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ABSTRACT

Most evapotranspiration over land occurs through vegetation. The fraction of net radiation balanced by evapo-
transpiration depends on stomatal controls. Stomates transpire water for the leaf to assimilate carbon, depending
on the canopy carbon demand, and on root uptake, if it is limiting. Canopy carbon demand in turn depends on
the balancing between visible photon-driven and enzyme-driven steps in the leaf carbon physiology. The enzyme-
driven component is here represented by a Rubisco-related nitrogen reservoir that interacts with plant–soil
nitrogen cycling and other components of a climate model. Previous canopy carbon models included in GCMs
have assumed either fixed leaf nitrogen, that is, prescribed photosynthetic capacities, or an optimization between
leaf nitrogen and light levels so that in either case stomatal conductance varied only with light levels and
temperature.

A nitrogen model is coupled to a previously derived but here modified carbon model and includes, besides
the enzyme reservoir, additional plant stores for leaf structure and roots. It also includes organic and mineral
reservoirs in the soil; the latter are generated, exchanged, and lost by biological fixation, deposition and fertil-
ization, mineralization, nitrification, root uptake, denitrification, and leaching. The root nutrient uptake model
is a novel and simple, but rigorous, treatment of soil transport and root physiological uptake. The other soil
components are largely derived from previously published parameterizations and global budget constraints.

The feasibility of applying the derived biogeochemical cycling model to climate model calculations of evapo-
transpiration is demonstrated through its incorporation in the Biosphere–Atmosphere Transfer Scheme land model
and a 17-yr Atmospheric Model Inter comparison Project II integration with the NCAR CCM3 GCM. The derived
global budgets show land net primary production (NPP), fine root carbon, and various aspects of the nitrogen
cycling are reasonably consistent with past studies. Time series for monthly statistics averaged over model grid
points for the Amazon evergreen forest and lower Colorado basin demonstrate the coupled interannual variability
of modeled precipitation, evapotranspiration, NPP, and canopy Rubisco enzymes.

1. Introduction

The balancing of absorbed solar energy by evapo-
transpiration (ET) is a major determinant of land surface
temperature and other features of climate. Hence, cli-
mate models attempt to represent the mechanisms most
important for determining ET and its connections to
other elements of the climate system. Recently, so-called
‘‘third generation’’ land surface models (e.g., Collatz et

Corresponding author address: Robert Dickinson, School of Earth
and Atmospheric Sciences, Georgia Institute of Technology, 221 Bob-
by Dodd Way, Atlanta, GA 30332-0340.
E-mail: robted@eas.gatech.edu

al. 1991; Sellers et al. 1996; Bonan 1995; Foley et al.
1996; Dickinson et al. 1998) have included a treatment
of photosynthesis to describe the stomatal controls on
ET (e.g., Sellers et al. 1997, and in Fig. 1). Plants tran-
spire as a by-product of their requirement for leaves to
assimilate carbon. A key parameter is a leaf’s capacity
for photosynthesis, Vmax, which is known to have a
strong association with leaf nitrogen (N) content (e.g.,
Field and Mooney 1986).

Hence leaf N could be prescribed as an alternative to
Vmax. However, N does not occur in fixed amounts in
any given leaf but rather responds to overall plant–soil
nitrogen cycling processes. These cycling processes are
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FIG. 1. Schematic of how canopy photosynthetic capacity couples to a climate model.

in turn strongly connected to various climate parameters
such as temperature and precipitation. Thus, it can be
argued that neither plant photosynthetic capacities nor
stomatal function parameters should be specified em-
pirically in a climate model but rather both should be
jointly derived with N-cycling processes as they interact
with the climate system and soil processes. That the
subsequent feedbacks might be substantial are indicated
by measurements reported by Seligman et al. (1983)
and showing that a wheat canopy fertilized with nitrogen
was 48C cooler than one under nitrogen stress. However,
dependencies of evapotranspiration on variations in ni-
trogen have not been previously included in climate
models.

A model for leaf-level photosynthesis and transpi-
ration is here combined with a canopy-level light and
temperature model to determine canopy-average carbon
fluxes as sketched in Fig. 2. Carbon assimilated by the
leaves is allocated to leaves, roots, and wood by minor
modifications of the rules described in Dickinson et al.
(1998). However, leaf Vmax is determined from modeled
leaf nitrogen rather than being prescribed. Atmospheric
inputs and land boundary conditions are provided by
the overall climate model framework. The resulting
model of coupled carbon–nitrogen cycling attempts to
represent ‘‘generic’’ vegetation rather than the behavior
of particular ecosystems, beyond the physical parame-
ters for different land covers that are already included
in the climate model and a few obvious additional pa-
rameters. The only prescribed ecosystem-connected leaf
parameter is the specific leaf area (SLA 5 leaf area per
unit mass). Many important species-specific plant pro-
cesses that may be very significant for canopy radiation
and carbon assimilation are thus not considered, as for
example, phenology beyond that dictated by the re-

sponse of leaf growth to radiation, temperature, and soil
moisture.

The first treatments of vegetation in climate models
such as in the Biosphere–Atmosphere Transfer Scheme
(BATS) model (Dickinson et al. 1993) specified em-
pirical relationships between leaf stomatal controls of
transpiration and environmental parameters such as tem-
perature and light levels. The more recent formulation
in terms of leaf carbon assimilation (as reviewed by
Sellers et al. 1997) provides an interface for calculation
of carbon budgets and dependences on the concentra-
tions of atmospheric carbon dioxide, but otherwise can
be viewed as an improved version of the same model
with a single basic parameter required to be specified,
since a constant Vmax is functionally equivalent to the
earlier specified minimum stomatal resistances, and ei-
ther set of parameters can be given as a table for the
different model land covers. However, measurements of
both sets of parameters have shown substantial variation
even for the same plant species. In addition, climate
models require not simply leaf stomatal properties, but
also the surface area of the leaves. Both the leaf stomatal
functioning and leaf areas that provide the plant controls
on evapotranspiration adjust on timescales of weeks to
seasons. Such variation could be included seasonally as
tables for the land cover types represented in a given
climate model. However, it is more realistic to make
these dependences an interactive component of the cli-
mate model. Leaf area is determined from the modeled
carbon assimilation from rules for distribution between
plant components by allocation and for losses by res-
piration and mortality (Dickinson et al. 1998). However,
variations of the stomatal functioning are controlled by
variations of the Rubisco enzyme and thus by levels of
leaf nitrogen. Hence, enhancing the realism of the sto-
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FIG. 2. The currently standard leaf-level model for climate model transpiration and carbon
assimilation: (a) illustrates the transport of water and carbon dioxide through the stomatal opening,
and the further diffusion of carbon dioxide through cell walls into photosynthesis sites in the
chloroplast; (b) shows as a schematic blowup, the modeled (greatly abbreviated) Calvin cycle of
photosynthesis. The first step, frequently rate limiting, joins CO2 to the ribulose (5-carbon sugar)
phosphate and is proportional to the concentrations of the Rubisco enzyme; the second series of
steps, using photon-derived energy adds hydrogen from water, and the third series of steps, exports
sugars and reconstitutes the ribulose phosphate starting point (for more details, see, e.g., Quick
and Neuhaus 1997).

matal controls of evapotranspiration in a climate model
requires inclusion of the sources and sinks of leaf ni-
trogen. This inclusion in turn requires modeling at each
land grid point of the other elements of the terrestrial
nitrogen cycle. Such terrestrial systems have already
been studied for other purposes. The parameterizations
most useful here are necessarily much simpler than
would be used for a detailed process model (as reviewed
for soil carbon in Moorhead et al. 1999). However, any
choices made as to the level of detail to be included are

not likely to be uncontroversial or to be viewed as useful
for all the possible applications of such a model. The
formulation of soil processes has been especially over-
simplified to avoid presenting an impression that the
present model is intended to be at the same level of
realism as the currently most advanced soil biogeo-
chemical models. The formulation of the underlying
BATS land model precludes including the realism of
vertical soil layering. The component carbon stores have
been deliberately further oversimplified. The intent is
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to prototype a very complex system rather than attempt
a final definitive treatment.

This question as to whether or not to include nitrogen
cycling and at what level of detail is somewhat analo-
gous to the question as to the appropriate strategy for
the inclusion of interactive cloud properties in climate
models. Most climate models concluded several decades
ago that whatever cloud properties that interact with the
larger scale could in principle be calculated interactively
should be so calculated rather than put in observation-
ally. However, because there has been no agreed upon
recipe to achieve a validated treatment of such prop-
erties, this problem of deriving cloud parameterizations
is still being addressed by modelers. The basic reason
for introducing any such new parameterization into a
climate model is that it improves the realism of the
model and that it makes a difference for model perfor-
mance but that it does not degrade the usefulness of the
model for its primary intended applications. The land
components of climate models have, like cloud prop-
erties, not been amenable to rigorous model validation
procedures but do undergo extensive evaluations, often
through community intercomparisons between different
versions of the same parameterization. Single site data
has been of some but generally limited usefulness since
adjusting model parameters to best match such data is
of little generality for a global model intended to apply
across all systems. Testing of a new parameterization
by coupling to a climate model is time consuming but
quite necessary. With increased complexity, model sim-
ulations often compute values outside the anticipated
range of parameter space and consequently can give
physically unrealistic results until the parameterizations
have been made adequately robust for climate model
usage. Increased complexity may also make a compu-
tation unnecessarily costly in terms of computer re-
sources and the requirements for analysis of results.
Hence, it is normally better initially to err on the side
of oversimplification rather than of excess detail.

Although the controls of evapotranspiration by leaf
nitrogen levels are fundamental, correctly included, they
should not be expected to be highly evident in changing
simulations because of the many other variable factors
that are of equal or greater importance for evapotrans-
piration, especially those involving energy and water
balances. The changes introduced are too complex to
be susceptible to interpretation as differences between
a control simulation without the changes and the mod-
ified model. Simple changes in relevant climatological
parameters such as temperatures or runoff ratio would
more likely point to inadvertent shifts in the average
properties of the stomatal functioning than to the impact
of the increased degrees of freedom. The primary eval-
uation procedures used here are to look at examples of
the new model output fields, to examine their reason-
ableness, and to examine correlation statistics indicating
the connections between the time variations of nitrogen-
cycling parameters and those components of the climate

model that are already recognized as important. Past
literature as summarized in Sellers et al. (1997) ade-
quately demonstrates the importance of stomatal func-
tioning for the simulation of terrestrial climate. Our
analysis has not attempted to provide further evidence
for that assertion but rather to show that given the im-
portance of the stomatal functioning for climate models,
inclusion of nitrogen controls makes a quantitative dif-
ference and improves the realism of the treatment.

2. N-Cycling issues controlling canopy stomatal
functioning

Establishing a model of the controls of ET by N cy-
cling requires addressing several issues:

1) lack of a clear understanding as to what determines
the allocation of N among different components of
plants, including how much of leaf N goes into de-
termining photosynthetic capacity;

2) lack of quantitative understanding of what plant
feedbacks and competition with microbiota limit the
uptake of N from the soil and what are the connec-
tions between growth and nutrient needs;

3) difficulties in quantitative specification of the addi-
tion and removal processes for N between the plant–
soil continuum and the atmosphere–hydrosphere sys-
tems (these processes are sketched in Fig. 3).

a. Plant N allocation

Plants allocate N for various requirements such as
formation of flowers and fruits. However, here it is only
allocated to leaves or fine roots. The concentrations of
N in fine roots may differ according to various needs,
but these are not represented in our treatment. Rather,
we assume roots that have a structural component with
a prescribed ratio of N/C (C 5 Carbon) plus a labile
component whose N content may vary between this
prescribed ratio and zero, depending on the availability
of N for photosynthesis. Likewise, different leaves build
a variety of compounds that require differing amounts
of N but again, the functions of these compounds are
not explicitly modeled. Rather, we are guided by ob-
servations that relate leaf N to photosynthetic capacity
and by the molecular basis for photosynthesis in terms
of Rubisco and related compounds. Rubisco is the leaf
enzyme that catalyzes the first step of C assimilation by
joining CO2 with the 5-carbon sugar, ribulose bisphos-
phate. It receives prominence because of its relative
inefficiency so that much of it is needed (making it the
most common protein in the world) and its concentration
limits the rate of photosynthesis under light-saturated
conditions.

An additional complexity is that many other N com-
pounds will vary with the Rubisco content. Furthermore,
different leaves will need differing amounts of N for
other functions unconnected with and not varying with
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FIG. 3. Schematic of the model nitrogen reservoirs, internal fluxes between plant and soil,
and external exchanges with the atmosphere and to runoff.

photosynthetic capacities (Field and Mooney 1986). The
observed correlations between leaf N and photosyn-
thetic capacity have been previously used to determine
Vmax, or maximum net assimilation, Amax, from N. How-
ever, different datasets suggest widely different slopes
for different leaves. For example, Amthor (1994) pa-
rameterized Vmax by inferring that a herbaceous plant
would have 0.24 of its variable N in Rubisco, but de-
ciduous trees only 0.075. The extensive data by Reich
et al. (1995) on Amax are fitted for broadleaf deciduous
trees to slopes of 5.5–6.5 micromoles s21 per g of N,
whereas for needle-leafed evergreens, to slopes of 0.2–
1.9. As that data show, the species that have the lowest
rates of photosynthesis on a per weight basis tend to
have the smallest slopes. Dang et al. (1997) even report
a slope of 22 (i.e., negative) for the jack pines of the
Boreal Ecosystem–Atmosphere Study (BOREAS)
northern study area. A smaller slope for leaves with
lower values of Amax could be explained in terms of a
correlation between nonphotosynthetic N and Rubisco.
However, it is difficult to find supporting evidence at
the molecular level. An alternative interpretation is
adopted here; it is easily demonstrated (e.g., with a ran-
dom number generator) that if the Rubisco-related var-
iation of N is small compared to the range of random
variation of the N unconnected to photosynthesis then
the inferred slope of Amax versus N will inevitably be
much lower than the actual slope.

Therefore we assume a constant slope for Vmax versus
Rubisco-related N. Leaves have a wide range of weights
per unit area, or, equivalently have a wide range of SLA.
The present model (Dickinson et al. 1998) prescribes
SLAs for different ecosystems [in units of m2 per kg C
(kilogram Carbon)] of from 10 for evergreen needleleafs
to 50 for agricultural crops. Individual species have a

much wider range; Reich et al. (1998) finds SLAs in
m2 (kg C)21 ranging from 3 for a tree, Juniperus mon-
osperma, to 108 for a forb, Eupatorium rugesum.

Leaves should avoid overloading with Rubisco rel-
ative to that needed to make maximum use of the light
levels available for photosynthesis (Field and Mooney
1986). Midsummer noontime light levels vary little, ex-
cept with clouds, so all leaves at the top of a canopy
require approximately the same Rubisco per unit area
to maximize their carbon assimilation. Hence, the range
of photosynthetic capacity on a per area basis should
be considerably less than on a weight basis. Field and
Mooney, 1986, in their Figs. 1.2 and 1.3 from the
‘‘VINE’’ survey, show a greater than 2 orders of mag-
nitude range for net photosynthesis per unit mass but a
range of no more than 1 order of magnitude on a per
area basis. They also show that leaves with the highest
nitrogen on a mass basis also have the highest rates of
photosynthesis per unit nitrogen. Across species, the
thinner leaves generally have larger N/C ratio; for the
above-mentioned heaviest and lightest leaves of Reich
et al. (1998), the Juniper has an N/C ratio of 0.03 and
the forb of 0.09. This near-constancy of N/C across a
wide range of Rubisco N and C is likely a result of
many of the structural requirements for N such as in
membranes and cell walls scaling with the total leaf
mass. The increase seen with thinner leaves is inter-
preted as resulting from near-constant Rubisco N on a
per area basis for a given average light level, ratioed to
the smaller structural carbon required.

Rubisco-related N in a leaf can vary over the range
0.1–1 g N m22, depending on the availability of N and
the effects of temperature, light climatology, and re-
spiratory requirements on determining optimum levels.
The latter value would add only 0.01 to a leaf’s N/C
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ratio for an SLA of 10 m2 (kg C)21 but as much as 0.1
for an SLA of 100. The upper limit possible for N/C is
about 0.15, consistent with the data in Fig. 1.1 of Field
and Mooney (1986), and what would be expected for
pure protein. The SLA of the lighter leaves will vary
with varying amounts of Rubisco-related N because of
the varying largely carbon mass of the Rubisco en-
zymes. In particular, sunny leaves should become heavi-
er than shaded leaves of the same species as often ob-
served (e.g., Poorter and Evans 1998).

Carbon assimilation, hence ET, depends not only on
Rubisco, but also on soil water and absorbed solar ra-
diation. The absorbed solar radiation alone, as the most
measurable of these, has been used by Sellers et al.
(1992) to estimate canopy Vmax, arguing that Rubisco
will adjust to light levels and leaf area to available soil
water and nitrogen. Such adjustments are implicit in the
present formulation but occur on timescales of several
weeks to many months and may not be complete. For
example, the enhanced Vmax of a fertilized over a non-
fertilized field may not imply a corresponding increase
in absorbed solar radiation. Many plants in semiarid
regions reduce their stomatal conductance without much
leaf and hence presumably without much nitrogen loss,
in response to water stress.

b. Root uptake

Variations in leaf Rubisco, hence photosynthetic ca-
pacity, are likely related to variations in root uptake of
N, responding either to soil scarcity or conversely, ex-
cess leaf supply. The soil supplies N to the roots in the
form of nitrate, ammonium ions, and amino acids (Ourry
et al. 1997). This N is delivered through transpiration-
driven water flux and molecular diffusion through the
pore water. Roots normally maintain a capability to ac-
quire N at a faster rate than can be supplied by the
physical transport delivery, through maintaining low in-
ternal concentrations and active ion pumps. Conversely,
excess internal supplies of N can reduce root uptake to
rates below that of the capacity of soil delivery pro-
cesses. These reductions of N uptake at the soil–root
interface depend on various mechanisms such as root
ejection of bicarbonate ions generated in the reduction
of nitrate ions in the leaves, and a response to the build-
up of nitrogen-containing metabolites, that is, amino
acids, in the phloem (Ourry et al. 1997). Plants take up
N much more rapidly in daylight than in darkness and
this uptake can be suppressed by large concentrations
of CO2. Either with low light or with excess CO2, a
leaf will have excess Rubisco capacity relative to that
which is needed, and biochemical feedbacks should lim-
it further Rubisco production. In addition, much of the
energy required to assimilate nitrate ions, and possibly
to synthesize Rubisco as well, is supplied by photosyn-
thetic energy, which could be limited by priority given
to carbon assimilation.

The idea that leaves equilibrate to some N levels for

given light levels (Field 1983; Haxeltine and Prentice
1996) can be satisfied by instantaneous constraints on
the fraction of photosynthate allocated to leaf respiration
(Dewar et al. 1998). However, it is more consistent with
our current understanding of leaf molecular processes
to hypothesize that plants respond to the various signals
such as amino acid buildup to limit N uptake from the
soil when the Rubisco-driven component of leaf carbon
assimilation has excess capacity. This response is likely
mediated by buildup of nitrogen-containing compounds
in photosynthate exported from the leaves and hence
might be weakened by any of the other plant require-
ments for N that we have not attempted to include.

c. Sources and sinks

Although the annual supply of N in natural systems
is largely supplied by recycling, it cannot be entirely so
because of various slow loss processes. On a magnitude
basis, plants must take up 10 g m22 N annually from a
soil mineral reservoir containing 1 g m22 N and deliver
this N back to the soil (e.g., Table 6). Furthermore, a 1
g m22 external source of N must be balanced by a 1 g
m22 annual loss. These balances can be achieved if min-
eral N is lost from the system at a rate of 1 yr21 and it
is taken up by plants 10 times as fast.

The sources of N are currently about half natural and
half anthropogenic. Galloway et al. (1995) have re-
viewed the current understanding of the global distri-
bution of biotic and anthropogenic nitrogen fixation.
Biotic fixation on continents is estimated to be in the
range 90–130 Tg yr21 (0.6–0.9 g m22 yr21 on average
over land), and human activities to add additional ni-
trogen consisting of 20 Tg by energy production, 80 Tg
by fertilizers, and 40 Tg by cultivation of nitrogen-fixing
crops. A substantial fraction of the added nitrogen can
be removed by harvest (Howarth et al. 1996, their Table
4). We include N losses to harvest, but do not model
further conversion from the harvested material beyond
lumping it with other contributions to the atmospheric
deposition term.

Overall, about 30% (34 Tg yr21) of nitrogen fixed by
anthropogenic activity is redeposited from the atmo-
sphere as ammonium ions to terrestrial systems, having
been lost to the atmosphere by animal wastes, volatil-
ization of fertilizer, and biomass burning (Dentener and
Crutzen 1994; Galloway et al. 1995; Bouwman et al.
1997). In addition, oxides of nitrogen are released to
the atmosphere by energy generation and biomass burn-
ing, (about 21 Tg yr21 deposited on land). Spatial pat-
terns of this deposition have been generated by various
atmospheric models (e.g., as discussed by Holland et
al. 1997). Globally averaged over land, natural systems
fix about 0.8 g N m22 yr21, and receive about half that
much from atmospheric deposition, whereas agricultural
lands, composing about 10% of global land area, receive
about 10 times as much from fertilization application
and promotion of leguminous crops.



284 VOLUME 15J O U R N A L O F C L I M A T E

3. Formulation for carbon and nitrogen controls
of stomatal functioning

a. Carbon

The carbon formulation is modified from that of Dick-
inson et al. (1998). It consists of three elements:

1) a simple representation of carbon reservoirs, con-
sisting of photosynthate, leaf, wood, root, and fast
and slow soil compartments; temperature dependent
rates for leaf, root, and soil respiration; and rules for
death, harvest, or fire losses from the live compart-
ments;

2) some rules for allocation of assimilated carbon between
the photosynthate, leaf, root, and wood stores;

3) a description of leaf carbon assimilation for C-3 plants
based on Farquhar et al. (1980).

1) CARBON RESERVOIRS AND ALLOCATION

Equations from appendix B in Dickinson et al. (1998),
for carbon stores, are supplemented with a photosyn-
thate reservoir. This reservoir serves two purposes:

1) it provides a rapid leaf growth at the beginning of
a growing season, and

2) it provides a more realistic energy source for res-
piration, especially at times of negative carbon ac-
cumulation.

Without this term, leaf area is lost whenever net leaf
carbon assimilation is negative because of dominance
by respiration, and an unrealistic day–night fluctuation
in leaf area index (LAI) occurs. The photosynthate res-
ervoir also prevents long-term loss of LAI to respiration
when there is an excess of Rubisco-related enzymes.

Total leaf carbon consists of a structural pool, related
to LAI by a prescribed SLA, the photosynthate pool,
which is normally nearly an order of magnitude smaller,
and that incorporated in Rubisco-related structures,
which will normally be even smaller than that of the
pool of photosynthate, and is neglected unless the pho-
tosynthate declines to zero. If that happens, further re-
spiratory costs are met by shrinking the Rubisco-related
nitrogen pool, assuming 10 g C are provided per g of
N lost. The resulting carbon fluxes are neglected as con-
sistent with neglect of a carbon pool accumulated with
Rubisco. Such a respiratory decay of Rubisco may be
an essential feedback for leaves to reduce their photo-
synthetic capacities to those needed for given light lev-
els.

The equation for the photosynthate reserve Cp, rep-
resenting labile sugars and stored starches that can con-
vert back to sugars, is (see appendix for the definition
of variables used in all equations).

dCp
5 f 3 X 2 k 3 F 3 Cp c p pdt

2 all respiration terms, (1)

where the transfer of photosynthate to leaf structure
scales with a maximum rate kp and is modulated by the
factor

F 5 (1 2 f ) exp(2LAI) 3 1/(1 1 S ),p cd (2)

a factor that approaches 1 for small LAI and nonstressed
growing conditions, but becomes very small for large
stress or large LAI. The fraction of assimilated carbon
Xc that is allocated to Cp is given by

{[1 2 exp(2LAI)] exp(2C /C ) 1 S }p po cdf 5 , (3)p (1 1 S )cd

where the dependence on LAI allows the allocation to
go directly to the leaves in the limit of small LAI and
the assumption Cpo 5 100 g m22 allows Cp to equilibrate
for full canopy at about 50 g m22, when about half of
carbon assimilation is needed to pay respiratory costs.
Although a single value is used here, the appropriate
value for Cpo could vary widely between different kinds
of vegetation depending on, among other things, the
biomass of a plant. The term Scd is the sum of the cold
and drought stress terms defined by Eqs. (7) and (8) in
Dickinson et al. (1998).

Previous allocation to leaf, root, and wood are mul-
tiplied by (1 2 f p), and the previous carbon equations
for these reservoirs no longer include any respiration
terms. Daytime leaf respiration is accounted for in car-
bon assimilation, that is, Eq. (18a), and so not included
in Eq. (1).

The photosynthate reserve, consisting of whatever
forms of carbon stores are available for oxidation in the
mitochondria to generate energy needed by the plant,
provides respiration costs but otherwise has no control
on respiration unless it vanishes. Leaf respiration is re-
formulated in the next section [Eqs. (14)–(16)]. We have
added an ion uptake cost of 1.5 g C per g N assimilated
and a fixation cost of 10 g C per g N fixed (e.g., Gut-
schick 1981; Eissenstat and Yanai 1997; Serraj et al.
1999). Leaf carbon is increased by direct allocation or
by transfer from the photosynthate pool and is lost by
stress death, turnover, and harvest, as follows:

dCl 5 (1 2 f ) 3 S 3 f 3 X 1 k 3 F 3 Cp n cl c p pdt

2 (k S 1 k 1 k )C , (4)s cd lt h l

where ks is a scaling rate for leaf drought or cold stress
and where Sn is nitrogen stress factor to be defined later
that converts a fraction 1 2 Sn of leaf to root allocation.
The term klt is the leaf turnover rate for senescence and
herbivory, introduced in Dickinson et al. (1998) and
modified as described in the next section [Eq. (18b)],
and the rate kh is a leaf removal rate by harvest, pre-
scribed as nonzero for agricultural systems.

2) ASSIMILATION

The assimilation parameterization of Dickinson et al.
(1998) borrowed heavily from earlier studies by Collatz
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et al. (1991), Sellers et al. (1996), Bonan (1995), and
Foley et al. (1996) among others and has been further
modified for the present paper. Parameters have been
assessed from recent physiological studies. However,
the only substantial modification to the earlier formu-
lations has been the inclusion of resistance to leaf in-
ternal transport of carbon (e.g., Evans and von Caem-
merer 1996). This term is included to provide greater
physiological distinction between leaves of different
thickness.

The minimum of three rates determines leaf carbon
assimilation. These are the light-driven rate wj, and the
Rubisco catalysis and photosynthate export rates, wc and
we, respectively. The light-driven rate is assumed to be
linear in absorbed visible light, as most appropriate for
low-light levels, and so the only form of light saturation
included is that implied by the Rubisco-controlled rates.
Hence,

w 5 w 3 PAR,j j0 (5)

where PAR is photosynthetic radiation in W m22. Light
use efficiency has been reviewed by Foyer and Harbin-
son (1997), who argue that on a quantum basis, it should
be less than 12.5%. Long et al. (1993) report on an
absorbed quanta basis, that the measured efficiency
varies little between species, and is about 9%. Hence,
we express wj0 in mmoles J21 as

[1 2 0.1l 3 f (T )]cw 5 0.425 3 , (6)j0 [1 1 0.2l 3 f (T )]c

where f (T) is the single exponential temperature de-
pendence, adopted for all model rates involving the
speedup of enzyme activity with temperature,

f (T) 5 exp[0.08(T 2 298)], (7)

and lc is the ratio of CO2 of a prescribed reference
value to that at the Rubisco site, calculated by balancing
carbon fluxes with carbon assimilation.

The rate at which Rubisco can assimilate carbon wc

is written:

[1 2 0.1l 3 f (T )]cw 5 V 3 , (8)c m [1 1 2l 3 f (T )]c

where Vm is the maximum assimilation rate possible in
the limit of large CO2 concentrations, taken to be

3ˆV 5 b 3 N 3 f (T) 4 [1 1 0.04 f (T) ],m rub (9)

where b 5 200 mmoles g21 s21 is the assumed slope
for correlation of carbon assimilation with Rubisco-re-
lated nitrogen, and N̂rub is the Rubisco-related leaf ni-
trogen in units of g m22, specified as a profile for cal-
culation of Vm, but as an average value for leaf respi-
ration [Eqs. (15)–(17)]. The denominator in Eq. (9)
gives the high temperature loss of capacity due to ther-
mal damage. The factor of 2 in the denominator of Eq.
(8) represents both a CO2 limitation and the competition
with oxygen for the first step of the Calvin cycle. The

subtracted term in the numerator represents the photores-
piration losses for a C3 plant. The physiological param-
eters used are those given in Poorter and Evans (1998)
and differ somewhat from the ‘‘Collatz–Bonan’’ values
we previously adopted. Because these parameters are rath-
er uncertain, at most one decimal place of accuracy is
possible. The lc term will typically be about 2.

The last term needed we, sometimes referred to as the
‘‘export-limited rate’’ represents the rate at which tri-
phosphate can be utilized, and so metabolized sugars
exported and the initial ribulose reconstituted. It is as-
sumed to be the same as used by Collatz et al. (1991),
and Bonan (1995):

w 5 0.5 V .e m (10)

The numerical factor is known to lie between 1/3 and
1/2. Wullschleger (1993) reviews a wide range of mea-
surements for Vm and triphosphate ‘‘utilization’’ (TPU),
giving average values of Vm of 75 mmoles m22 s21 for
annuals, 44 mmoles m22 s21 for perennials, and an av-
erage triphosphate utilization of 10.1 mmoles m22 s21.
Hence, simply averaging the annual and perennial rates
and taking we as 3 3 TPU gives we ø 0.5 Vm. Foley
et al. (1996) argue for a somewhat smaller value, ap-
parently based on a different averaging approach with
the same data. As evident from Eqs. (7)–(8), this term
should become rate limiting, when T drops below 58–
108C. A smaller value would raise the temperature of
switchover by a few degrees.

The numerical constants in Eqs. (6) and (8) were
determined for a reference concentration of 360 ppmv,
appropriate to current global-average concentrations.
The internal concentrations will scale with external con-
centrations so that other external concentrations can be
assumed by multiplying lc by 360 and dividing it by
the external carbon dioxide concentration in ppmv. Lim-
ited observations (as reviewed by Poorter and Evans
1998) suggest leaves commonly have about a 30% drop
in CO2 from leaf cavity concentrations to the photo-
synthesis site, independent of assimilation rates, which
would only be possible if leaf internal resistances over
this path are inversely proportional to assimilation rates.
Thicker leaves usually have lower assimilation rates on
a per mass basis and often on a per area basis. Variation
in SLA is primarily due to differences in leaf thickness.
It is plausible that internal resistances should scale with
leaf thickness (Evans and von Caemmerer 1996). Hence,
we assume a leaf internal resistance proportional to leaf
thickness. Leaves acting to optimize between light and
Rubisco limitations could simply add more Rubisco to
compensate for an internal resistance that lowers CO2

at the Rubisco site. However, this cannot be done with-
out an additional respiratory cost (e.g., Dewar et al.
1998; Haxeltine and Prentice 1996), and further stress
on limited supplies of nitrogen. Hence, assimilations per
unit area will tend to be less for smaller SLA. Besides
the effects of internal resistances, leaves for different
life forms are distinguished by the dependence of their
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turnover rates on leaf weight and differing thresholds
for cold stress.

b. Nitrogen

1) PLANT NITROGEN POOLS

The leaf structural and root pools are determined from
leaf structural and root carbon as

N 5 r 3 (1 2 f ) 3 C and (11)ls ncl n l

N 5 r 3 (1 2 f ) 3 C , (12)r ncr n r

where rncl 5 0.03 and rncr 5 0.024 are nitrogen to carbon
ratios for leaf structure (inferred from Reich et al. 1998)
and for roots (Gordon and Jackson 2000), whereas f n

is the fraction of the leaf structural and root nitrogen
that has been moved to the Nrub pool because of shortage.
We assume

f 5 0.2 exp (22 3 N /s )n rub f (13a)

as estimated from some limited N-stress data of Chapin
(1991). This term, multiplied by the leaf structural and
root N, gives the labile N. In other words, we assume
up to 20% of the leaf structural and root nitrogen is
labile and can be moved to the Rubisco-related pool in
the limit of extreme deprivation whereas under un-
stressed conditions of canopy Nrub of about 1 g m22, the
f n term is at most a few percent. It may typically be
about 0.04 giving N/C ratios of 0.023 (Gordon and Jack-
son 2000).

Total leaf nitrogen Nl is obtained from the difference
between total plant nitrogen Np and root nitrogen Nr,

N 5 N 2 N .l p r (13b)

In principal, the term Nrub is in turn obtained by sub-
tracting leaf structural Nls from the total leaf pool Nl,
that is, Nrub 5 Nl 2 Nls . However, with direct use of
this difference, leaves with small LAI after previous
defoliation are unable to achieve a positive carbon up-
take. The N that was previously retained by transloca-
tion from removed leaves is then almost all interpreted
as Rubisco N, whose consequent respiration exceeds any
possible C gain by the leaf. Presumably, most such N
is not stored as proteins but in some form with little or
no respiratory cost. Hence, we assume

N 5 [N 2 (1 2 f )r C ](1 2 f )r C /N ]. (14)rub l n ncl l n ncl l l

This expression defines Nrub as the difference between
the total leaf nitrogen and the minimum structural ni-
trogen at low Rubisco, multiplied by the ratio of min-
imum leaf structural nitrogen to total leaf nitrogen.
Hence, when the total leaf nitrogen is not much larger
than that needed to supply the minimum structural re-
quirement this expression puts all the nonstructural leaf
nitrogen into Rubisco; but when total leaf nitrogen be-
comes much larger than that needed for leaf structure,
the nitrogen put into Rubisco will not exceed that put
into structure.

Although most carbon models in the past have based
their maintenance respiration costs on carbon, data for
such a correlation is widely scattered. Respiration is
much more tightly correlated with nitrogen (e.g., Reich
et al. 1998; Preigitzer et al. 1998), consistent with its
connection to repairs of fragile enzymes. To the extent
that the leaf enzyme content is proportional to Rubisco,
leaf respiration may vary with Rubisco content, hence
Vm, as used in our earlier version, and by other authors,
following Farquhar et al. (1980). However, daytime leaf
respiration per unit leaf area Rd can be considerably less
than nighttime respiration, Rn. Poorter and Evans (1998)
find daytime considerably less than nighttime respira-
tion, Rn. Poorter and Evans (1998) find daytime values
on a per leaf mass basis in the range 20–40 nanomoles
CO2 g21 s21 whereas the survey of nighttime values by
Reich et al. (1998) find values for leaves with N values
comparable to those of Poorter and Evans as large as
50–60 in the same units. Further, the data of Reich et
al. (1998) indicate a nonlinear dependence of nighttime
respiration on leaf N such that respiration is twice as
much per g N at high N than it is at low N. Evidently,
Rubisco N can cost up to twice as much in respiration
at night as structural N costs but daytime respiration Rd

may consist mostly of the respiration from the structural
N. Hence, we assume for daytime leaf respiration rates
(units of mmoles m22 s21):

ˆR 5 0.4 f (T)N ,d ls (15)

whereas at night, Rubisco-related respiration is includ-
ed:

R 5 R 1 R ,n d r (16)

where

ˆR 5 0.8 f (T)N .r rub (17)

The factors of 0.4 and 0.8 are chosen to be consistent
with the data of Reich et al. (1998). The  symbol here
denotes an average leaf value in g m22 obtained from
the canopy nitrogen values by division by sf 3 LAI.
Rubisco degradation rates appear to vary somewhat be-
tween species but with no noticeable difference between
C-3 and C-4 plants (Esquı́vel et al. 1998).

The Rubisco-related respiration cannot cease during
the day, but it could plausibly obtain its energy require-
ments from photosynthesis. Hence, we assume leaf level
net photosynthesis to be given by

A 5 min(w 2 R , w , w ) 2 R .n j r c e d (18a)

Brief periods generally near sunrise and sunset when
this term may become negative are neglected by setting
any such negative values to zero. What other plant met-
abolic requirements are met by light-derived energy is,
in general poorly known, and not accounted for here.
The use of light energy for the reduction of nitrate ions
in the leaves varies widely between plants (e.g., Gut-
schick 1981). Ecosystem nighttime leaf respiration is
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TABLE 1. Loss rate coefficients in s21 and inverse as implied timescales. Losses are linear in the appropriate reservoir unless other factors
are indicated.

Symbol Rate s21 Timescale

Leaf turnovera klt0 3. 3 1028 386 days
Leaf harvestb kh 6. 3 1028 193 days
Root turnoverc krt 4. 3 1028 232 days (at 298 K)
Root harvestb khr 3. 3 1028 386 days
Wood harvetd khw 1. 3 1029 32 yr
Maximum N uptake from mineral reser-

voir
km0 5. 3 1026 56 h

Maximum nitrification rate kni0 1. 3 1026 11.6 days (at 298 K)
Maximum denitrification rate kdn0 2.5 3 1026 4.6 days (at 298 K)
Maximum rate of photosynthate transfer

from pool to leaf
kp 5. 3 1026 56 h

Leaf stress scaling rate ks 2. 3 1027

Ammonium ion volatilization rate kv 1. 3 1029 32 yr
Soil respiration coefficient Rs0 4. 3 1028 289 days (at 298 K)
Leaf maintenance respiration coefficiente

(doubled for Rubisco related N)
Rl0 5. 3 1026 77 days (at 298 K)

Root maintenance respiration (per g N) Rr0 4. 3 1026 100 days (at 298 K)
Wood maintenance respiration coefficient

per g C (no symbol used)
5. 3 10210 63 yr (at 298 K)

a Multiplied by an O(1) term increasing with SLA and Rubisco-related nitrogen.
b Only applied to agriculture land use.
c Root turnover includes the temperature dependence, sqrt [ f (T )].
d Only for forest types.
e Respiration proportional to N reservoirs and F(T ), but timescales refer to C. Not included here are construction, root ion uptake and

fixation carbon costs.

obtained from Eq. (16) by use of Nls and Nrub in Eqs.
(15)–(17).

To allow for the shorter lifetimes of thinner leaves
and the greater attractiveness of high-nitrogen leaves to
herbivores, leaf turnover per canopy carbon mass has
been modified to

k 1 k 3 [0.3 1 0.010lt lt0

223 (0.5N 1 1 g m ) 3 L ], (18b)rub c

where Lc is the specific leaf area in m2 g21, and klt0 is
a prescribed rate (Table 1).

2) CYCLING EQUATIONS

The nitrogen cycling consists of external sources and
sinks, and three pools of nitrogen per unit land area: (i)
plant nitrogen Np; (ii) soil and litter organic nitrogen
Ns; and (iii) soil mineral nitrogen Nm. Vegetation gains
N by root uptake of mineral nitrogen Nm at a rate km

and loses N by death of plant parts, that is,

dNp
5 k N 2 DN , (19)m m sdt

where DNs is the loss of plant nitrogen to litter and soil,

DN 5 k N 1 g (k 3 S 1 k ) 3 (N 1 N ), (20)s rt r r s cd lt ls rub

where 1 2 g r is a retranslocation coefficient for leaves
(i.e., fraction of recapture into the plant when the leaf
dies), assumed to be 0.5 following Aber et al. (1997),
krt and klt are the root and leaf turnover rates, and Scd

the sum of terms for the cold and drought mortality
[Dickinson et al. 1998; Eqs. (7) and (8)]. Retransloca-
tion of nutrients in roots is neglected here, as it appears
to be much smaller than in leaves (see Gordon and
Jackson 2000, and references therein).

The soil and root processes of ion uptake are non-
dimensionalized so that their timescales are clearly ev-
ident, that is, nitrate and ammonium ions are assumed
to be taken up by plants according to

k 5 k 3 min(l , l )m m0 r t (21)

km0 5 5.1026 s21 is a base rate, and where, lr, lt are
nondimensional rates of ion uptake by respectively, high
and low affinity transport at the root interface, and by
physical transport by ion diffusion and bulk flow (e.g.,
Jungk and Claassen 1997). The rate lr, as measured,
differs for each ion and each type of vegetation. Some
species preferentially take up ammonium and some ni-
trate ions. These uptake rates have not been measured
for most natural species. In addition, the transport
through the root interface depends on ion concentrations
at the root interface, which can only be determined pre-
cisely with a 3D model of ion concentrations in the root
zone. However, when physical transport is not limiting,
the concentrations at the root will not be significantly
lower than average soil values. In addition, the vari-
ability between species is at least as large as the dif-
ferences between active ion uptake of ammonium versus
nitrate. Hence, as a consistent simplification, we assume
the same form for all species and both ions expressed as
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C r (I /N 1 K )r ref max m 1l 5 h 3 3 , (22a)r p1 2 1 2C r (1 1 K /N )ro r m m

where rref 5 0.5 mm and rr is the characteristic root
radius assumed here to be rref, and where Cr and Cro are
the root carbon and a reference value, Cro 5 250 g m22,
Nm is either the concentration of ammonium ions
N or of nitrate ions N normalized by 1.0 g m22,1 2H O4 3

and Km and Imax are nondimensional root physiological
parameters, Imax 5 1.0, and Km 5 0.4, K1 5 0.2, (inferred
from the measurements by Kronzucker et al. 1996 for
spruce uptake of N ), and hp represents reduction of1H4

root uptake by light-limited canopy, and is assumed to
have the form

h 5 {1 2 exp[2max(0.01, w /w )]},p j c (22b)

where wj and wc are the rates defined by Eqs. (5) and
(8), such that root physiological uptake is reduced at
low light or equivalently, high Rubisco, to 1% of its
high light value.

The transport term lt is defined separately for each
ion to be of the form

l 5 l 1 l ,t d et (22c)

where for a soluble ion, such as nitrate, the diffusion
transport rate, ld is assumed to be

2l 5 0.4s 3 (C /C ) 3 (D /D ) 3 (r /r ) , (22d)d r ro i ref ref r

where Di 5 ion diffusion coefficient in saturated soil
here assumed to be Dref (which is Dref 5 2 3 1026 cm2

s21), s is the root zone soil moisture in BATS, nor-
malized by wet soil values (porosity), so that it ranges
from 0 to 1 with smaller roots needing less mass for
the same diffusion uptake. The product of root carbon
and inverse radius squared is proportional to root length.
The ET-driven bulk flow rate is given by

l 5 0.2 ET/(s 3 ET ),ET 0 (22e)

where ET0 is a reference value for ET; here ET0 5 17
mm day21 and generally it should be scaled inversely
with depth of rooting zone, as shallower roots extract
more water per unit soil volume. Because ammonium
is less soluble, it is importantly affected by sorption by
soil particles (Barber 1984), crudely allowed for here
by multiplying the ammonium concentrations by 0.3.
This diffusion term assumes adequate precipitation and/
or new root growth to carry nutrients supplied by min-
eralization to the vicinity of the roots. For ‘‘field ca-
pacity’’ values of s ; 0.5, the dimensional ET and dif-
fusion uptake rates are both about 10 days. The shift to
a relatively greater contribution from the ET term as the
soil becomes drier may be reduced by an accompanying
reduction in ET.

Changes of the soil and litter organic nitrogen, Ns are
determined from

dNs 5 DN 2 DN , (23)s mdt

where DNs is defined by Eq. (20), and DNm is the con-
version to soil mineral nitrogen, given by

DN 5 R 3 I 3 N ,m s0 mob s (24)

where Rs0 is the soil fast carbon pool respiration rate
coefficient (Table 1) and Imob reduces mineralization of
N through the immobilization by bacteria for low ratios
of Ns/Cs, that is, the Ns is largely recaptured by bacteria
when Ns is less than 0.05 of Cs. This effect is param-
eterized by

I 5 exp (20.05 C /N ).mob s s (25)

Finally, ammonium and nitrate ions are determined from
1dNH4 15 S 1 DN 2 (k 1 k 1 k )NH , (26)e m m y ni 4dt
2dNO3 1 25 k NH 2 (k 1 k 1 k )NO , (27)ni 4 m dni ro 3dt

where Se is an external source including biological fix-
ation, deposition, and fertilization given by Eq. (32),
and DNm is from Eq. (24) and the rate coefficient for
plant uptake, km from Eqs. (21)–(22). Biological fixa-
tion, most fertilizer, and the bulk of atmospheric de-
position are ammonium ion, so we have simplified by
assuming all sources are this term. Equations (26)–(27)
require kni for nitrification, kdni for denitrification, ky for
ammonia volatilization, and kro for surface and subsur-
face (i.e., leaching) runoff removal (all given in Table
1). The partitioning of mineral nitrogen into ammonium
and nitrate ions is important for the parameterization of
nitrogen fixation and various removal processes. A sim-
pler approach would be to lump together ammonium
and nitrate ions and impose on them a constant deni-
trification rate (e.g., Potter et al. 1996 used 2% per
month). However, runoff and denitrification removal
rates vary widely depending on the nitrate fraction pre-
sent and soil wetness.

At optimum conditions, nitrification and denitrifica-
tion can respectively convert ammonium to nitrate and
nitrate to gaseous nitrogen on a timescale of a week.
However conditions are far from optimum for one or
the other rate because nitrification requires aerobic con-
ditions whereas denitrification anaerobic (i.e., wet con-
ditions). Both can operate simultaneously at different
sites that have different oxygen levels resulting from
soil heterogeneity. Because oxygen is removed primar-
ily by root and soil respiration, changes of these in
response to soil temperature variation can provide feed-
back to denitrification (Smith 1997). However, here we
only relate implicitly soil oxygen levels to soil water
levels, by assuming the latter controls the rates of de-
nitrification and nitrification. Denitrification may occur
mostly over short periods during and after precipitation,
as illustrated by the modeling results of Li et al. (1992),
and will be most pronounced in poorly drained soils.
We have included the dependences on soil moisture by
simple fitting to figures in Parton et al. (1996) using
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s(1 2 s)
k 5 k 3 f (T ) 3 , (28)ni ni0 rz 1(0.25 1 1/NH )4

Bk 5 k 3 f (T ) 3 s , (29)dn dno rz

where Trz is the rooting zone soil temperature, f (Trz) is
given by Eq. (7), and B is the Clapp–Hornberger pa-
rameter, such that Eq. (29) scales with the inverse of
the soil water potential.

The dependence of nitrification on soil ammonium
ions at low levels is not readily seen in observations
(e.g., as discussed by Parton et al. 1996, and possibly
explained in terms of heterogeneity by Davidson and
Hackler 1994), but its rate appears to be proportional
to soil mineralization. The latter dependence is inev-
itable whatever the rate in the absence of roots, but
may not hold in the presence of competition by plant
uptake. Equation (28) hypothesizes that at low N 1H4

the rate becomes small and proportional to N . Al-1H4

though the denominator of Eq. (28) is speculative in
detail, some such slowing of nitrification at low am-
monium levels may be needed in natural systems to
reduce nitrogen losses to maintain observed levels of
soil nitrogen.

We have included only a slow ammonia volatilization
term from natural systems taking ky 5 1029 s21. Den-
tener and Crutzen (1994) model this term as a stomatal
leakage, neglecting soil contributions. Bouwman et al.
(1997) review this and the larger agricultural losses to
ammonia emission. The net effects of the latter are as-
sumed to be lumped with the prescription of an agri-
cultural net source term.

Runoff loss rate is estimated for nitrate ions from

k 5 R /W ,ro off 0 (30)

where Roff is the runoff in units of mm s21, and W0 5
200 mm is an assumed average soil water store. The
amount of nitrate ions leached from a field varies strong-
ly with soil texture and cover (e.g., Fig. 6 of Howarth
et al. 1996), with runoff from a sandy cropland having
an order of magnitude more nitrate than that from a
loamy or clay pasture. Runoff loss of ammonium ions
is neglected.

Detailed data on fertilizer production and consump-
tion could be used to disaggregate the anthropogenic
component by geography and season (e.g., Matthews
1994), but the present treatment simply assumes an
average anthropogenic source term for the BATS dry-
land and irrigated agricultural grid squares, taking for
these

27 22 21S 5 2.5 3 10 g m s .fert (31)

Natural systems are assumed to be fertilized by mi-
crobiological fixation, with an assumed supply (at 298
K and low-nitrate concentrations) of Sbf 5 1. 3 1027 g
m22 s21, and to a lesser extent, by a constant rate wet
and dry deposition from the atmosphere of Swd 5 1.5
3 1028 g m22 s21,

S (natural) 5 [S 1 S s 3 (1 2 f ) 3 f (T )e wd bf f p

23 exp(2b 3 NO )]. (32)f 3

The nitrogen fixation varies with fractional vegeta-
tion, with the standard enzyme temperature dependence,
Eq. (7), with the fraction of assimilated carbon not put
into the photosynthate pool, and with a simple negative
feedback response to excess soil nitrate (e.g., Vinther
1998) with bf 5 0.5. Fixation ceases during periods of
drought (Sanhueza and Crutzen 1998; Serraj et al.
1999), when the photosynthate carbon reservoir is un-
able to provide the energy cost. Loss from biomass burn-
ing (e.g., Sanhueza and Crutzen 1998; McNaughton et
al. 1998) is neglected.

4. Climate simulations with nitrogen coupling

The climate model simulation is carried out, using a
version of the National Center for Atmospheric Re-
search (NCAR) Community Climate Model version 3
(CCM3) (Kiehl et al. 1998) that has an improved treat-
ment of orography to suppress spectral ringing and the
BATS land model to which the present treatment has
been appended. Ocean temperatures are prescribed as
provided by the Atmospheric Modeling Intercomparison
Project (AMIP2) project. The model is integrated over
a 17-yr period. The initial mineral N stores adjust rap-
idly to the balance or imbalance between sources and
gain and loss of organic and of plant N. However, the
overall system can require decades or longer to reach
equilibration between the internal stores and externally
prescribed sources and sinks.

Numerous earlier integrations overall or a fraction of
this period were made to identify and fix model short-
comings and help spin up the slower model adjustments
(such as high-latitude carbon reservoirs). Since the car-
bon and nitrogen cycling have been iterated to a steady
state outside of high latitudes through the repeated cy-
cling through the 17 yr of AMIP forcing, details of the
initialization are somewhat irrelevant. However, they
could be very important for use of any such model to
match observational histories for a particular time pe-
riod. Since the parameterizations link the slower N
stores to carbon stores, they were not be initialized in-
dependently. Rather we assumed that Ns 5 0.05 Cs, and
that Np 5 0.03 Cl 1 0.024 Cr 1 1 g m22.

The climate model calculates absorbed PAR and total
radiation at the surface by attenuation of that incident
at the top of the atmosphere by the gaseous and partic-
ulate composition of the atmosphere. It calculates pre-
cipitation from the atmospheric hydrological cycle and
this provides soil moisture. The root and soil moisture
distributions determine a maximum rate of transpiration
(Dickinson et al. 1993). If the transpiration determined
by carbon assimilation exceeds this demand, stomatal
conductance is reduced iteratively to match the demand
to the supply of soil water. This stomatal closure cor-
respondingly reduces the carbon assimilation.
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FIG. 4. Examples of monthly averaged evapotranspiration in energy
units W m22 (1 W m22 is approximately equivalent to 1 mm month21)
averaged over selected model grid cells from the beginning of 1989
to end of 1995: (a) lower Colorado basin points, and (b) Amazon
evergreen broadleaf points.

FIG. 5. Same as Fig. 4 but showing the net plant carbon net
primary production (NPP) (assimilation) in g C day21.

FIG. 6. Same as Fig. 4 but showing the Rubisco-related leaf
nitrogen in g N m22.

The model puts out hundreds of standard climatolog-
ical parameters. Many of these have been adequately
considered elsewhere, and any changes in them from
the present formulation are likely to be difficult to de-
termine. Hence, the paper examines the climatological
appearance of the evapotranspiration, carbon assimila-
tion, and Rubisco nitrogen. All the new variables were
averaged monthly over the BATS land cover types, as
well as over specific geographical regions and hemi-
spheres of the globe.

From the several dozen averaging regions, we have
selected two for discussion, that is, an average over
those points representing the lower Colorado basin (6
points) and an average over the Amazon broadleaf ev-
ergreen model grid squares (69 points). Figures 4 and
5 compare evapotranspiration and carbon net primary
production (NPP) (assimilation) for these two regions
over the last 7 years of the simulation. Both regions and
both fields show pronounced seasonal cycles and sub-
stantial interannual variability. The lower Colorado ba-
sin shows summer dryness and large variations in the
peak winter precipitation, as seen in the evapotranspi-
ration. The modeled dry season reductions in evapo-
transpiration and net carbon assimilations are exagger-
ated, at least over parts of the Amazon because of greater
seasonality of precipitation and shallower rooting depths
in the model than observed. The Amazon tends to have
reduced precipitation during El Niño years, as also seen
by reductions in evapotranspiration and to a lesser ex-
tent, carbon assimilations. The Southern Hemisphere,
showing a dry season from June to October, dominates

the Amazon averages. Figure 6 shows the corresponding
time series for the Rubisco-related nitrogen pool. In-
terannual variations of individual months over the 17
yr of the 3 plotted time series are highly correlated. The
monthly values of Rubisco nitrogen for each point over
the Amazon correlate with the latent heat flux at values
ranging from 0.93 during the wet season to as much as
0.99 during the dry half of the year.
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TABLE 2. Prescribed source terms for fixed N in g m22 s21 with g
m22 yr21 in parentheses.

Term

Maximum natural fixation at 298 K
Wet and dry deposition
Fertilizer (only agricultural lands)

Sbf

Swd

Sfert

4. 3 1027 (19.7)
1.5 3 1028 (0.47)

2.35 3 1027 (7.41)

TABLE 4. Model NPP g C m22 day21 compared to the range of
values quoted by Bonan (1995).

Ecosystem Current model Bonan range

Crop/mixed farming
Grassland (short)
Evergreen needleleaf
Deciduous needleleaf
Deciduous broadleaf
Evergreen broadleaf
Shrub
Tundra

1.4
0.7
1.2
1.3
2.1
2.6
0.7
0.5

0.7–1.2
0.4–0.8
0.6–1.4
0.4–0.7
1.1–2.1
2.5–3.3
0.3–1.2
0.2–0.4

TABLE 3. Other important parameters.

Symbol Value

Root N to C ratio (max) rncr 0.024
Leaf structural N to C ratio

(max) rncl 0.03
CO2 ppmv 360
Minimum LAI 0.1
Fraction of leaf of N not

retranslocated gr 0.5
Characteristic root mass
Characteristic transpiration

Cro

ET0

250 g m22

1.5 3 1024 mm s21

TABLE 5. Model live fine root mass kg C m22 vs observations
(Jackson et al. 1997).

Ecosystem Observed Model

Boreal
Temperate deciduous
Temperate grassland
Tropical grassland
Tropical evergreen
Tundra

0.11
0.22
0.42
0.25
0.16
0.16

0.16
0.23
0.14
0.35
0.29
0.16

The model parameters related to the carbon and ni-
trogen cycle that can be compared to ‘‘reality’’ are lim-
ited. Nitrogen source terms are summarized in Table 2,
some other parameters in Table 3. Reality for NPP is
largely what other models obtain, and the present model
appears to be within that envelope. Table 4 compares
simulated NPP with ranges as determined from those
quoted in Bonan (1995). Agriculture appears to be high,
possibly so biased from the constant addition of fertil-
izer and constant rate of harvest removal. The large NPP
values for modeled tundra and needleleaf systems may
indicate an inadequate treatment of cold temperature
mortality.

The above-ground productivity of leaves, and in boles
for woody plants, is well characterized for many sys-
tems. Where there is seasonal leaf drop, prescribing the
leaf specific weights and modeling realistic LAIs is suf-
ficient to give realistic leaf productivity. For evergreen
leaves, given realistic LAI and leaf mass, the average
leaf turnover rate is the main source of uncertainty. Be-
cause of its wide variation between species (Reich et
al. 1992), it is difficult to infer an appropriate average
value for a given system.

The parameterization of root turnover rate is prob-
lematical. Eissenstat and Yanai (1997) review factors
believed to determine root turnover rates. One such fac-
tor is soil temperature. They suggest roots in colder soils
should live longer in order to maximize the nutrient
uptake per carbon cost over the lifetime of the roots.
Older, less efficient roots, can be retained in cold soil
because of low maintenance respiration costs. A recent
global analysis of root turnover estimates that the Q10
of fine-root turnover is 1.4 for forests and 1.6 for grass-
lands (Gill and Jackson 2000). Steele et al., (1997) show
for the BOREAS northern and southern sites, that daily
root turnover decreased in the winter to only 10%–30%
of summer rates. Hence, the model has assumed a root

turnover dependence on temperature proportional to the
square root of the respiration dependence, Eq. (7). Table
5 compares model fine-root masses with those sum-
marized by Jackson et al. (1997). The root mass of the
temperate grassland differs most with that observed.
Since NPP of temperate grassland appears reasonable,
agreement would only be possible with a large decrease
in the rate of root turnover. If the tundra NPP were closer
to the range of expected values, tundra root mass would
be too low. It may be difficult to characterize root masses
of Arctic ecosystems, as they are highly heterogeneous
in their carbon storage characteristics (e.g., Shaver and
Chapin 1991). The tropical forest root mass is nearly
double that observed. The modeled NPP for roots in
tundra and tropical broadleaf evergreen systems are 0.5
and 1.2 g m22 day21, respectively, consistent with the
factor of two difference in their computed root masses.

Table 6 shows the average content of different N res-
ervoirs. The organic pool is low compared to obser-
vations because it does not include ‘‘slow pools,’’ that
is, that locked up in humus, etc., and the plant pools do
not include anything but that in leaves or roots, where
agreement with observations is insured to the extent that
we fit observed biomasses, since the observed N/C is
built into the model. Hence, only the last two columns
have neither built in disagreement or agreement and so
would benefit most from observational comparisons.

Table 7 shows the external sources and sinks for N
over the last year of simulation. All the rows are plau-
sibly close to a balance except for the boreal (needleleaf
evergreen) and tundra systems. For these, the annual
deposition and smaller increment of natural fixation con-
tinues to largely be absorbed, mostly by the soil. Ni-
trification occurs at the same rates as elsewhere, but
plant uptake and immobilization limits the nitrate to
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TABLE 6. Model N reservoirs g m22.

System Plant
Soil

organic
Ammoni-

um Nitrate

Tundra
Needleleaf evergreen
Grassland
Cropland
Broadleaf evergreen
Global land

10
15
7
5

16
6.5

80
100
23
38
45
38

0.5
1.2
1.3
1.7
1.7
1.1

0.0
0.1
1.0
1.2
0.8
0.7

TABLE 7. N source and sinks (g m22 yr21).

System
Biological

fixation Deposition Fertilization Denitrification Runoff

Tundra
Needleleaf evergreen
Grassland
Cropland
Broadleaf evergreen
Global land*

0.1
0.7
1.5
1.4
2.8
1.1

0.5
0.5
0.5
0.5
0.5
0.5

0
0
0
8.0
0.0
0.7

0.1
0.1
1.3
1.0
2.0
0.8

0.0
0.1
0.4
0.3
1.0
0.3

* Imbalance mostly from harvest removal.

small values (e.g., Stark and Hart 1997). Both systems
need an increase in their nitrate by a factor of 5 to be
near balance. The observed low values of nitrate in high-
latitude soils and rivers means either that we have great-
ly overestimated their supply of nitrogen or that they
are always net sinks for N outside of catastrophic dis-
turbances such as forest fires. The recent survey (Cleve-
land et al. 1999) of observed values for biological fix-
ation indicates our modeled boreal forest values are on
the high side, but tundra is on the low side. The Table
7 grassland fixation values are also on the high side of
that observed.

5. Conclusions

Climate model parameterizations of land surface pro-
cesses include stomatal controls on evapotranspiration.
These controls in turn depend on canopy carbon uptake
as driven by photosynthetic energy and leaf enzymes.
This paper advances previous treatments of the stomatal
controls by developing parameterizations for the fol-
lowing:

1) canopy Rubisco nitrogen for determining photosyn-
thetic capacity;

2) allocation of the leaf structure, root, and labile plant
nitrogen stores;

3) root and leaf respiration, the latter being supplied in
part by photosynthetic energy during daytime;

4) instantaneous carbon allocation to leaves versus oth-
er plant reservoirs including a labile photosynthate
store that supplies respiration requirements;

5) dependence on leaf-specific area (leaf area per leaf
mass) of leaf structural nitrogen, leaf turnover, leaf
lifetimes, and leaf internal resistance to carbon trans-
port;

6) root nutrient uptake that balances physical transports
by ET and diffusion, depending on soil water and
root mass, with high- and low-affinity ion uptakes,
the latter being reduced by negative feedbacks under
conditions of canopy light limitation (or equivalently
too much nitrogen).

Also developed are simple representations of other
components of plant/soil nitrogen cycling individually
similar to (but largely oversimplified relative to) treat-
ments in other current biogeochemical-cycling models.
Although subject to further improvement, together they
significantly advance the coupling of the climate and
biogeochemical systems, and include

1) soil organic stores supplied by death of plant carbon
stores and corresponding plant nitrogen, and min-
eralized with carbon decomposition but with a frac-
tion immobilized depending on soil–nitrogen ratio;

2) nitrification and denitrification depending on soil wa-
ter and temperature;

3) leaching of nitrate by runoff;
4) biological fixation depending on temperature and on

energy from plant photosynthate, and ceasing during
periods of plant nutrient stress.

The parameterizations developed here include several
feedbacks that limit Rubisco nitrogen amounts and
hence dynamically force to some extent optimization
between canopy photosynthetic capacities and levels of
visible light including:

1) active ion uptake by roots is reduced at times when
canopy photosynthesis is light limited;

2) photosynthate carbon is lost by Rubisco enzyme res-
piration, and in the absence of this photosynthate,
the continuing leaf respiration is fueled by enzyme
loss;

3) soil mineral nitrogen not taken up by roots is even-
tually lost by denitrification and leaching.

Overall, the parameterizations developed here are
simple, require a limited number of parameters, and are
hence easily coupled to existing canopy parameteriza-
tions in climate models. This coupling has been dem-
onstrated for a 17-yr integration of a GCM climate mod-
el, forced by prescribed interannually varying sea sur-
face temperatures. The conclusions from this simulation
are the following:
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1) the Rubisco canopy nitrogen and other nitrogen
stores respond to interannual variations in climate
variables such as precipitation and temperature;

2) these variations are manifested both by variations in
LAI and root biomass and in leaf-level nitrogen;

3) hence, new mechanisms are included for climate
feedback on the stomatal controls of evapotranspi-
ration;

4) soil organic nitrogen in high latitude responds on
decadal timescales to sources by storing nitrogen
rather than by balancing with denitrification and
leaching—catastrophic events such as fires may ini-
tiate most system loss of nitrogen;

5) NPP for individual biomes is in reasonable agree-
ment with that of other models;

6) root biomass is reasonably consistent with observed
values, except for modeled values for temperate
grassland being too low and values for tropical for-
ests being too high;

7) reasonable global budgets are obtained for the var-
ious nitrogen pools;

8) monthly averages over model grid points represent-
ing the Amazon forest and lower Colorado basin
illustrate the coupled interannual variations of the
evapotranspiration, LAI, Rubisco nitrogen, and NPP.
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APPENDIX

Some Symbols Used in Paper

b Maximum carbon assimilation per g of Rub-
isco-related N

(T) Enzymatic temperature dependence, Eq. (7)
f n Fraction of leaf structural and root nitrogen

transferred to Rubisco pool
f cl Fraction of carbon assimilated by leaves that

is allocated either to leaf structure or photo-
synthate reservoirs

f p Fraction of carbon assimilated that is allocated
to the photosynthate reservoir

rncl Ratio of nitrogen to carbon parameter for leaf
structure

rncr Ratio of nitrogen to carbon parameter for roots
hp Light-limitation reduction of root physiological

uptake, Eq. (22b)
kdn Denitrification rate per unit N , Eq. (29)2O 3

klt Leaf turnover rate, Eq. (18b)
km Mineral nitrogen uptake rate per unit nitrogen,

Eqs. (21)–(22)

kni Nitrification rate per unit N , Eq. (28)1H4

ky Ammonia volitization rate per unit N 1H4

kro Runoff removal rate per unit N , Eq. (30)2O 3

ks Scaling rate for cold and drought stress
rr Root radius 5 0.5 mm
s Soil moisture divided by saturated value
t Time
wc Rubisco-limited rate, Eq. (8)
we Export-limited rate, Eq. (10)
wj Light-limited rate, Eqs. (5)–(6)
An Net carbon assimilated into leaf during daytime
Cl Leaf carbon reservoir
Cr Root carbon reservoir
Cp Photosynthate carbon reservoir
Cs Soil carbon reservoirs
Imob Immobilization factor reducing rate of miner-

alization
F Factor reducing rate of transfer of photosyn-

thate to leaves from its maximum value
Lc Specific leaf area (leaf area per unit leaf carbon)
LAI Leaf area index over vegetated fraction of mod-

el grid square
Nl Canopy total nitrogen pool
Nls Canopy structural nitrogen pool
Nr Root nitrogen
Nm Soil mineral nitrogen 5 N 1 N2 1O H3 4

Np Total plant nitrogen store
Nrub Canopy Rubisco-related nitrogen pool
N̂rub Rubisco nitrogen per unit leaf area, either as a

function of LAI or as a canopy average
Ns Soil organic nitrogen store
Rd Daytime canopy leaf respiration
Rn Nightime canopy leaf respiration
Rr Rubisco-related leaf respiration, Eq. (17)
Scd Sum of cold and drought stress factors defined

in Dickinson et al. (1998)
Sr Fraction of leaf allocation not moved to roots

under nitrogen stress
Sn Fraction of allocation otherwise going to leaf

that is diverted to roots because of nitrogen
stress

T Canopy temperature
Xc Leaf carbon assimilation per unit time
Vm Maximum leaf rate of carbon assimilation at a

given temperature, Eq. (9)
g r Fraction of leaf nitrogen returned to soil or-

ganic pool upon leaf death
lc Computed ratio of CO2 outside leaf to that at

Rubisco site
ld Maximum diffusion rate of root uptake per unit

Nm

let Maximum ET rate of root uptake per unit Nm

lr Rate of ion affinity maximum root uptake per
unit Nm

lt Maximum transport rate of root uptake per unit
Nm 5 ld 1 let

sf Fraction of GCM grid square covered by veg-
etation
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