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‘‘Capsule’’: A new biophysical model (FORFLUX) is presented to link ozone deposition with carbon and water cycles in
terrestrial ecosystems.
Abstract
A new biophysical model (FORFLUX) is presented to study the simultaneous exchange of ozone, carbon dioxide, and water
vapor between terrestrial ecosystems and the atmosphere. The model mechanistically couples all major processes controlling ecosystem ﬂows trace gases and water implementing recent concepts in plant eco-physiology, micrometeorology, and soil hydrology.
FORFLUX consists of four interconnected modules—a leaf photosynthesis model, a canopy ﬂux model, a soil heat-, water- and
CO2- transport model, and a snow pack model. Photosynthesis, water–vapor ﬂux and ozone uptake at the leaf level are computed
by the LEAFC3 sub-model. The canopy module scales leaf responses to a stand level by numerical integration of the LEAFC3
model over canopy leaf area index (LAI). The integration takes into account (1) radiative transfer inside the canopy, (2) variation of
foliage photosynthetic capacity with canopy depth, (3) wind speed attenuation throughout the canopy, and (4) rainfall interception
by foliage elements. The soil module uses principles of the diﬀusion theory to predict temperature and moisture dynamics within the
soil column, evaporation, and CO2 eﬄux from soil. The eﬀect of soil heterogeneity on ﬁeld-scale ﬂuxes is simulated employing the
Bresler–Dagan stochastic concept. The accumulation and melt of snow on the ground is predicted using an explicit energy balance
approach. Ozone deposition is modeled as a sum of three ﬂuxes– ozone uptake via plant stomata, deposition to non-transpiring
plant surfaces, and ozone ﬂux into the ground. All biophysical interactions are computed hourly while model projections are made
at either hourly or daily time step. FORFLUX represents a comprehensive approach to studying ozone deposition and its link to
carbon and water cycles in terrestrial ecosystems.
# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The seasonal exchange of trace gases (e.g. CO2,
ozone, etc.) and water vapor between terrestrial ecosystems and the atmosphere is a key aspect of the functioning of the Earth’s Biosphere. At the regional scale,
this exchange controls ecosystem productivity and
inﬂuences meso-scale atmospheric circulation and
weather patterns (Pielke and Avissar, 1990; Henderson* Corresponding author. Tel.: +1-970-980-3303.
E-mail addresses: ntconsulting@attbi.com (N. Nikolov), kzeller@
fs.fed.us (K. F. Zeller).

Sellers and Pitman, 1992). The temporal dynamics of
the ecosystem-atmosphere mass and energy exchange is
governed by a diverse array of physiological and biophysical processes. Understanding these biogeophysical
interactions is critical to our ability to predict long-term
eﬀects of directional changes in climatic on forest ecosystems as well as to assess functional feedbacks between
landscape distribution of forests and mesoscale climate.
Over the past 20 years, numerous models were proposed to study biophysical transport of trace gases,
water and energy between land surface and the atmosphere. Some models were speciﬁcally developed as
simulators of the lower-boundary conditions in climate
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models (e.g. Sellers et al., 1986; Dickinson et al., 1993)
while others were designed to primarily aid ecosystem
research, e.g. FOREST-BGC (Running and Coughlan,
1988; Running and Gower, 1991), BIOMASS (McMurtie et al., 1990, 1992), TXT (Bonnan, 1991a,b), PnET
(Aber and Federrer, 1992), and GEMTM (Chen and
Coughenour, 1994). Although most biophysical models
adopt a similar overall structure, there are signiﬁcant
diﬀerences in the details of the schemes employed to
predict various ﬂuxes. These disparities mainly pertain
to four aspects of model algorithms: (1) the use of single-, dual-, or multiple-source formulations to estimate
mass and energy ﬂuxes from the canopy and soil; (2) the
presence or lack of a mechanistic coupling between
trace gas uptake, plant transpiration and heat exchange;
(3) the implementation of process-based versus empirical relationships to describe combined responses of leaf
stomatal conductance and net photosynthesis to variations in ambient meteorological conditions; and (4) the
utilization of physical diﬀusion principles as opposed to
‘‘soil-bucket’’ approximations to simulate soil moisture
and temperature dynamics.
We present here a new biogeo-physical model named
FORFLUX to simulate the diurnal and seasonal
dynamics of carbon, ozone, and water ﬂuxes in terrestrial ecosystems. The model incorporates a multi-layer
canopy and soil schemes, and uses an improved mathematical description of leaf, canopy and soil processes. It
also incorporates a new root–shoot communication
algorithm based on recent ﬁndings of plant physiology
and soil hydrology. The model represents a comprehensive approach to studying ozone deposition and its
link to carbon and water cycles. For the ﬁrst time,
vegetation ozone uptake is coupled to carbon assimilation and evapo-transpiration through the function of
leaf stomata. This paper describes the ecosystem-atmosphere interactions as formulated in FORFLUX, and
model input parameters and output variables. A companion publication focuses on model veriﬁcation and
presents a FORFLUX application investigating the
functional sensitivity of a subalpine forest ecosystem in
southern Wyoming (USA) to variations in key climatic
and vegetation parameters.

provided at hourly or daily time step. Fig. 1 portrays the
main modules, their interaction and order of execution.
FORFLUX requires input data on weather, soils,
species eco-physiology, and vegetation stand structure.
Meteorological forcing includes hourly values of ambient temperature, relative humidity, incoming total
short-wave radiation, precipitation and above-canopy
wind speed. Soil is described by texture, depth, and
volumetric rock content. Canopy leaf area index (LAI)
and foliage clumping factor (CF) deﬁne stand structure.
Species physiology is characterized in the model by 20
parameters (see discussion below). Model output
includes temporal courses of net ecosystem carbon,
water, and ozone ﬂuxes and their components, such as
vegetation net primary production (NPP), plant ozone
uptake, canopy photosynthesis and stomatal conductance, woody respiration, soil CO2 eﬄux, canopy
transpiration and rainfall interception, soil evaporation,

2. The FORFLUX Model
FORFLUX is a one-dimensional point model, which
simulates seasonal dynamics of carbon dioxide (CO2),
ozone (O3), and water–vapor exchange between a terrestrial ecosystem and the atmosphere (Nikolov, 1997;
Zeller and Nikolov, 2000). FORFLUX consists of four
interconnected modules: a leaf photosynthesis model, a
canopy ﬂux model, a soil heat, water and CO2 transport
model and a snow-pack model. All biophysical interactions are computed hourly while model projections are

Fig. 1. Flow diagram of the FORFLUX model.
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snow melt and sublimation, surface runoﬀ and subsoil
drainage.
In its current version, the FORFLUX model does not
include a mechanistic representation of nutrient cycling.
The later has been omitted on the assumption that
short-term (i.e. diurnal to seasonal) variations of ecosystem ﬂuxes are primarily controlled by meteorological
and plant-physiological factors. Nutrient availability
typically aﬀects ecosystem dynamics over temporal
scales of decades or longer. The following sections
describe the FORFLUX modules in greater detail.
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provided by the Canopy Flux module. A set of ten input
parameters is used to characterize leaf eco-physiological
properties such as potential rate of carboxylation and
electron transport (see Table 1). The model predicts
four state variables which are supplied as input to the
canopy portion of the FORFLUX model, i.e. net photosynthesis rate (An mmol m2 s1), stomatal conductance to water vapor and ozone (gsv mmol m2 s1),
leaf temperature (Tl  C), and leaf boundary-layer conductance (gbv mmol m2 s1). These variables are estimated as a solution to a system of four simultaneous
equations of the following general form:

2.1. Leaf level processes
Leaf surface is the arena where trace gas exchange
interacts most closely with plant water loss. This interaction involves physical processes of leaf energy balance
and leaf physiological responses such as stomatal
movement and intracellular biochemical reactions.
Nikolov et al. (1995) combined functional relationships
from leaf physiology, biophysics, and ﬂuid mechanics to
developed a generic photosynthesis model (LEAFC3),
which predicts instantaneous steady-state ﬂuxes of CO2,
water vapor, and heat from broad leaves and needleleaved coniferous shoots of C3 plants. Fig. 2 depicts
input and output variables and process interactions in
the LEAFC3 model. FORFLUX uses LEAFC3 to predict leaf-level ﬂuxes.
LEAFC3 requires input data on absorbed short- and
long-wave radiation by the leaf, ambient air temperature, humidity, wind speed, atmospheric concentrations
of CO2 and O2, and barometric pressure. These data are

An ¼ fðgsv ; gbv ; T1 Þ
gsv ¼ fðAn ; gbv ; T1 Þ
Tl ¼ fðgsv ; gbv Þ
gbv ¼ fðT1 Þ
Equations for An and Tl are quartic while that for
gsv is quadratic (for more information about derivation and solution of these equations, see Nikolov et
al. 1995, pp. 212–214). Latent heat ﬂux (i.e. transpiration) is estimated from predicted leaf temperature and
leaf-surface conductances using a standard ﬂux–resistance relationship.
The main advantage of the LEAFC3 model over
other more empirical photosynthesis models (e.g. Jarvis,
1976) is that it explicitly accounts for feedbacks between

Fig. 2. Input and output variables and process interactions in the LEAFC3 model.
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leaf energy balance, stomatal conductance, and CO2
assimilation processes.
The FORFLUX model implements an improved version of LEAFC3, which diﬀers from the one presented
by Nikolov et al. (1995) in the following: (1) Equation
describing the impact of leaf water potential on stomatal conductance (p. 209 in Nikolov et al.) was replaced
by a function that simulates the combined inﬂuence of
root hydraulic and chemical signaling on leaf stomatal
aperture. The new root–shoot communication algorithm (discussed below) is based on data and models by
Tardieu et al. (1993) and Tardieu and Davis (1993a,b).
(2) The temperature response functions for the potential
rate of electron transport (Jmax) and carboxylation
velocity (Vmax) were replaced with more realistic (less
extreme) curves. (3) A temperature acclimation function
has been incorporated for Vm25 and Jm25 (Table 1).
These species parameters are now updated daily
throughout the season as a function of average ambient
temperature over the past 7 days. The variation of Vm25
and Jm25 is relative to a species-speciﬁc summer maximum value.
2.2. Canopy processes
The FORFLUX canopy module predicts the
exchange of CO2, ozone, and water vapor between the
above-ground portion of a vegetation stand and the
atmosphere. Canopy photosynthesis and evapo-transpiration are estimated by combining the LEAFC3
model with algorithms which simulate (1) short- and
long-wave radiative transfer inside the canopy, (2) variation of foliage photosynthetic capacity with canopy
depth, (3) wind speed attenuation throughout the
canopy, and (4) rainfall interception by foliage elements.
The canopy submodel also computes aboveground
woody respiration and seasonal phenological changes in
stand leaf area index (LAI).
2.2.1. Radiative transfer
The total short-wave solar radiation provided as input
to the model is decomposed into incident direct and

diﬀuse ﬂuxes in the visible and near-infrared band.
Radiation components are estimated as functions of
solar elevation, ratio of extraterrestrial to surface
radiation, cloudiness, and slope inclination and aspect
of the site using equations and algorithms by Spitters et
al. (1986), Perez (1990) and Nikolov and Zeller (1992).
The radiative transfer algorithm inside the canopy
implements a two-stream analytical solution to the
multiple scattering equation. It is based on work by
Ross (1981), Sellers (1985), and Camillo (1987). The
algorithm accounts for spectral changes of the incident
solar ﬂux inside the canopy caused by the selective electromagnetic absorption of green leaves. The model uses
leaf clumping and angular distribution of foliage elements to estimate penetration and absorption of direct
and diﬀuse radiatiative ﬂuxes in the visible (380–700
nm), near-infrared (700–1500 nm) and thermal (> 1500
nm) band.
The transfer of short-wave radiation within a vegetation canopy is described by the ordinary diﬀerential
equation developed by Ross (1981) and solved analytically by Sellers (1985) and Camillo (1987). The solution
derived by Camillo (1987) is theoretically more robust
since it explicitly accounts for non-isotropic radiation
scatter by individual leaves. However, this solution is
only valid for solar zenith angles smaller than 60o.
FORFLUX computes short-wave radiative transfer by
combining the analytical solutions provided by Camillo
(1987) and Sellers (1985) into a single radiative transfer
algorithm, which also accounts for the eﬀect of foliage
clumping. The canopy-clumping factor (cl) is a coeﬃcient between 0.0 and 1.0 that quantiﬁes the degree of
aggregation of individual leaves into shoots, crown, and
vegetation patches. In real stands, canopy clumping
typically ranges between 0.5 and 0.95. The limited
amount of data available on clumping suggests that cl
declines exponentially with stand LAI (e.g. Sampson
and Smith, 1993). This relationship has been incorporated into FORFLUX.
Upon entering plant canopy, the direct solar radiation
splits into a downward beam, and upward and downward diﬀuse ﬂuxes caused by the scatter of the direct

Table 1
Main species physiological input parameters of the FORFLUX model
Parameter

Symbol

Units

Maximum carboxylation velocity at 25  C
Light-saturated potential rate of electron transport
Activation energy for electron transport
Kinetic parameter for CO2 at 25  C
Kinetic parameter for O2 at 25  C
Photosynthetic light loss factor
Composite stomatal sensitivity
Empirical constant for stomatal conductance
Mean needle width
Critical temperature for root conductance

Vm25
Jm25
Ej
Kc25
Ko25
f
m
bsv
d
Tcr

micromol m2 s1
micromol m2 s1
J/mol
mol/mol
mol/mol
dec. fraction
dimensionless
mol m2 s1
m

C
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beam. The attenuation of the beam part of the incident
direct ﬂux inside the canopy is predicted by the Beer–
Lambert exponential formula:
Q# ðLÞ ¼ exp½  Kcl L

ð1Þ

#

where Q ðLÞ is the beam ﬂux under leaf area index L
normalized by the incident direct ﬂux above the canopy,
and K is the beam extinction coeﬃcient of the canopy.
By deﬁnition K=G(uo)/uo where G(uo) is the ratio of
projected to total leaf area in direction uo=cos sun. For
canopies with spherical leaf angle distribution,
G(uo)=0.5. For non-spherical canopies G(uo) varies
with solar elevation. In FORFLUX, K is estimated
using the ellipsoidal leaf-angle distribution model of
Campbell (1986), i.e.


½u2o 2  1 þ 10:5
Gðuo Þ
ð2Þ
K¼
¼
uo
uo ½ þ 1:744ð þ 1:182Þ0:733 
In this equation,  is the ratio of vertical to horizontal
projection of a representative volume of foliage. For
canopies with spherical leaf angle distribution =1, for
planophile canopies  > 1, and for erectophile canopies
< 1. Using results from a numerical integration of
Campbell’s ellipsoidal angle density function (Campbell, 1990), Wang and Jarvis (1988) derived an empirical
equation relating  to the canopy mean leaf inclination
angle ( ), i.e.

¼

8
1  0:0107
>
< 151:515

if

>
: 97:087 1  0:0053

if

5 57:4
ð3Þ
< 57:4

The normalized upward (I"f ) and downward (I#f )
hemispherical radiative ﬂuxes under LAI ofL due to the
penetration and scatter of the incident diﬀuse radiation
are derived from the homogeneous solution to the
radiative transfer equation by Ross (1981), i.e.
I"f ðLÞ ¼ h7 expð0:5ho cl LÞ þ h8 expð0:5ho cl LÞ

ð6Þ

and
I#f ðLÞ ¼ h9 expð0:5ho cl LÞ þ h10 expð0:5ho cl LÞ

ð7Þ

where coeﬃcients h7 through h10 are functions of leaf
optical characteristics, soil reﬂectance, total stand LAI,
and foliage clumping.
The energy balance of plant canopies is signiﬁcantly
inﬂuenced by thermal radiative ﬂuxes emitted from soil
and the atmosphere as they interact with long-wave
emissions from foliage and stems. The transport of
thermal radiation inside the canopy is modeled using a
two-stream approximation based on the following
assumptions: (1) the sky is an isotropic source of longwave emission; (2) the thermal scattering coeﬃcients of
soil, foliage and stems are eﬀectively zero (i.e. long-wave
radiation is not reﬂected or transmited by material
objects); and (3) the thermal emission from plants can
be approximated using ambient air temperature instead
of actual tissue temperature. Following Ross (1981), the
downward (I#lw) and upward (I"lw) long-wave radiative
ﬂuxes under LAI of L are computed as follows:
I#lw ðLÞ ¼ Ef þ ðEa  Ef ÞaD ðLÞ

ð8Þ

and

For spherical canopies
=57.4 , for planophile


canopies 0 < < 57.4 , and for erectophile canopies
57.4 < < 90 .
The normalized upward (I"d ) and downward (I#d )
hemispherical ﬂuxes of diﬀuse radiation under LAI of L
due to the scatter of the direct beam are derived from
the particular solution to the ordinary diﬀerential
equation by Ross (1981), i.e.
I#d ðLÞ ¼ h4 Q# ðLÞ þ h5 expðho cl LÞ þ h6 expðho cl LÞ
ð4Þ

I"lw ðLÞ ¼ Ef þ ðEs  Ef ÞaD ðLtot  LÞ

ð9Þ

where Ea is the down-welling thermal ﬂux from the
atmosphere, Ef is the long-wave emission from foliage,
Es is the emission from the ground (i.e. soil or snowpack), and aD(X) is a penetration function deﬁning the
relative contribution of atmospheric and ground ﬂuxes
to the total thermal ﬂux at a canopy depth L. The thermal ﬂuxes Ei (W m2) in the above equations are estimated as
Ei ¼ "i ðTi þ 273:16Þ4

and
I"d ðLÞ
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ð10Þ

#

¼ h1 Q ðLÞ þ h2 expðho cl LÞ þ h3 expðho cl LÞ

ð5Þ
In these equations, coeﬃcients hi are functions of leaf
optical properties (i.e. reﬂectance and transmittance),
ground reﬂectivity (s), total stand LAI (Ltot), solar
zenith angle (sun), and foliage clumping. For brevity,
we will not discuss the mathematical expressions for
computing these coeﬃcients here.

where "i is the emissivity of the corresponding object
(i.e. atmosphere, foliage, soil, or snow), is the StefenBoltzmann constant (i.e. 5.67 108 W m2 K4), and
Ti is the surface temperature ( C) of the object (for
foliage and stems, Ti equals ambient air temperature).
The model assumes that =0.975 for foliage, =0.95
for soil, and =0.99 for snow. The emissivity of the
atmosphere ( a) varies as a function of vapor pressure
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(eo, Pa), air temperature (Ta, C), site altitude (Z, m),
barometric pressure (Pa, Pa), and cloud cover (Cl, fraction). FORFLUX computes atmospheric emissivity ( a)
combining equations by Brutsaert (1975), Marks and
Dozier (1979) and Heitor et al. (1991), i.e.

17
1:38eo
Pa
"a ¼ 0:642
ð1 þ 0:23ClÞ
Ta þ 0:0068Z þ 273:16 Po
ð11Þ
where Po is the sea-level (standard) barometric pressure
(i.e. 101,325 Pa), and Pa is determined from the actual
pressure at the site.
Atmospheric emissivity typically ranges from 0.65 (for
clear sky and low humidity) to about 0.98 (for overcast
sky and high humidity).
2.2.2. Variation of foliage photosynthetic capacity
within the canopy
A decline of area-based foliage photosynthetic capacity with canopy depth has been observed in many
vegetation stands (e.g. Hirose et al., 1988; Oren et al.,
1986; Leuning, 1991; Ellsworth and Reich, 1993). It is
currently believed that an enhanced concentration of
CO2-capturing resources near the top of plant canopies
represents an evolutionary adaptation toward maximization of carbon gain (e.g. Field, 1983, Hirose and
Werger, 1987; Wu, 1994). The vertical variation of carbon assimilation potential throughout the canopy appears
to be far more pronounced in broad-leaved vegetation
than it is in conifer stands (Schoettle, 1989; Brooks et al.,
1997; Barbara Yoder, personal communication).
The FORFLUX model simulates changes of foliage
photosynthetic capacity as a function of downward
commutative LAI employing a formulation by Hirose
and Werger (1987) and Hirose et al. (1988), i.e.


L
Pr ðLÞ ¼ exp Kp
Ltot


ð12Þ

where Pr(L) is the fractional decline of Rubisco activity
(Vm25) and the potential rate of electron transport (Jm25) of
foliage under LAI of L relative to that at the canopy top,
and Kp is an attenuation parameter depending on plant
species and stand LAI. For closed canopies of broadleaved species, often 0.64Kp40.8. In the FORFLUX
model, Kp is computed as a linear function of Ltot, i.e.
Kp=ap + bpclLtot, where ap and bp are species-speciﬁc
parameters. The nominal values for these parameters are
ap=0.41 and bp=0.06 for broad-leaved vegetation, and
ap=0.03 and bp=0.0 for conifers. Except for Vm25 and
Jm25, all other leaf physiological parameters (see Table 1)
are assumed to be invariant with canopy depth.
2.2.3. Wind-speed attenuation inside the canopy
Wind speed inﬂuences leaf energy balance by aﬀecting
leaf-boundary layer conductance and air humidity at

the leaf surface (Nikolov et al. 1995). FORFLUX
predicts the horizontal wind speed w(L) under LAI of
L employing Albini’s phenomenological model (Albini,
1981) as modiﬁed by Massman (1987), i.e.


L
ð13Þ
wðLÞ ¼ wo exp Kw
Ltot
where wo is the measured wind speed at the canopy top
(m/s) and Kw is an extinction coeﬃcient. Data compiled
by Massman (1987) suggest that Kw varies as a function
of total stand LAI according to the formula:
Kw ¼ 2:879½1  expðLtot Þ
2.2.4. Canopy precipitation interception
Water loss due to canopy interception of rainfall (I,
mm/h) is estimated as a function of canopy water storage capacity (Sc, mm), rainfall intensity (Ro, mm/h),
and evaporative demand (Eo, mm/h) using the analytical model of Massman (1983), i.e.
8
Eo
>
< Sc 1  0:667
þ Eo if Eo < ð1  pÞRo
ð1  pÞRo
I¼
>
:
ð1  pÞRo
if Eo 5 ð1  pÞRo
ð14Þ
Here, p is a throughfall coeﬃcient, which deﬁnes the
fraction of total rainfall reaching the ground without
striking the canopy. Throughfall depends on the
amount and distribution of canopy gaps, and, therefore,
stand LAI and foliage clumping. In FORFLUX, p is
predicted by:
p ¼ expð0:18cl Ltot Þ
The canopy water storage capacity is assumed to be
proportional to stand LAI, i.e. Sc=cLtot where c=0.1
mm/LAI for broad leaved vegetation (Sellers et al. 1988)
and c=0.15 mm/LAI for conifers (Hancock and Crowther 1979). Evaporative demand (Eo) is the amount of
water that could be released to the atmosphere from a
completely wet canopy during a time step. It is computed from the analytical solution to the canopy energy
balance equation (see, Nikolov et al., 1995).
The photosynthesis of wet foliage at depth L is estimated by the LEAFC3 module assuming that evaporation completely suppresses transpiration, and wetness
does not adversely impact the CO2 assimilation capacity
of leaves. The fraction of foliage area that remains wet
during a time step ( wet) is computed following Dickinson et al. (1993).
2.2.5. Scaling leaf responses to the canopy level
Canopy evapotranspiration and net photosynthesis
are computed by numerical integration of the LEAFC3
model over stand LAI. The canopy is vertically divided
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into discrete layers. Layer thickness ( L) is deﬁned in
terms of LAI. It is adjustable, but has a default value of
0.4 m2 m2, For each layer, the amount of sunlit LAI
(Lsun) is estimated from the absorbed direct radiation by
that layer and the beam extinction coeﬃcient K (Monteith and Unsworth 1990, pp. 73-74), i.e.
Lsun ¼

Q# ðLÞ  Q# ðL þ
Kcl

LÞ

ð15Þ

where Q# (X) is the fraction of direct beam at canopy
depth X. The shaded LAI in a layer is computed as
Lshad= LLsun.
Fluxes of absorbed radiation in the visible, nearinfrared and thermal bands are separately estimated for
sunlit and shaded foliage employing the radiative transfer model described above. Sunlit leaves are allowed to
absorb both direct and diﬀuse radiation while shaded
foliage only receives diﬀuse illumination. Finally, the
LEAFC3 model is run for each foliage illumination
class using appropriate values of leaf photosynthetic
capacity and wind speed for that layer. Eventually, a
canopy ﬂux (Fc) is estimated as a sum of the corresponding ﬂuxes from sunlit and shaded foliage in all
layers.
The canopy integration scheme employed by FORFLUX assumes zero vertical gradients of air temperature, water vapor, and CO2 concentration inside the
canopy space. This simpliﬁcation is supported by recent
ﬁndings that, due to an eﬃcient turbulent transport, the
within-canopy variation of scalar concentrations is
typically too small to signiﬁcantly inﬂuence leaf physiological responses (e.g. Finnigan and Raupach, 1987;
Baldochi, 1993). Micrometeorological studies also suggest that gradients of light and momentum are the most
important. Ignoring the small eﬀect of stand aerodynamic resistance on CO2 and H2O ﬂuxes greatly simpliﬁes the mathematical representation of canopy
processes by avoiding conceptual and numerical problems associated with ﬁrst- and second-order closure
methods, and Lagrangian models (Massman and
Grantz, 1995). However, canopy aerodynamic resistance is accounted for in predicting ozone deposition
(see below).
2.2.6. Ozone deposition and plant ozone uptake
The FORFLUX model predicts total ozone deposition (FO3) as a sum of three ﬂuxes (Zeller and Nikolov,
2000), i.e. plant ozone uptake via leaf stomata, ozone
deposition to non-transpiring plant surfaces, and ozone
ﬂux absorbed by the ground (i.e. soil or snow surface).
Each component ﬂux is a function of ambient ozone
concentration and corresponding conductances and
resistances along the pathway. These include the integrated foliage canopy conductance to ozone (gcs, m s1),
i.e. the sum in parallel of stomatal and leaf boundary-
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layer conductances of all leaves; the plant surfacial (or
cuticular) conductance to ozone deposition gct (m/s),
and the above- and within-canopy aerodynamic resistances, ra and ru respectively; the soil boundary-layer
resistance (rbs), and the intrinsic soil resistance (ris). The
canopy conductance (gcs) is the most inﬂuential one on
the ozone ﬂux among all resistances. It is estimated by
integrating individual leaf ozone conductances (glt) for
each canopy layer over the total stand LAI, i.e.
ð Li
gcs ¼
glt dL
ð16Þ
0

where glt is calculated from the leaf stomatal (gsv) and
boundary-layer (gbv) conductance to water-vapor
exchange using the formula:
gsv gbv
glt ¼
ð17Þ
1:315 gsv þ 1:508 gbv
Here, the constants are ratios of water vapor and
ozone diﬀusivities in still air and in the leaf-boundary
layer, respectively. These are derived from data presented by Massman (1998). Vapor conductances, on the
other hand, are computed by the coupled leaf photosynthesis-transpiration module (LEAFC3) of the FORFLUX model (see discussion above).
Canopy aerodynamic resistance (ra) is estimated using
an empirical equation derived from observations of
vertical wind speed ﬂuctuations above a subalpine ecosystem (Zeller and Nikolov, 2000):
ra ¼

19
U 1:35

ð18Þ

where U is the measured horizontal wind speed (m/s)
above canopy. The plant surfacial conductance is estimated as a function of stand LAI, i.e. gct=0.5 105 Lt
(m s1) based on data by Kerstiens and Lendzian (1989)
and Massman and Grantz (1995). The within-canopy
aerodynamic resistance (ru) is computed as a function of
LAI and above-canopy wind speed, i.e.:
25 Lt
ru ¼ 0:065
U

ð19Þ

The surface boundary-layer resistance to ozone is
computed based on the ground boundary-layer conductance to water vapor (gbs,v m/s) using the formula
rbs ¼

1:37
gbs:v

ð20Þ

where gbs,v is computed by the ground evaporation
module of the FORFLUX model. This module solves
exactly the surface energy balance equation while
accounting for atmospheric stability eﬀects on the
ground boundary-layer conductance. The constant 1.37
is a ratio of molecular diﬀusivities of ozone and water
vapor assumed in the surface boundary layer (Nikolov
et al., 1995).
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The intrinsic soil resistance to ozone exchange is considered to be constant over time. Based on information
on soil resistances to ozone deposition gathered by
Turner et al. (1974) and van Pul (1992), it is assumed
ris=410 s m1 for bare soil. In the presence of a snow
pack, ris is set to 6000 s m1 as suggested by measurements of Zeller and Hehn (1995).
2.2.7. Above-ground woody respiration
The CO2 ﬂux originating from above-ground sapwood biomass is modeled using the functional approach
of McCree (1970) and Amthor (1986). The total
respiratory ﬂux is partitioned into a maintenance and
growth component.
Above-ground woody maintenance respiration (Rm,s,
mmol m2 s1) is assumed to be linearly related to the
nitrogen content of living tissue (Ryan, 1991, 1995), and
varies exponentially with air temperature (Amthor,
1984, 1986), i.e.
0:1 ðTlag3h 20Þ

Rm;s ¼ 0:2103 Ns Q10

ð21Þ

In this equation, Ns is the nitrogen content of the
above-ground sapwood biomass (g m2), Q10 is the
relative change of respiration rate per 10  C temperature
increase, and Tlag3h is ambient temperature ( C) lagged
by three hours (Ryan et al., 1995). For unfertilized natural stands, Ns typically ranges between 1 and 13 g m2
(Kimins et al., 1985). The Q10 values are reported to
vary from 1.5 to 2.8 with a mean of about 2.2 (Ryan,
1991). Hagihara and Hozumi (1991) found that Q10
declines linearly with increasing mean monthly temperature. This acclimation response has been is included
in the FORFLUX model, i.e.

Q10 ¼

8
< 3:25  0:077 T7days
:

C3:25

if

T7days 5 0
ð22Þ

if

T7days < 0 C

where T7days is the mean daily temperature of the past
seven days. Both T7days and Q10 are updated daily in the
model.
The CO2 ﬂux from above-ground woody biomass due
to construction of new tissue (Rg,s , mmol m2 s1) is
assumed to be constant during a day and proportional
to the net carbon gain of vegetation in the previous day,
i.e.
 0

0
0
Pc  Rm;s  Rm;r
Rg;s ¼ fg a
ð23Þ
86:4
where P0 c is the 24-h integrated canopy net photosynthesis (mmol m2 d1), R0 m,r and R0 m,s are the cumulative
daily maintenance respiratory ﬂuxes (mmol m2 d1)
from roots and above-ground woody biomass, respectively, a is the fraction of whole-plant growth allocated

above ground, and fg is the construction cost (mol/mol).
The factor 86.4 converts ﬂux units of mmol m2 d1 to
mmol m2 s1. The carbon allocation coeﬃcient ( a)
depends on species physiology, tree age, and growth
conditions (e.g. Cannell, 1985; Cannell and Dewar,
1994; Friend et al., 1994). This coeﬃcient typically varies between 0.34 and 0.80 (e.g. Cannell, 1985). In the
FORFLUX model, a is deﬁned as a system-speciﬁc
input parameter. The whole-plant construction cost is
rather consistent among tree species, and is treated as a
constant in FORFLUX, i.e. fg=0.2 (Ryan, 1991).
The root maintenance respiration (R0 m,r) in Eq. (23) is
estimated from the daily integral of root total respiration (R0 r,t) assuming roots have the same construction
cost as the above-ground biomass, i.e.
0

R m;r

 0

0
0
Rr;t  fg ð1  a Þ Pc  Rm;s
¼
1  fg ð1  a Þ

ð24Þ

where R0 r,t is computed as a site-speciﬁc fraction of the
total CO2 eﬄux from soil (Bowden et al., 1992; Nadelhoﬀer and Raich, 1992). The total above-ground woody
respiration is the sum of Rm,s and Rg,s.
2.2.8. Seasonal phenological variation of stand leaf area
index
The physiological mechanisms of tree phenology are
currently not well understood. Hence, existing models
of plant phonological response are all empirical in nature (e.g. Cannel, 1990; Hunter and Lechowicz, 1992;
Kramer, 1994; Hänninen, 1995). At present, FORFLUX only simulates foliage phenological dynamics of
deciduous tree species. Evergreen vegetation is assumed
to maintain a constant LAI throughout the year.
Seasonal LAI variation of deciduous stands is modeled
using a four-stage approach. During autumn and winter,
the canopy is assumed to be leaﬂess. In spring, the date
of budburst is predicted employing the parallel chill
model of Murray et al. (1989). It based on the empirical
observation that temperate tree species need certain
amount of chilling for dormancy release. The heat sum
required for the onset of leaf growth in spring is assumed
to decline exponentially with the amount of chilling
experienced during previous winter and autumn, i.e.


Tcr ¼ aph þ bph exp rph Dc

ð25Þ

Here Tcr is the thermal time to budburst (i.e. the
cumulative sum of mean daily temperatures above 5  C
from January 1), Dc is the number of chill days (i.e. days
with mean daily temperature of 5  C or less) from
November 1, aph, bph, and rph are species-dependent
constants (see Murray et al. 1989). Leaf growth commences when the heat sum accumulated from January 1
becomes equal to or greater than Tcr.
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Foliage expansion from the onset of growth to full
leaf development is computed daily as:
Lt;j ¼ Lt;j1 þ

L

ð26Þ

where Lt is current canopy LAI and ÄL is the LAI
growth from day j-1 to j. The daily LAI increment is
modeled as a logistic function of mean daily temperature (Ta,j-1) on day j-1 (Shaykewich, 1995):
L¼



lmax
Lt;j1
1
1 þ exp½Aex  Bex Ta;j1 
Lmax

The homogeneous case of mass and energy transport
in soil is modeled by combining Darcy’s law with the
continuity (mass-conserving) equation. This yields two
one-dimensional partial diﬀerential equations containing
derivatives of the dependent variables, i.e. soil temperature and volumetric moisture, with respect to time and
space.
The vertical unsaturated ﬂow of water in soils is
described by the pressure-based form of the Richards’
equation (Hillel, 1982; Feddes et al., 1988):

ð27Þ

in which lmax is a species-speciﬁc maximum foliage
expansion rate (m2 m2 d1), Lmax is the LAI of the
fully expanded canopy, and Aex and Bex are speciesspeciﬁc parameters. Data compiled by Shaykewich
(1995) suggest that, across a range of species,
lmax=0.61, Aex=7.1, and Bex=0.4.
The date of growth cessation in autumn is predicted
using the joint factor model by Koski and Selkäinaho
(1982) and Koski and Sievänen (1985). It assumes that
the onset of leaf fall is triggered by a species-speciﬁc
combination of increasing night length and a temperature sum (Hänninen et al. 1990).
2.3. Soil processes
The FORFLUX soil module simulates the temperature and moisture dynamics of soils, soil-surface evaporation, and CO2 eﬄux from soil due to root and
microbial respiration.
2.3.1. Water and heat transport in soil
Heat ﬂow along with inﬁltration and redistribution of
water are key physical processes in soils, which control
important aspects of the ecosystem function such as
water and nutrient uptake by plants, and organic matter
decomposition. Predicting ﬁeld-averaged transport of
water and heat in soils requires stochastic (i.e. spatially
distributed) approaches due to immense variation of soil
hydraulic properties at the ﬁeld scale and the extreme
non-linearity of the ﬂow process. This understanding
has been adopted here. The FORFLUX soil model has
two parts: a module that simulates the one-dimensional
(vertical) ﬂow of water and heat in a homogeneous soil
column, and an algorithm that employs observed probability distributions of soil hydraulic properties to
characterize ﬁeld spatial heterogeneity in terms of a
number of independent soil columns with diﬀerent
hydraulic characteristics and the percent area occupied
by them. At every time step, the ﬂow model is run for
numerous individual columns. The output from these
simulations is averaged weighted by the area represented by each column to yield mean soil water and heat
ﬂuxes at the ecosystem scale.
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C



@hs
@
@hs
Kðhs Þ
¼

þ Sðz; tÞ
@z
@t
@z

ð28Þ

where Cy @/@hs is the speciﬁc moisture capacity
(m1),  is the volumetric moisture content (m3 m3), t
is time (h), z is the vertical soil depth (m), hs is the
pressure head (m), K(hs) is the hydraulic conductivity
(m h1) at head hs, ã is the cosine of the terrain slope,
and S(z;t) is the source/sink term (m3 m3 h1). Since
FORFLUX does not consider lateral water transport,
S(z;t) reduces to a sink term representing the root water
uptake.
Solving the Richards’ equation requires knowledge of
the moisture retention curve (hs) and the unsaturated
conductivity curve K(hs). Both relationships are highly
non-linear and their shapes vary greatly with soil physical properties. FORFLUX computes (hs) using a
function proposed by van Genuchten (1980):
ðhÞ ¼

s  r
þ r
1 þ ðhs Þn

ð29Þ

where s is the soil moisture content at saturation (m3
m3), r is the residual (irreducible) soil moisture (m3
m3) while  and n are empirical parameters related to
soil physical properties. The dependence of hydraulic
conductivity on pressure head is modeled after Gardner
(1958), i.e.
Kðhs Þ ¼ 0:01

Ksat
1 þ ðbk hs Þlk

where Ksat is the saturated hydraulic
h1), and bk and lk are soil-speciﬁc
ferentiating Eq. (29) with respect
expression for the speciﬁc moisture
(28), i.e.
C

@
n nhn1
s
¼  ð s  r Þ
@hs
½1 þ ðhs Þn 2

ð30Þ
conductivity (cm
parameters. Difto hs yields an
capacity in Eq.

ð31Þ

The functional dependence of hs on soil moisture is
obtained by inverting Eq. (29), i.e.
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1 s  r
1
   r

1
n

ð32Þ

Several pedo-transfer functions have been proposed
to estimate parameters s, r, , n, Ksat, bk and lk using
easily measurable soil physical properties (e.g. Clapp
and Horn-berger, 1978; Gupta and Larson, 1979; De
Jong et al., 1983; Cosby et al., 1984; Saxton et al., 1986;
Vereecken et al., 1989, 1990). The FORFLUX model
employs pedo-transfer functions developed by Vereecken et al. (1989, 1990), which have been found to
produce satisfactory results over a wide range of soil
types and soil matrix potentials (Kern, 1995). Vereecken
and colleagues used data from 42 Belgian soil types to
relate the above pedo-parameters to soil bulk density
and soil texture deﬁned in terms of percent content of
sand, clay, silt and organic carbon.
A variety of models have been proposed for estimating the root sink termS (z;t) in Eq. (28) above (Molz,
1981a). FORFLUX computes S(z;t) using a modiﬁed
version of the formulation proposed by Molz (1981b).
At any given soil depth, root water uptake is proportional to canopy transpiration and depends on root
length density, the resistance to water ﬂow from soil to
roots, and the water-potential gradient between roots
and soil, i.e.
Sðz; tÞ ¼ 

EðtÞ
w

Lr ðzÞ h gr ðz; tÞ
Ðzr

ð33Þ

Lr ðzÞ h gr ðz; tÞdz

0

In this equation, E(t) is the canopy transpiration (kg
m2 h1) at time t, w is the density of liquid water
(w=1000 kg m3), Lr(z) is the root length density at
depth z normalized by the root density near the soil
surface, gr(z;t) is the relative conductance to water ﬂow
in the soil–root interface at depth z and timet
(04gr41), h is the pressure-head gradient between
plant roots and the soil, and Zr is the plant rooting
depth (m) deﬁned as the soil depth which contains 97%
of the total root length.
We modiﬁed the Molz’s equation for S(z;t) by adding
a root conductance term. Studies on root water extraction suggest that the greatest resistance to water ﬂow
occurs at the soil–root interface (Molz, 1981a; Bristow
et al., 1984). This resistance is caused by the loss of
physical contact between roots and the soil matrix as
moisture declines. FORFLUX simulates gr(z;t) as a
combined function of soil moisture and temperature, i.e.

gr ðz; tÞ ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
fM þ fT  ðfM þ fT Þ2 4!g fM fT
2!g

ð34Þ

where fM and fT are non-dimensional factors deﬁning
the eﬀect of moisture and temperature conditions,

respectively, at depth z and time t, and !g=0.99 is a
convexity coeﬃcient which determines the smoothness
of the transition between moisture and temperature
limitations on root resistance. Bristow et al. (1984)
found that, over a range of soil textures and water
potentials, the interfacial resistance is uniquely related
to the relative soil saturation (/s). Based on their analysis, fM is estimated as
fM ðz; tÞ ¼

1


ðz; tÞ  r
 cr
1 þ ar exp br
s  r

ð35Þ

where ar, br and cr are species-speciﬁc parameters having default values of 2, 30, and 0.25, respectively. The
temperature factor is calculated as
fT ðz; tÞ ¼

1


Tsl ðz; tÞ
1 þ exp 4:701 1 
Tcr

ð36Þ

where Tsl(z;t) is soil temperature ( C) at depth z and
timet, and Tcr is a species-dependent parameter deﬁning
the soil temperature ( C) at which root conductance is
reduced by 50%. For most temperate tree species,
2  C < Tcr < 8  C.
Unlike plant root biomass, which has been found to
decline exponentially with soil depth (e.g. Gale and
Grigal, 1986), root length density (m m3) tends to follow a linear vertical trend (e.g. Carbon et al., 1980). In
this model, Lr(z) is given by
(
Lr ðzÞ ¼

z
if z 4 Zr
Zr
0:0 if z > Zr

1  0:85

ð37Þ

The pressure-head gradient ( h) in the sink-term
equation is assumed to be constant and equal to 0.35 m.
This is in accordance with the notion that, in drying
soils, the increase of interfacial resistance cannot be
compensated for by an increased pressure head gradient.
The temperature dynamics of the soil proﬁle is
described by the partial diﬀerential equation (Hillel,
1982; Campbell, 1985):
C h ð Þ

@T
@
@T
¼
lT ð  Þ
@t @z
@z

ð38Þ

where T is soil temperature ( C), Ch() is volumetric
heat capacity of soil (J m3 K1), lT () is the apparent
thermal conductivity of soil (W m1 K1), t is time (s),
and z is vertical depth (m). Soil heat capacity increases
linearly with bulk density, volumetric moisture, and
volumetric fraction of rocks fr (Campbell, 1985), i.e.
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Ch ðÞ ¼ 0:869½ð1  fr Þbs þ 2:65fr  þ 4:186ð1  fr Þ 106
ð39Þ
All particles with a diameter greater than 2 mm are
classiﬁed as rocks. In Eq. (39), the constant 2.65 is the
density of soil clay minerals and rocks (g cm3) while
4.186 the speciﬁc heat of water (J g1 K1). Soil thermal
conductivity is estimated using an empirical formula
proposed by Cass et al. (1984) and Campbell (1985),
which accounts for the combined eﬀect of sensible and
latent heat transport on total conductivity, i.e.
lT ðÞ ¼ ATK þ BTK ð1  fr Þ


 ðATK  DTK Þexp ½CTK ð1  fr Þ4

The partial diﬀerential Eqs. (28) and (38) are solved
numerically using a semi-implicit ﬁnite-diﬀerence
method. The solution to water ﬂow employs a noniterative mass-conservative scheme called ﬂux-updating
conjugate gradient algorithm proposed by Kirkland et
al. (1992). The spatial discretization utilizes irregular
vertical grid with a mesh-cell size geometrically increasing with depth. The thickness of the topsoil layer is 0.2
cm, and the maximum number of layers allowed is 20.
This numerical scheme ensures a high spatial resolution
near the top of the soil column where gradients of temperature and moisture are the steepest while using a
small number of layers. This improves both the accuracy and computational eﬃciency of the algorithm. The
solution is advanced hourly in time.

ð40Þ

where coeﬃcients ATK, BTK, CTK and DTK depend on
total porosity (s), rock content, and percent clay of soil
(see Campbell, 1985 for details).
Solving diﬀusion Eqs. (28) and (38) requires appropriate boundary conditions. At the soil-atmosphere
interface, ﬂuxes of water and heat are coupled through
the surface energy balance. Two types of upper boundary conditions are simulated in the model for water
ﬂow: (1) If, during a time step, a rainfall or snowmelt
event delivers a liquid water ﬂux into the soil which
exceeds soil evaporation (Es, mm/s), the surface conditions are speciﬁed in terms of zero pressure head; (2) In
the absence of rainfall or snowmelt, water is transported
as vapor across the soil-atmosphere boundary. Unlike
liquid water ﬂow, which is mainly controlled by matric
pressure gradients in soil, vapor ﬂux is primarily driven
by vertical diﬀerences in vapor pressure and temperature within the upper soil column. At the very surface,
vapor ﬂux is coupled with other soil heat ﬂuxes via the
standard energy balance equation. This equation is
solved analytically using the method of Nikolov el al.
(1995) while accounting for the surface aerodynamic
resistance (as controlled by atmospheric stability, e.g.
Brutsaert, 1982) and the intrinsic soil conductance to
water vapor (Kondo et al., 1990; Griend and Owe, 1994).
The model simulates two types of lower boundary
conditions for water transport and one for heat ﬂow. If
a water table is present at the bottom of the soil slab
(which is deﬁned in the input ﬁle), a Dirichlet condition
is prescribed assuming that the soil is always saturated
at the bottom and pressure head is held constant. In the
absence of a water table, a Neumann condition of free
drainage applies. In this case, a zero gradient of pressure
head at the lower soil boundary is assumed. The temperature at the bottom of the soil column is assumed to
exhibit no diurnal ﬂuctuations, and is updated once per
day using a closed-form solution of the heat ﬂow equation (see Campbell, 1985).

2.3.2. CO2 evolution from soil
FORFLUX implements a simple bulk parameterization approach to predict soil CO2 eﬄux, which only
considers the eﬀect of soil moisture, temperature and
clay content (Cl) on the net CO2 release. The simplicity
of this method ensures easy applicability of the model to
a wide variety of ecosystems. The CO2 evolution from
soil (FCO2 , mmol m2 s1) is estimated as:

FCO2 ¼ Fmax

fM þ fT 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðfM þ fT Þ2 4!fM fT

ð1  0:0065 ClÞ

2!
ð41Þ

where Fmax is the rate of soil respiration (mmol m2 s1)
under optimum temperature and moisture conditions, fT
and fM are non-dimensional factors quantifying the limitations of temperature and moisture, respectively, on the
CO2 eﬄux, and !=0.985 is a convexity coeﬃcient deﬁning the smoothness of the transition between fT and fM.
The temperature factor is computed after Kirschbaum
(1995) who derived an expression for fT based on soil
respiration data from 11 studies worldwide, i.e.


T
fT ¼ exp 3:764 þ 0:204 T 1  0:5
ð42Þ
Top
where T is the soil temperature ( C) at 10 cm depth, and
Top is the optimum temperature for CO2 evolution
(Top=36.9  C). This equation implies a variable Q10. The
eﬀect of volumetric moisture on soil respiration is described based on measurements and models by Schlentner
and Van Cleve (1984) and Grant and Rochette (1994), i.e.
8
1
>
>
if 0 4 s 4 0:74
<
1 þ exp½3:0  14:0 s
fM ¼
1
>
>
if 0:74 < s 4 1:0
:
1 þ exp½3:0  76:0ð1  sÞ
ð43Þ
wheres is the relative moisture saturation at 14 cm
depth, s=(r)/(sr).
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Data from hardwood forests around the world compiled by Peterjohn et al. (1994) suggest that, on average,
Fmax=17 mmol m2 s1. FORFLUX uses this value
whenever no maximum rate of soil CO2 ﬂux is speciﬁed
for a particular ecosystem. Clay content is assumed to
impact negatively soil respiration in accordance with
results from a C isotope study by Amato and Ladd
(1992). The CO2 evolution at the ﬁeld scale is predicted
as an area-weighted average of the CO2 ﬂuxes from
many individual soil columns.
2.4. Root–shoot communication: coupling soil ﬂuxes to
canopy processes
Canopy exchange processes are physically linked to
soil heat- and water-transport mechanisms via the stem
sap ﬂow. Sap ﬂow is the pipeline that transports water
from deeper soil layers into the atmosphere while communicating moisture and temperature conditions of the
rhizosphere to the photosynthetic apparatus of leaves in
the canopy.
There is a growing body of evidence that hydraulic
signals such as tissue water potential alone cannot
explain leaf stomatal response to soil drought and
freezing. Apparently, roots release a hormonal message
which, in many cases, seems to be even more important
than the hydraulic message in regulating stomatal conductance, plant growth and root-shoot carbon allocation (e.g. Zhang and Davies, 1989; Gowing et al., 1993;
Munns and Sharp, 1993, Tardieu et al., 1993, Tardieu
and Davies, 1993a; Bertrand et al., 1994; Jackson et al.,
1995). This message is currently identiﬁed with the
concentration of abscisic acid in the xylem sap
([ABA], mmol m3). Tardiue and co-workers found
that the sensitivity of stomatal conductance to [ABA]
increases exponentially with falling leaf water potential (Tardieu et al., 1993; Tardieu and Davies,
1993a,b), i.e.
gs ¼ expð½ABAexpð

l ÞÞ

#r ðp; tÞ ¼


Z
ðr

Srel exp

hs 


0:35
Ar
exp½Br hs  dz
gr ðp; z; tÞ E þ Cr

0

ð44Þ
where E is the canopy transpiration rate, gr (p;z;t) is the
root interfacial conductance at depth z and time t estimated as described above, Ar, Br, and Cr are speciesspeciﬁc parameters, hs(p;z;t) is the soil water pressure
head, Zr is the rooting depth, and Srel(p;z;t) is a
weighting factor specifying the relative root water
uptake at depth z computed as
Srel ðp; z; tÞ ¼

Lr ðzÞDh gr ðp; z; tÞ
Ðzr

ð45Þ

Lr ðzÞDh gr ðp; z; tÞdz

0

If E is expressed in mm/h and hs is in m, then typically
11 1064Ar465 106, Br0.026, and Cr0.014.
The ﬁeld averaged root signal (Õr) is computed as a
weighted sum of the signals from all columns characterizing the soil heterogeneity at a particular site, i.e.
Yr ðtÞ ¼

Np
X
#r ðp; tÞPðpÞ

ð46Þ

p¼1

where P(p) is the probability of occurrence of soil column p, and N is the number of simulated columns.
Since 04Yr41, the averaged root signal is passed as
a non-dimensional multiplier to the LEAFC3 module to
constrain stomatal conductance of all leaves in the
canopy at a given time step. Speciﬁcally, Õr is incorporated in the Ball–Berry stomatal model, i.e.
gsv ¼ Yr mAn

hb
þ bsv
cb

ð47Þ

where parameters m, hb and cb are as described by
Nikolov et al. (1995, pp. 208–209).
2.5. Snow pack model

where gs is the relative stomatal conductance to
water vapor, l is leaf water potential (-MPa), and
 and
are empirical parameters so that  > 0 and
< 0. The xylem ABA concentration depends linearly on root water potential
r (-MPa) and is
inversely related to transpirational water ﬂux E
through the plant (which is assumed to dilute the
hormonal message).
The FORFLUX model implements a root-shoot
communication algorithm, which is based on the above
approach by Tardieu et al. (1993). The root signal (0 r)
emitted to leaf stomata from a soil column p at timet is
an integral of the signals originating from all depths
(layers) of that column, i.e.

This module simulates the dynamics of snow accumulation and snowmelt on the ground. Precipitation is
partitioned into rain- and snow-fall based on ambient
temperature (Wigmosta et al., 1994). If Ta < 1.1  C,
precipitation is assumed to be exclusively in the form of
snow. When Ta > 3.3  C, all precipitation falls as rain.
Between these temperature thresholds, precipitation is
modeled as a mix of rain and snow.
Since the model assumes that snow interception by
the canopy is negligibly small, all snowfall is added to
the ground storage. The snowpack is depleted through
sublimation and melting. Both processes are assumed to
occur at the snow–atmosphere interface and be driven
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by the snowpack energy balance (Male and Gray, 1981),
i.e.
Qm ¼ Ris þ Gsn þ Qp  Hs  Ls
Esn  " ðTs þ 273:16Þ4 

d Us
d t

ð48Þ

where Qm is the energy ﬂux available for melt, Ris is the
total radiation absorbed by the snow- pack, Gsn is the
heat ﬂux from the snow–ground interface, Qp is the
energy advected by precipitation, Hs and LsEsn are the
ﬂuxes of sensible and latent heat, respectively, at the
snow–atmosphere interface (Esn is sublimation in mm/s
while Ls is the latent heat of sublimation in J/kg), Ts is
the snow surface temperature, and dUs/dt is the rate of
change of energy stored in the snowpack (the units of all
energy ﬂuxes are W m2)
The snowpack radiation absorption is computed as a
function of incident visible, near-infrared and thermal
irradiances and corresponding spectral albedos of snow:




Ris ¼ 1  sn;vis I#vis þ 1  sn;nir I#nir þ I#lw
ð49Þ
Snow spectral albedos in the visible and near-infrared
wavelength (i.e. sn,vis and sn,nir) are estimated using
the physical model of Marshall (1989), which accounts
for eﬀects of snow grain radius, impurity content,
snowpack depth, solar zenith angle and cloud cover.
Snow depth and soot concentration primarily inﬂuence
sn,vis while grain size and solar zenith angle mainly
aﬀect sn,nir. An accurate prediction of snow spectral
reﬂectances is important due their large seasonal variation, and strong impact on the surface energy balance.
The ground heat ﬂux is computes as
Gs ¼ lsn

ðTb  Ts Þ
Zsn

ð50Þ

where lsn is the average snowpack thermal conductivity
(W m1 K1), Tb is the temperature at the snow-ground
interface ( C) , and Zsn is the snow depth (m). The
FORFLUX model assumes a ﬁxed value for snow
thermal conductivity, i.e. lsn=0.2 W m1 K1.
The other energy ﬂuxes in Eq. (47) are estimated as
follows:
Qp ¼ w Cw ðTa  Ts ÞðPr þ 0:5 Ps Þ

ð51Þ

Hs ¼ cp ðTs  Ta Þgb

ð52Þ

Es ¼ 0:622


½es ðTs Þ  ea gb
Pa

Us ¼ Zsn s Cs

ðTs þ Tb Þ
2

ð53Þ

ð54Þ
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In these equation, w is the density of liquid water
(1000 kg m3), Cw is the heat capacity of water (4186
J kg1 K1), s is the density of snow (310–420 kg
m3), Cs is the heat capacity of ice (Cs=0.5Cw), and
[es(Ts)–ea] is the vapor pressure gradient between snow
surface and the atmosphere. The snow boundarylayer conductance (gb) is estimated using the Mobin–
Obikov theory and assuming a roughness length of
0.001 m.
A distinctive characteristic of the snowpack energy
balance (compared to other surfaces) is that the surface
temperature of snow cannot exceed 0  C regardless of
the amount of external energy input. This is so because
the latent heat of fusion of ice is about 10 times smaller
that the latent heat of sublimation. As a result, excess
energy always goes into melting of snow rather than
into sublimation. This needs be considered when solving
the energy balance Eq. (47). First, the right side of the
equation is evaluated using Ts=0  C and es(Ts)=602.73
Pa. If Qm > 0, a snowmelt is assumed to occur and the
estimates of ﬂuxes of latent and sensible heat are
accepted. The amount of melt water (M, mm/s) is then
computed as
M¼

Qm
w hf

ð55Þ

where hf is the latent heat of fusion (333.5 103 J/kg).
The melt water is allowed to percolate through the
snowpack and drain into the soil. The time lag from
the onset of snowmelt until drainage commences is
modeled using the empirical method of Conway and
Benedict (1994). If Qm < 0, then the snowmelt is zero,
and the energy balance equation is solved for the snowsurface temperature using an analytical techniques
similar to one employed by Nikolov et al. (1995).
Liquid water is assumed to refreeze in the snowpack
and drainage to stop at a given time step, if the average
snowpack temperature (Ts + Tb)/2 plummets below
1  C.

3. Conclusion
The FORFLUX model presents a new comprehensive
biophysical approach towards studying, predicting and
analyzing pollution deposition, the exchange of trace
gases and energy between terrestrial ecosystems and the
atmosphere. The model has been successfully veriﬁed
against ﬂux data measured over diﬀerent ecosystems
(e.g. Nikolov, 1997; Zeller and Nikolov, 2000; Amthor
et al. 2001), and applied in climate change studies (Potter et al., 2001). A companion publication discusses
FORFLUX simulations and applications to a high-altitude subalpine forest ecosystem in southern Wyoming
(USA).
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Hänninen, H., Häkkinen, R., Hari, P., Koski, V., 1990. Timing of
growth cessation in relation to climatic adaptation of northern
woody plants. Tree Phys. 6, 29–39.
Heitor, A., Biga, A.J., Rosa, R., 1991. Thermal radiation components
of the energy budget at the ground. Agric. For. Meteor. 54, 29–48.
Handerson-Sellers, A., Pitman, A.J., 1992. Land-surface schemes for
future climate models: speciﬁcation, aggregation, and heterogeneity.
J. Geophys. Res. 97, 2687–2696.
Hillel, D., 1982. Introduction to Soil Physics. Academic Press,
Orlando.
Hirose, T., Werger, M.J.A., 1987. Maximizing daily canopy photosynthesis with respect to the leaf nitrogen allocation pattern in the
canopy. Oecologia 72, 520–526.
Hirose, T., Werger, M.J.A., Pons, T.L., van Rheenen, J.W.A., 1988.
Canopy structure and leaf nitrogen distribution in a stand of Lysimachia vulgaris L. as inﬂuenced by stand density. Oecologia 77,
145–150.
Hunter, A.F., Lechowicz, M.J., 1992. Predicting the timing of budburst in temperate trees. J. App. Ecol. 29, 597–604.
Jackson, G.E., Irvine, J., Grace, J., Khalil, A.A.M., 1995. Abscisic
acid concentrations and ﬂuxes in droughted conifer saplings. Plant,
Cell and Environ 18, 13–22.
Jarvis, P.G., 1976. The interpretation of the variations in leaf water
potential and stomatal conductance found in canopies in the ﬁeld.
Philos. Trans. Roy. Soc. London, Ser B 273, 593–610.
Kern, J.S., 1989. Evaluation of soil water retention models based on
basic soil physical properies. Soil Sci. Soc. Am. J. 59, 1134–1141.
Kerstiens, G., Lendzian, K.J., 1989. Interactions between ozone and
plant cuticles. I. Ozone deposition and permeability. New Physiologist 112, 13–19.
Kimins, J.P., Binkley, D., Chatarpaul, L. and de Catanzaro, J. 1985.
Biogeochemistry of Temperate Forest Ecosystems: Literature and
Dynamics of Biomass and Nutrients. Petawawa National Forestry
Institute, Canadian Forestry Service.
Kirkland, M.R., Hills, R.G., Wierenga, P.J., 1992. Algorithms for
solving Richards’ equation for variably saturated soils. Water
Resour. Res. 28 (8), 2049–2058.
Kirschbaum, M.U.F., 1995. The temperature dependence of soil
organic matter decomposition, and the eﬀect of global warming on
soil organic storage. Soil Biol. Biochem. 27 (6), 753–760.
Kondo, J., Saigusa, N., Sato, T., 1990. A parameterization of evaporation from bare soil surfaces. J. App. Meteor. 29, 385–389.
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