6
ko7 Evapotranspiration demand parameter 107
kog Latent heat of vaporisation of water 40660 J/mol
koo Rate of change of water vapour pressure parameter 5xa0°
k3o Rate of change of water vapour pressure parameter 17.269
k31 Rate of change of water vapour pressure parameter 237.3
k32 Rate of change of water vapour pressure parameter 237.3
ka3 Reference sapwood respiration rate 0.0557gC/kgC per day
k3a Sapwood respiration response function 308.56 K
ks Leaf turnover rate 0.082 ghnper day
k3s Ratio of sapwood to leaf area index 1000 g&/m
ka7 Reference sapwood respiration temperature °ao
kg Minimum sapwood respiration temperature —46.02°C
k3g Optimal ratio of internal to external GOpartial pressure, £ 0.4
kao Intrinsic quantum efficiency, £ 0.053 mol electrons/Ein
ka1 C, ratio of respiration to RuBP carboxylation rates 0.035
kaz Photosynthesis low temperature inhibition parameter 0.3
kas Photosynthesis low temperature inhibition parameter °as
kaa Photosynthesis low temperature inhibition parameter 0.3
kas Photosynthesis low temperature inhibition parameter °@36
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Table B.17

PFT-specific parameters for BIOME3

Vegetation type ko ko3
Tropical broadleaved evergreen 1 1728
Tropical broadleaved seasonal 1 1728
Temperate broadleaved evergreen 1 1728
Temperate/boreal conifer 0.8 1036.8
Temperate/boreal summergreen 1 1728
Cool grass 1 1728
Warm grass 1 2764
Generi¢ 1 1728

* Not published. Calculations here based on the values given for the forest vegetation types.
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