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Abstract

A model is presented which aims at quantifying the CO2 and H2O gas exchange of whole plants in their natural
microenvironment, the canopy. In an up-scaling approach the model combines leaf (gas exchange, energy balance)
and canopy (radiative transfer, wind attenuation) scale simulations. Net photosynthesis and stomatal conductance are
modelled using a nitrogen sensitive model of leaf gas exchange. An analytical solution to the energy balance equation
is adopted to calculate leaf temperatures. Radiative transfer, separately for the wavebands of photosynthetically
active, near-infrared and long-wave radiation, is simulated by means of a model which accounts for multiple
scattering of radiation using detailed information on canopy structure as input data. Partial pressures of CO2 and
H2O, as well as air temperatures within the canopy are not modelled, but instead, measured values are used as input
data. Field studies were carried out at the ECOMONT pilot study area Monte Bondone (Trentino, Italy, 1550 m
a.s.l.). The model is parametrised for four forbs and one graminoid species occurring at three sites differing in land
use, i.e. an abandoned area, a meadow and a pasture. Independent measurements are used to validate each of the
major submodels of the comprehensive whole plant gas exchange model. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The gas exchange of plants in their natural
microenvironment, the canopy, depends on the
environmental driving forces of gas exchange,

such as radiation, temperature and the partial
pressures of CO2 and H2O, within the canopy,
and the physiological potential of the individual
leaves to respond to them (Schulze and Chapin,
1987; Barnes et al., 1990; Beyschlag et al., 1990;
Baldocchi and Harley, 1995). Leaf physiology in
turn is related to the long-term microclimatic
conditions within the canopy. Adaptation to the
gradient of photosynthetically active radiation is a
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well studied example (Hirose and Werger,
1987a,b; Chen et al., 1993; Hikosaka and
Terashima, 1995, 1996; Anten and Werger, 1996).
The driving forces of gas exchange within the
canopy usually differ from those in the lower
layer of the atmosphere (Oke, 1987; Monteith and
Unsworth, 1990), depending on the degree of
coupling between processes within and above
canopy. Such coupling is determined by physical
and physiological attributes of the vegetation it-
self, and by the state of the driving variables
above the canopy (Jarvis and McNaughton, 1986;
Oke, 1987; Baldocchi, 1992). Moreover, the mi-
croclimate within the canopy varies with canopy
depth (Cernusca, 1977; Goudriaan, 1977; Cer-
nusca and Seeber, 1981; Nobel, 1991; Baldocchi,
1992, 1993). Therefore the vertical position of leaf
area plays a crucial role in determining the envi-
ronmental driving variables actually experienced
by the individual leaves, and thus their gas ex-
change (Caldwell et al., 1986; Barnes et al., 1990;
Bahn et al., 1994; Anten and Werger, 1996).

This topic is best analysed by means of a
model, which in the past has led to the emergence
of a number of vegetation-atmosphere transfer
models (Goudriaan, 1977; Caldwell et al., 1986;
Tappeiner and Cernusca, 1991, 1998; Baldocchi
and Harley, 1995; Leuning et al., 1995; Su et al.,
1996; Baldocchi and Meyers, 1998). Given that
the modellers’ intention is to gain insights into the
mechanisms governing gas exchange within the
canopy, an up-scaling approach, using a multi-
layer model, seems to be most appropriate (Nor-
man, 1993; Leuning et al., 1995; Cernusca et al.,
1998). Whereas top-down approaches, using so
called big-leaf models, are probably the best
choice for predictive purposes, especially at larger
(e.g. regional) scales (Cernusca et al., 1998), where
reduced accuracy (but see De Pury and Farquhar,
1997; Wang and Leuning, 1998; Boegh et al.,
1999) is outweighed by computational efficiency
(Sellers et al., 1992; Amthor, 1994; Kull and
Jarvis, 1995; Lloyd et al., 1995; Tenhunen, 1999).

Up-scaling refers to the use of information at
one spatial or temporal scale to infer characteris-
tics on another scale (Norman, 1993). Scaling up
gas exchange from leaves to the whole plant
means, that information at the leaf level, i.e. leaf

area, leaf inclination, gas exchange characteristics,
is combined with the environmental forces driving
leaf gas exchange within the canopy, in order to
quantify the fluxes of CO2 and H2O of whole
plants (Wohlfahrt and Cernusca, 1999b). The
modelling basis for such an up-scaling approach is
a model of leaf level photosynthesis and stomatal
conductance (Wohlfahrt and Cernusca, 1999a).
This model is driven by the output of models, or
alternatively, measured data, which describe the
profiles of the environmental driving forces of gas
exchange within the canopy. Summing up the
predictions of net photosynthesis and transpira-
tion, multiplied by the leaf area present in the
various plant layers, then yields the CO2 and H2O
gas exchange of whole plants (Wohlfahrt and
Cernusca, 1999b).

The aim of this paper is to (i) present a model
which meets the requirements for scaling up gas
exchange from leaves to the whole plant; (ii)
parameterise the model for five herbaceous species
that grow at three sites differing in land use; and
(iii) validate the various submodels of the compre-
hensive whole plant model using independent data
sets.

2. Material and methods

2.1. Site and in6estigated plant species

Field investigations were carried out during the
summers of 1996–1998 in the Southern Alps on
the Monte Bondone plateau (Trentino/Italy, lati-
tude 46°01%20¦ N, longitude 11°02%30¦ E) at an
elevation between 1500–1600 m above sea level.
The mean annual temperature is 5.5°C, ranging
from −2.7°C in January to 14.4°C in July (Gan-
dolfo and Sulli, 1993). Precipitation is abundant
throughout the whole year (1189 mm), with two
peaks in June (132 mm) and October (142 mm)
and a minimum of 53 mm in January (Gandolfo
and Sulli, 1993). Three sites, differing in land-use,
were investigated: A hay meadow, mowed once a
year, a pasture, grazed by cattle and horses, and
an area abandoned 35 years ago. A general char-
acterisation of the three sites is given in Table 1
and in Cescatti et al. (1999).
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Criteria for the selection of the investigated spe-
cies were that they should occur on all of the three
sites and comprise a wide variety of different spa-
tial strategies, i.e. differ with respect to the vertical
positioning of their leaf area. Four forbs and one
graminoid species were selected. Nardus stricta is a
graminoid species characteristic for abandoned
mountain grasslands, the remaining forbs, Plan-
tago atrata, Polygonum 6i6iparum, Potentilla aurea
and Trollius europaeus, are equally abundant on
the three study sites (Tasser et al., 1999). P. atrata
and N. stricta exhibit a pyramidal leaf area distri-
bution, the leaf area steadily declining from near
the soil surface to the uppermost leaves, whereas
T. europaeus, P. aurea and P. 6i6iparum tend to
display a proportionally larger amount of leaf area
in the middle/upper layers. Among the latter three
species T. europaeus is a strong competitor for
light, as a result of its ability to overtop other spe-
cies by elongating the petioles of the basal leaves,
which make up most of the total leaf area (Bahn et
al., 1994). Leaves of P. aurea and P. 6i6iparum
reach only about one third of the maximum height
of the leaves of T. europaeus.

2.2. Experimental methods

Gas exchange measurements were carried out as
described previously in detail by Wohlfahrt et al.

(1998) and Bahn and Cernusca (1999). In brief, re-
sponse curves to light and CO2, which were used
for the parameterisation of the photosynthesis
model, were measured using two CO2/H2O
porometers (Heinz WALZ GmbH., Effeltrich,
Germany) along with the cuvettes PMK-10 and
GK-0235P of the same origin, as well as a another
fully climatised CO2/H2O porometer (CIRAS-1,
PP-Systems, Hitchin Herts, UK). The latter was
also used for episodical measurements of the diur-
nal course of photosynthesis and stomatal conduc-
tance under the prevailing environmental
conditions and for measurements of leaf photo-
synthetic capacity (net photosynthesis at saturat-
ing PPFD, leaf temperature of 20°C and ambient
CO2 and H2O partial pressures). The former data
served to parameterise the stomatal conductance
model, the latter were used to derive the nitrogen
dependencies of the main photosynthetic compo-
nent processes (Wohlfahrt et al., 1998; Wohlfahrt
and Cernusca, 1999a). Calculations of net photo-
synthetic rate, stomatal conductance, transpira-
tion rate and internal CO2 partial pressure were
made using the equations of Von Caemmerer and
Farquhar (1981). All gas exchange rates are de-
scribed on the basis of the projected leaf area, ex-
cept for N. stricta, whose gas exchange rates are
expressed on a surface area basis, because of its
uniform circular leaf shape and its leaf orienta-

Table 1
General characterisation of the investigated sites at the Monte Bondone study area (From Cescatti et al., 1999)

PastureMeadow Abandoned area

1520 1565 1520Elevation (m a.s.l.)
EExposition E SE

53Inclination (°) 6
Abandoned since 35 yearsManagement GrazedMowed

Vegetation type Crepido-CynosuretumGeranio-Trisetetum Siversio-Nardetum strictae
80Maximum canopy height (cm) 16 30

4.490.6Plant area index (m2 m−2)a 4.590.2 4.7
1.92.390.1Leaf area index (m2 m−2)a 1.990.9

58 34Mean leaf angle (°)a 57
Cambisol with mull Cambisol with mullSoil type Cambisol with mull

6042Soil depth (cm) 75
2020Rooting depth (cm)b 13

Soil water storage capacity (mm)b 340 309242

a Tappeiner and Sapinsky, unpublished.
b Neuwinger and Hofer, unpublished.
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tion, which is more or less perpendicular to the
ground surface (cf. Körner et al., 1979). Leaf area
was measured using a leaf area meter (CI-203,
CID Inc., Vancouver, USA). All measured leaves
were collected, oven dried at 70°C for at least 72
h and weighed (AE-260, Mettler Instrumente AG,
Greifensee-Zürich, Switzerland). Total leaf nitro-
gen was measured using an elemental analyser
(CHNS-932, LECO Instruments, St. Joseph,
USA).

Measurements of the micrometeorological
parameters were made using the battery-powered
data acquisition system MIKROMET (Cernusca,
1987) at time intervals ranging from 1 to 6 min.
Hourly mean values were calculated. Incoming
and reflected short-wave radiation was measured
using star pyranometers, net radiation was mea-
sured by the means of net radiometers (Schenk,
Vienna, Austria). Incoming photosynthetic pho-
ton flux density (PPFD) was measured using
PAR-sensors (LI-190SA Quantum Sensor, Li-
Cor, Lincoln, USA). One star pyranometer and
one PAR-sensor had a shadow band in order to
estimate the incoming diffuse radiation compo-
nent. The profiles of PPFD within the canopy
were measured using six ceptometers (SunScan,
Delta-T-Devices LTD, Cambridge, UK) mounted
at different heights within the canopy (see Fig. 6
for details). Leaf, soil and air temperatures were
measured using thermocouples (copper/constan-
tan, 0.08 mm diameter), CO2 and H2O pressures
were measured using an infrared gas analyser
(CIRAS-Sc, PP-Systems, Hitchin Herts, UK).
Wind speed within the canopy was measured us-
ing thermo-electric anemometers (ThermoAir2,
Schiltknecht, Gossau, Switzerland). Three-cup
anemometers (Davis Instruments, Hayward,
USA) were used to determine wind speed above
the canopy.

Canopy structure was assessed at the time of
the biomass maximum (end of July) by stratified
clipping (Monsi and Saeki, 1953) of a square plot
of 0.3–0.5 m lateral length. Thickness of the
harvested layers ranged between 2 and 4 cm. Leaf
area was determined by the means of a leaf area
meter (LI-3100, Li-Cor, Lincoln, USA). The har-
vested plant material was separated by dominant
species as well as by plant compartments (leaves,

stems, etc.; Tappeiner and Sapinsky, 1999). In this
paper only the total plant area index (PAI) is used
for the calculation of radiative transfer. Leaf and
stem inclinations were measured in the field with a
hand inclinometer with a five degrees accuracy
(Tappeiner and Sapinsky, 1999).

Plant leaf architecture, again at the time of the
biomass maximum, was recorded non-destruc-
tively on randomly selected individuals. Ten repli-
cates per site and species were made (cf. Bahn et
al., 1994; Bahn and Cernusca, 1999). Leaf area in
each canopy layer was inferred from the products
of maximum leaf length and width. Those prod-
ucts have been shown to correlate well with actual
leaf area for a broad range of leaf sizes (Bahn et
al., 1994; R2\0.93 for the investigated species).
Mean leaf inclinations for each plant layer were
determined as described above.

Model performance was assessed with respect
to both quantitative and qualitative correspon-
dence to measured data (cf. Pachepsky et al.,
1996). The Pearson’s correlation coefficient and
the F-test were used in order to test whether the
different submodels are quantitatively adequate.
Qualitative model performance was evaluated by
analysing the residuals, which were calculated as
the difference between predicted and observed
values, and deviations from 1:1 correspondence in
the y-intercept and the slope obtained from linear
regression analysis of observed versus predicted
values.

2.3. Models

In the present study, a one-dimensional, multi-
layer model is used to compute the fluxes of CO2

and H2O of whole plants (Wohlfahrt and Cer-
nusca (1999b). The model combines calculations
at the canopy and the whole plant level. It con-
sists of coupled micrometeorological and physio-
logical modules, as depicted in Fig. 1. The
micrometeorological modules compute radiative
transfer (separately for the PPFD, near-infrared
(NIR) and long-wave radiation), the attenuation
of wind speed at the canopy level and leaf temper-
atures at the whole plant level. The profiles of
CO2, H2O and air temperature within the canopy
are not modelled, but instead, measured values
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Fig. 1. Conceptual diagram showing the main submodels of
the comprehensive whole plant gas exchange model and their
interdependence. For symbols and abbreviations refer to Ap-
pendix C.

the boundary layer conductance as a result of the
turbulent nature of wind in outdoor environments
(Campbell and Norman, 1998); u is the wind
speed and w is the characteristic leaf dimension,
which was approximated by taking the leaf width.
At low wind speeds, the heat exchange is domi-
nated by free convection and the single-sided leaf
boundary layer conductance to water vapour
(gbve), assuming laminar free convection, may be
found as (Campbell and Norman, 1998)

gbve=
1
2 · 55 ·

��T1−Ta�
w

�1/4

(2)

where Tl and Ta are the leaf and air temperatures,
respectively. The final single-sided leaf boundary
layer conductance to water vapour (gbv) is the
larger of the conductances resulting from forced
and free convective exchanges (Nikolov et al.,
1995). Conductances may be converted from units
of mmol m2 s−1 to m s−1 by (Nikolov et al.,
1995)

cfm=8.309 · 10−5 ·
Tak

P
, (3)

where Tak is the absolute air temperature and P is
the air pressure at the study site. The CO2 and
H2O partial pressures within the boundary layer
differ from those in the air surrounding the leaf,
depending on the respective partial pressures in
the leaf intercellular space (Ci and es (Tl)) and the
air outside the leaf boundary layer (Ca and ea), as
well as the stomatal (gsv) and boundary layer
conductances for the respective species. According
to Falge (1997) the relative humidity, hs, and the
CO2 partial pressure, Cs, in the leaf boundary
layer may be found as

hs=
ea

es(Tl)
−

1

1+
gbv

gsv

·
ea−es(Tl)

es(Tl)
, (4)

Cs=Ca−
1.37

1.37+
1.6 · gbv

gsv

· (Ca−Ci). (5)

The factors 1.6 and 1.37 account for the differ-
ence in the diffusivity of CO2 and H2O in air and
the boundary layer, respectively (Farquhar and
Sharkey, 1982).

used as input data (Fig. 1). The environmental
variables computed in the micrometeorological
modules represent the driving forces for the leaf
gas exchange model, which calculates net photo-
synthesis, stomatal conductance and transpiration
at the whole plant level. Since the long-wave
radiation emitted by leaves depends upon leaf
temperature, but in turn determines leaf tempera-
ture via the leaf energy balance, an iterative pro-
cedure is used to find equilibrium states. For
symbols and abbreviations refer to Appendix C.

2.3.1. Leaf gas exchange
The model of leaf gas exchange has been de-

scribed in detail by Wohlfahrt et al. (1998), the
corresponding model theory is therefore not re-
peated in the present paper.

2.3.2. Leaf boundary layer conductance
In the case of forced convection (and assuming

a laminar flow of air over the leaf surface) the
single-sided leaf boundary layer conductance to
water vapour (gbvf) is given by (Campbell and
Norman, 1998)

gbvf=
1
2 · 1.4 · 147 ·

'u
w

(1)

where the factor 1
2 converts two-sided to single-

sided values for broad leaves (Nikolov et al.,
1995) and 1.4 accounts for the enhancement of
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2.3.3. Leaf energy balance
Leaf temperatures were estimated solving their

energy balance equation (Campbell and Norman,
1998)

Rabs=Loe+lE+H

=2 · ol · s · T lk
4 +

r · cp

g
· [es(Tl)−ea] · gtv

+r · cp · (Tl−Ta) · 2 · 0.924 · gbv, (6)

where Rabs is the bi-directional absorbed short-
wave and long-wave radiation, Loe is the emitted
long-wave radiation, lE and H represent latent
and sensible heat losses, respectively; ol is the leaf
thermal emissivity, s is the Stefan-Boltzmann con-
stant, r and cp are the density and the specific heat
of dry air, respectively, g is the psychrometric
constant and gtv the leaf total conductance to water
vapour. Energy losses as a result of emitted long-
wave radiation and sensible heat occur from both
the upper and lower leaf surface, which is ac-
counted for by the factor 2. The boundary layer
conductance to water vapour (gbv) is converted to
that for heat by the factor 0.924 (Nikolov et al.,
1995). The density of dry air is estimated from
(Smithsonian Meteorological Tables)

r=3.4838 · 10−1 ·
P

Tak

(7)

and the psychrometric constant is given by

g=
P · cp

6.22 · 10−3 · L
, (8)

where L is the latent heat of vaporization, which
is given by (Verstraete, 1985)

L= (2.50084−0.00234 · Ta) · 106. (9)

The leaf total conductance to water vapour (for a
dry leaf surface) is given by

gtv=
gsv ·gbv

gsv+gbv

. (10)

The leaf saturation vapour pressure may be de-
scribed using the Tetens formula (Buck, 1981)

es(Tl)=6.107 · exp
� 17.502 · Tl

Tl+240.97
�

, (11)

or may be approximated by a fourth-order polyno-
mial over the temperature range from −5 to 60°C,

with a maximum error of 0.48% at −2°C (Nikolov
et al., 1995)

es(Tl)

=5.82436 · 10−6 · T l
4+1.5842 · 10−4 · T l

3

+1.55186 · 10−2 · T l
2+44.513596 · 10−2 · Tl

+6.079. (12)

The use of Eq. (12) allows for an analytical
solution to the energy balance equation for leaf
temperature as proposed by Paw U (1987), by
arranging Eq. (6) in the form of a quartic equation
as described in Appendix A.

2.3.4. Wind profile
The bi-layered structure of the investigated

canopies, consisting of two distinct layers, a lower,
much denser one, dominated by forbs and an
upper, sparser one, composed almost exclusively
by erect stems and leaves of the occurring
graminoid species (Tappeiner and Cernusca, 1994),
made it necessary to apply two different equations
in order to describe the wind profile within the
investigated canopies (Cernusca, 1977). The atten-
uation of wind speed above the canopy, but also
within the canopy down to the upper boundary
formed by the forbs, termed h, was described
applying a logarithmic wind law. The attenuation
below h was described using an exponential equa-
tion (Goudriaan, 1977; Campbell and Norman,
1998)

u(z)=
u*
0.4

· ln
z−d

z0

if z\h, (13)

u(z)=u(h) · exp
�

a ·
�z

h
−1

�n
if z5h. (14)

Where u* is the friction velocity, z is the canopy
height, d is the zero plane displacement, z0 is the
momentum roughness parameter and a is an ex-
tinction coefficient (Campbell and Norman, 1998).

2.3.5. Radiati6e transfer
Radiative transfer was modelled adopting the

basic equations by Goudriaan (1977). The canopy
is divided into sufficiently small (PAI=0.1 m2

m−2) layers with negligible self-shading, in which
leaves are assumed to be distributed symmetrically
with respect to the azimuth. The model accounts
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for multiple scattering of radiation, assuming leaf
reflection and transmission to be lambertian and of
equal magnitude, and considers nine leaf angle
classes (l).

The probability that a ray of light incident at an
angle (from the horizontal) b % is intercepted in a
layer of leaves with a PAI of DL, inclined as de-
scribed by a leaf angle distribution F and dis-
tributed in space according to a leaf clumping
factor V, is given by (Nilson, 1971; Goudriaan,
1977; Baldocchi and Collineau, 1994)

Mi( j, b %)=
V( j) · DL( j)

sin b %
· %

9

l=1

F( j, l) · O(b %, l),

(15)

where j is the index of the canopy layer counted
from bottom upwards. V is a leaf clumping factor,
being equal to one when leaves are distributed ran-
domly, smaller than one when leaves are clumped
and larger than one when leaves are distributed uni-
formly (Goudriaan and Van Laar, 1994; Campbell
and Norman, 1998). O(b %, l) is the projection of a
leaf inclined at an angle l into the direction b % (De
Wit, 1965; Ross, 1975, 1981; Goudriaan, 1977,
1988), which may be calculated as

O(b %, l)=sin b % · cos l if b %]l (16)
O(b %, l)

=
2
p

·
�

sin b % · cos l · arcsin
�tan b %

tan l

�
+
sin2 l−sin2 b %

n
if b %Bl. (17)

The fraction of light not intercepted in a layer, Mt

(j, b %), is simply given as 1−Mi ( j, b %). For the
treatment of diffuse radiation, the upper and lower
hemispheres viewed by leaves are divided into 9
classes of 10 degrees each, which are referred to as
b %, in contrary to b, which refers to the inclination
of the sun. The downward (Qd) and upward (Qu)
fluxes within the canopy consist of the non-inter-
cepted radiation from above and below (first part
on the right hand side of Eqs. (18) and (19)), respec-
tively, and the part of the intercepted radiation
which is scattered in the downward and upward di-
rection (second part on the right hand side of Eqs.
(18) and (19)), respectively, as

Qd( j, b %)=Mt( j, b %) · Qd( j+1, b %)

+0.5 · xl · Bl( j, b %) · Qi( j) (18)

Qu( j, b %)=Mt( j, b %) · Qu( j−1, b %)

+0.5 · xl · Bl( j, b %) · Qi( j). (19)

Where xl is a wavelength-dependent leaf scattering
coefficient, Bl is a view factor and the factor 0.5
arises from equal reflection and transmission by the
leaves. Qi is the light intercepted in a layer, which is
given as

Qi( j)

= %
9

b%=1

[Qd( j+1, b %)+Qu( j−1, b %)] · Mi( j, b %).

(20)

The view factor, Bl, is given by

Bl( j, b %)=
Bu(b %) · Mi( j, b %)

%
9

b%=1

Bu(b %) · Mi( j, b %)
, (21)

where Bu represents the weights according to the
Uniform Overcast Sky (UOC; Goudriaan, 1977).
At the soil surface, the lower boundary condition of
the model, light is reflected lambertian according to
the UOC as

Qu(0, b %)=xs · Bu(b %) · %
9

b%=1

Qd(1, b %), (22)

where xs is a wavelength-dependent soil scattering
coefficient. The equations so far, using the appro-
priate above canopy radiation values and soil/leaf
scattering coefficients, apply for solar radiation, i.e.
the PPFD and NIR wavebands. For long-wave ra-
diation, Eqs. (18)–(20) and (22) have to be modified
to account for two additional radiation fluxes.
These result from the fact that both leaves and the
soil emit thermal radiation, depending on their ab-
solute temperature (Stefan-Boltzmann law). Thus
for the downward and upward fluxes of long-wave
radiation Eqs. (18) and (19) have to be modified as

Lod
( j, b %)=Mt( j, b %) · Lod

( j+1, b %)

+xl · Bl( j, b %) · %
9

b%=1

Mi( j, l)

· Lou
( j−1, b %)+ol · Bl( j, b %) · Bu(b %)

· s · [Tlksl( j)4 · fsl+Tlksh( j)4 · (1− fsl)]

(23)
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Lou
( j, b %)=Mt( j, b %) · Lou

( j−1, b %)

+xl · Bl( j, b %) · %
9

b%=1

Mi( j, l)

· Lod
( j+1, b %)

+ol · Bl( j, b %) · Bu(b %) · s · [Tlksl( j)4 · fsl

+Tlksh( j)4 · (1− fsl)] (24)

The leaf emitted long-wave radiation, which is
assumed to be distributed isotropically, is calcu-
lated as the weighted mean flux from sunlit and
shaded leaves, which radiate at an absolute tem-
perature Tlksl and Tlksh, respectively, where fsl is
the fraction of sunlit leaf area (see below). Since
leaves do not transmit long-wave radiation xl is
not a scattering coefficient, but refers to reflection
of long-wave radiation only. The equation de-
scribing the reflection of the long-wave radiation
flux at the soil surface has to account for the soil
emitted long-wave radiation according to

Lou
(0, b %)=Bu(b %)

·
�

os · s · T sk
4 +xs · %

9

b%=1

Lod
(1, b %)

n
,

(25)

where os and xs are the soil emissivity and reflec-
tion coefficients, respectively, and Tsk is the abso-
lute soil surface temperature. The soil and the sky
emitted long-wave radiation represent state vari-
ables and thus the corresponding canopy profiles
are calculated only once per time step. In most
cases time steps are half-hourly or hourly (cf.
Nikolov et al., 1995), but may be kept flexible to
match input data. Whereas the profile of long-
wave radiation emitted by leaves depends upon
leaf temperatures and in turn influences leaf tem-
peratures via the energy balance (Eq. (6)), making
it necessary to solve in an iterative fashion for the
equilibrium leaf temperatures.

A relaxation method, by which the scattered
fluxes are added to the fluxes already there, was
applied to solve for Eqs. (18), (19) and (22)–(25),
as described in Goudriaan (1977). A maximum
number of five runs was necessary to reach con-
vergence for the NIR, two were needed for the
PPFD and long-wave radiation. The model thus
accounts for fifth-order scattering in the NIR

waveband and for second-order scattering in the
PPFD and long-wave wavebands.

Now that the radiation field within the canopy
has been specified, it is possible to calculate the
amount of radiation intercepted and/or absorbed
by the leaves of the plants. Because of the non-lin-
ear response of photosynthesis to PPFD the radi-
ation incident on shaded and sunlit leaves must be
considered separately (Spitters, 1986). Shaded
leaves receive diffuse light only (Qshade, Eq. (27)),
while sunlit leaves receive both diffuse and direct
radiation (Qsun, Eq. (28)), the latter incident at an
angle b, the elevation of the sun. The flux of
diffuse radiation in the canopy consists of diffuse
radiation from the sky and of diffused, scattered
beam radiation. Thus to obtain the radiation inci-
dent on shaded leaves the direct component (Qdir),
whose attenuation is calculated as

Qdir( j)=Qdir( j+1) · Mt( j, b), (26)

has to be subtracted from total radiation

Qshade( jp)

=
! %

9

b%=1

�O(b %, lp)
sin b %

· (Qdown( j+1, b)

+Qup( j−1, b %))
n"

−Qdir( j+1) ·
O(b, lp)

sin b
,

(27)

where the index p indicates whole plant values.
The radiation incident on sunlit leaves may then
be calculated as

Qsun( jp)=Qshade( jp)+Qdir(n+1) ·
O(b, lp)

sin b
(28)

where Qdir(n+1) stands for the direct radiation
measured on a horizontal plane above the canopy.
In the present approach average leaf angles are
used for the different plant layers (lp). If a leaf
angle distribution was to be used instead, O in
Eqs. (27), (28) and (30) needs to be calculated as
the weighted average over the different leaf angle
classes, as in Eq. (15). The fraction of leaves
which receive both direct and diffuse radiation,
i.e. the fraction of sunlit leaves fsl, is given by

fsl( j)= fsl( j+1) · Ml( j, b). (29)
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The results of Eqs. (27) and (28) may be used
directly to calculate assimilation, because PPFD
in the leaf model (Eq. (6) in Wohlfahrt et al.,
1998) refers to an incident light basis. In order to
calculate absorbed short-wave radiation, as it is
required for the leaf energy balance (Eq. (6)),
Qshade and Qsun need to be multiplied by an ab-
sorption coefficient, which is calculated as 1−xl.
The long-wave radiation absorbed by both sunlit
and shaded leaves is given by

Lo( jp)= %
9

b%=1

�O(b, lp)
sin b %

· (Lod
( j+1, b %)

+Lou
( j−1, b %)) · (1−x %)

n
. (30)

Solar geometry, determining the position of the
sun in the sky, was calculated using the equations
given in Campbell and Norman (1998). Total
solar radiation, as well as the partitioning of solar
radiation into direct and diffuse, PPFD and NIR
components, is either modelled using the ap-
proach described in Goudriaan (1977) and Gou-
driaan and Van Laar (1994), or measured values
(as described in a previous section) are used in-
stead. Similarly sky long-wave radiation may be
either estimated using the equations by Brutsaert
(1984) and Monteith and Unsworth (1990), or
measured values be used. Details on the corre-
sponding algorithms are given in Appendix B.

3. Results and discussion

3.1. Parameterisation

3.1.1. Leaf gas exchange
The parameterisation of the gas exchange mod-

els of the investigated species was the topic of a
previous paper (Wohlfahrt et al., 1998), and
therefore will not be discussed in detail. In brief,
estimates of Rdark, the dark respiration rate, were
made from the y-intercept of linear regressions
describing the initial portion of light response
curves at different temperatures. Vcmax and Pml,
the maximum rate of carboxylation and the po-
tential rate of RuBP regeneration, were inferred
from A/Ci curves at different temperatures using

non-linear least-squares regression technique to
Eq. (1) from Wohlfahrt et al. (1998), as described
also by Harley et al. (1992), Wullschleger (1993)
and Walcroft et al. (1997a). Temperature depen-
dent parameters describing Vcmax, Pml and Rdark

were then obtained by fitting Eqs. (7) and (8)
from Wohlfahrt et al. (1998) to these values, again
using non-linear least-squares regression tech-
nique (Table 2A). Parameters describing the nitro-
gen dependency of Vcmax, CN and C0 (Table 2A),
were derived from linear regressions relating
Vcmax, which was calculated from photosynthesis
at ambient CO2 partial pressure and saturating
light intensity, to leaf nitrogen content. Parame-
ters of the stomatal conductance model, Gfac and
gmin (Table 2B), were derived from the slope and
the y-intercept, respectively, of a linear regression
through the data points of the product of (A+
Ifac · Rdark) · 102 · hs · C s

−1 plotted against measured
stomatal conductance, gsv (Ball et al., 1987). Wa-
ter availability has been shown to influence the
parameters of the stomatal conductance model
(Sala and Tenhunen, 1996; Baldocchi, 1997). This
was accounted for by determining Gfac and gmin

separately for each site (Table 2B). Finally a, the
apparent quantum yield at saturating CO2 partial
pressure, was adjusted to give a good fit to the
initial portion of the light response curves (Table
2A). Parameters determining the temperature de-
pendency of the RUBISCO specificity factor were
taken from Jordan and Ogren (1984), those of the
Michaelis–Menten constants for carboxylation
and oxygenation from Badger and Collatz (1977).
Since upper leaves (\12–16 cm) of T. europaeus
showed visible signs of senescence already during
June, when the lower leaves were fully developed,
we parameterised them separately.

3.1.2. Wind profile
Measurements of wind speed above h, the

height of the lower canopy layer dominated by
forbs (Fig. 2), were fitted to Eq. (13) by non-linear
least-squares regression technique, yielding
parameter estimates for u* and zm. In this proce-
dure d was fixed at approx. 0.65 · h (Table 3),
which has been shown to be in good agreement
with the results of several studies by Campbell
and Norman (1998). The values obtained for zm

(Table 3), a measure for the aerodynamic rough
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ness of the canopy surface (Oke, 1987), are close
to 0.1 · h, which has been proposed as a good
approximation for zm by several authors (Maki
1975; Nobel, 1991; Campbell and Norman, 1998).
The extinction coefficient for wind speed, a, was
estimated by fitting measurements of wind speed
below h (Fig. 2) to Eq. (14) by the means of
non-linear least-squares regression technique. The
values shown in Table 3 are in good agreement
with a range for a between 1–3, reported by
Cionco (1972), Goudriaan (1977) and Pereira and
Shaw (1980) for grass and crop canopies of simi-
lar PAI. There is little difference in values of a
between the meadow and the abandoned area,
whereas the value for the pasture is considerably
lower. This reflects the sharp decrease of wind
speed in the dense canopy layers below h at the
pasture (Fig. 2). Goudriaan (1977) suggests a

simple method for calculating values of a as a
function of canopy structure, namely the total
PAI, canopy height and average leaf width. Ap-
plying this equation using an average leaf width
of 0.02 m to the investigated canopies, yields
estimates for a of 2.5, 2.8 and 1.7 for the aban-
doned area, the meadow and the pasture, respec-
tively. Though not exactly matching a derived
from measured wind speeds (Table 3), the similar-
ity of the values, as well of the relative differences
between the three canopies is striking, confirming
the estimates of a in Table 3 and the validity of
the approach of Goudriaan (1977) for determin-
ing a of mountain grassland canopies. At a given
canopy height, wind speeds are highest at the
pasture, followed by the abandoned area and the
meadow, thus being inversely dependent on h
(Fig. 2 and Table 3).

Table 2
Parameters of the combined photosynthesis (A) and stomatal conductance (B) model (from Wohlfahrt et al., 1998) for N. stricta
(Nast), P. atrata (Plat), P. 6i6iparum (Povi), P. aurea (Poau) and lower (lo) and upper (up) leaves of T. europaeus (Treu)a

TreuloPoauPoviPlatNastUnits TreuupParameter

(A)
68 362DHa(Vcmax) J mol−1 61 304 64 490 60 940 57 098 68 000Vcmax

201 000 202 198J mol−1 202 583DHa(Vcmax) 20 0000 199 571 204 000
55 465 55 465J mol−1Pml 44 386DHa(Pml) 51 014 61 521 57 101

199 521199 521199 247192 52119 7551196 168J mol−1DHa(Pml)
Rdark DHa(Rdark) J mol−1 13 592 53 132 17 913 94 482 36 743 37 246

a mol CO2 0.0450.05 0.05 0.06 0.06 0.06
mol photons−1

0.423Vcmax(Tref) 0.2870.5300.6170.3690.481CN mmol CO2

mmol−1 N s−1

−39.5214.81−9.87mmol m−2 s−1C0 −22.86−18.42 3.94
Rfac – 0.054 0.031 0.076 0.023 0.0550.037

0.665 0.638– 0.649 0.600 0.661 0.580Pfac

Units SiteParameter
(B)

9.816.0A– 20.2Gfac 12.824.712.0
13.816.0M 11.9 17.0 19.213.4

16.0P 9.49.110.68.914.1
94.770.6130.054.576.1gmin 21.9Ammol m−2 s−1

M 21.9 70.0 57.0 120.0 67.0 29.5
32.7P 21.9 79.3 41.2 74.6 81.5

a For abbreviations and symbols refer to Appendix C (A, abandoned area; M, meadow; P, pasture). DS(Vcmax) and DS(Pml) were
fixed for all species at 656 and 643 J K−1 mol−1, respectively (cf. Wohlfahrt et al., 1998).
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Fig. 2. Cumulative plant area index (PAI, hatched area), measured (symbols) and simulated (lines) profiles of wind speed above and
within the canopies of the abandoned area (A), meadow (B) and pasture (C). Arrows indicate the upper height of the lower canopy
layer formed mainly by forbs (error bars represent 1 standard error).
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Fig. 3. Comparison between measured and predicted leaf net photosynthesis (A) and stomatal conductance (B) of the investigated
species. Residuals (difference between predicted and measured values), for all species pooled, are shown as insets in the upper left
corners.

Wang and Leuning, 1998) by introducing an em-
pirical dependence of stomatal conductance on
soil water availability into these models. Espe-

cially the parameter Gfac, which represents the
sensitivity of stomata to the environmental factors
considered in the model, to which stomatal con-
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ductance is directly proportional (Eq. (10) of
Wohlfahrt et al., 1998), should be adapted as the
leaf water status becomes affected by alterations
in soil water availability. This was indirectly ac-
counted for in the present approach by parame-
terising the model of stomatal conductance
separately for each site (Table 2B), thereby map-
ping the soil water availability of the site averaged
over the growing season into the parameters of
the stomatal conductance model (Wohlfahrt et al.,
1998). The model, though, does not account for
effects of diurnal and daily changes in plant water
status on stomatal conductance. At the moment
we consider this to be the source of the variation
encountered in Fig. 3B and Table 5, which though
remains to be verified by future investigations.

3.2.2. Leaf temperature
As shown in Fig. 4 correspondence between

observed and predicted values of leaf temperature,
including different species and sites, is fairly good,
the correlation coefficients ranging between 0.69–
0.99 (pooled 0.83, Table 5). For some species (e.g.
P. 6i6iparum, N. stricta) larger deviations from 1:1
correspondence occur, still the F-test is passed by

each species, as well as by all species pooled
(Table 5). The overall distribution of residuals
around the predicted values may be regarded as
symmetrical (Fig. 4), although leaf temperatures
of some species (e.g. N. stricta) are slightly under-
estimated, whereas others (e.g. P. 6i6iparum) tend
to be overestimated. The underestimation of the
leaf temperatures of N. stricta may be caused by
the fact, that the leaves of this species are ex-
tremely narrow (approx. 0.3 mm leaf width).
Since the leaves of N. stricta are grouped in
bunches, which aerodynamically may behave as
intact objects, similar to shoots of conifers
(Nikolov et al., 1995), using the actual leaf width
for calculating the leaf boundary layer conduc-
tance of N. stricta may underestimate the leaf
boundary layer conductance and thus leaf temper-
ature. Note that leaf widths have been taken as
the characteristic dimension in the direction of the
wind flow (Eqs. (1) and (2)). Thus for leaves
whose length reaches several times their leaf width
(P. atrata, P. 6i6iparum, N. stricta), underestima-
tion of the leaf boundary layer conductance may
occur in the case of the wind flowing over the
leaves perpendicular to their width.

Table 5
Results of a linear regression analysis of observed 6ersus predicted values of net photosynthesis (A), stomatal conductance (gsv), leaf
temperature (Tl), wind speed (u), PPFD incident from above on a horizontal plane at different heights within the canopy
(PPFDd( j )), reflected short-wave (Qu (n)), PPFD in the direct and diffuse components of the incoming short-wave radiation
(PPFDdif (n+1) and PPFDdir (n+1)) and incoming long-wave radiation (Lo (n+1))a

Site/Species slopeParameter y-intercept r F Fcrit.

PooledA 0.9290.02 0.980.6490.16 2695.80 6.81
0.8590.02PooledGsv 30.4899.05 0.95 1228.74 6.84

5.3691.350.7690.06PooledTl 154.070.83 7.01
0.91u 73.94A 8.681.0290.12 0.2690.10

0.9290.07 0.229 0.09 0.96 185.43 8.53M
0.90 174.73P 7.301.0790.08 −0.0890.14

PPFDd ( j ) 7.081309.800.9857.5099.110.8990.02A
7822.890.9873.6096.90 6.700.8890.01M

0.99 10 133.01P 6.840.9090.01 23.6794.19
M 0.8690.01 2.9491.21Qu (n) 0.98 5498.55 6.76

0.804.02920.621.0490.09PooledPPFDdif (n+1) 7.00123.03
Pooled 0.8990.04PPFDdir (n+1) 7.0057.36946.88 403.980.92

Lod
(n+1) M 171.0397.310.4890.02 0.77 536.19 6.71

a Model performance is evaluated by the slope and the y-intercept of a regression line through observed 6ersus predicted values
(mean9standard error), the Pearson’s correlation coefficient (r) and by comparison of the F-value (F) with the critical F-value
(Fcrit., F-value at P=0.01) (A, abandoned area; M, meadow; P, pasture).
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Fig. 4. Comparison between measured and predicted leaf temperatures of the investigated species. Residuals (difference between
predicted and measured values), for all species/sites pooled, are shown as an inset in the upper left corner.

3.2.3. Wind profile
The correspondence between observed and pre-

dicted values of wind speed at the three sites is
shown in Fig. 5. The distribution of the residuals
around the predicted values may be regarded as
symmetrical and the residuals do not exceed 0.5 m
s−1, except for a few exceptions. The correlation
coefficients are higher than 0.90 and the y-inter-
cepts as well as the slopes of linear regressions
through the data in Fig. 5 are close to 0 and 1,
respectively (Table 5). The model thus may be
regarded to be well suited for describing the atten-
uation of wind speed within the investigated
canopies.

3.2.4. Radiati6e transfer
The validity of the radiation profile predicted

by the model of radiative transfer was assessed by
two different approaches. Firstly, the PPFD mea-
sured by the means of ceptometers mounted hori-
zontally at various heights within the canopy was
compared with the predicted downward flux of
PPFD incident on a horizontal plane at the same
heights (Fig. 6A–C). Secondly, the reflected

short-wave radiation (PPFD and NIR) measured
above the canopy (data available only for the
meadow) was compared with the predicted short-
wave radiation leaving the uppermost canopy
layer in the upward direction (Fig. 7).

The correspondence between observed and pre-
dicted values of the PPFD downward flux at
various heights within the investigated canopies is
shown in Fig. 6A–C. Altogether, the correlation
coefficients and the F-values are high and the
slopes and y-intercepts of the regressions lines are
close to 1:1 correspondence (Table 5). A slight
overestimation in the lower canopy layers is evi-
dent for the abandoned area and the meadow, an
underestimation for the upper canopy layers of
the meadow and pasture (Fig. 6A–C). In this
context it should be noted, that minor deviations
in height as a result of an uneven ground surface,
either when positioning the ceptometers or during
canopy structure analysis (Faurie et al., 1996),
may have considerable effects on the resulting
predictions, because a deviation in height of 1 cm
may correspond to a difference in PAI of up to 1
m2 m−2 in the lowest, very dense canopy layers.
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The observed effects thus could represent artefacts
arising from the experimental setup. The overesti-
mation in the lower and the underestimation in
the upper canopy layers may also be caused by
the leaves not being distributed randomly, as as-
sumed, but clumped in the lower and regular in
the upper canopy layers. Markedly clumped leaf
distributions for meadows and slightly clumped/
regular leaf distributions for abandoned and dif-
ferently stocked pastures have indeed been
reported by Tappeiner and Cernusca (1989, 1998)
for the Eastern Alps and the Central Caucasus. In
these studies, leaf distribution was accounted for
by empirically adjusting the leaf clustering factor
so as to gain correspondence between measured
(by the means of ceptometers) and predicted val-
ues of PPFD. It should be noted, that such an
empirical adjustment is critical, because all the
shortcomings of the model, as well as of the
experimental approach are condensed into a sin-
gle parameter, V (Tappeiner and Cernusca, 1989;
Cescatti, 1997b). However, because statistical leaf
distribution was not assessed in the present study,

we decided to maintain the assumption of a ran-
dom leaf distribution. This is justified by the fact
that our model, despite the small deviations men-
tioned above, generally predicts the penetration of
PPFD well.

A less satisfying correspondence between mea-
surements and predictions can be found for the
reflected short-wave radiation, which is shown for
the meadow in Fig. 7. As evident from the residu-
als, the model predicts low values of reflected
short-wave radiation reasonably well, but increas-
ingly underestimates higher values (see inset in
Fig. 7 and slope and y-intercept in Table 5). This
could result from scattering being underestimated
in the NIR waveband, because minor deviations,
as demonstrated above, were evident for the
PPFD. Underestimation of scattering could occur
because of the leaf scattering coefficient (Table 4)
being too low in the NIR. The underestimation
could also be attributed to simplifications implicit
in Goudriaan’s (1977) theory of radiative transfer
(cf. Vygodskaya and Gorshokova, 1989). The
Goudriaan model does not account for penumbra

Fig. 5. Comparison between measured and predicted wind speeds at the abandoned area (squares), the meadow (triangles) and the
pasture (circles). Residuals (difference between predicted and measured values), for all sites pooled, are shown as an inset in the
upper left corner.
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Fig. 6. Comparison between measured and predicted photosynthetic photon flux density (PPFD) incident from above on a
horizontal plane at different heights within the canopies of the abandoned area (A), the meadow (B) and the pasture (C). Residuals
(difference between predicted and measured values), for all heights pooled, are shown as insets in the upper left corners.
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Fig. 6. (Continued)

Fig. 7. Comparison between measured and predicted reflected short-wave radiation above the meadow. Residuals (difference
between predicted and measured values) are shown as an inset in the upper left corner.
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(Stenberg, 1995) and infinite scattering of radia-
tion, as approaches using transfer matrices do
(Cescatti, 1997a; Royer et al., 1999). Moreover,
reflected radiation is assumed to be distributed
lambertian, not accounting for specular reflection
(Asner and Wessman, 1997; Royer et al., 1999).
Penumbra is significant only when the phytoele-
ments are small and far apart from each other, as
in coniferous forests (Stenberg, 1995), but not for
grasslands, as in the present study. Multiple scat-
tering and specular reflection of radiation are of
minor importance for the PPFD (Asner and
Wessman, 1997), where scattering is low anyhow
(20%), but not in the NIR waveband, where scat-
tering is high (80%). Yet, leaf temperatures are
predicted reasonably well by the leaf energy bal-
ance, where the NIR absorbed by the leaves is an
input parameter (Eq. (6)), underlining the validity
of both the model of radiative transfer, as well as
the leaf scattering coefficients. Moreover, prelimi-
nary results (Royer et al., in preparation) from a
comparison to a model which accounts for infinite
scattering and specular reflection of radiation

(Royer et al., 1999) suggest, that our model pre-
dicts scattering correctly, even in the NIR
waveband.

3.2.5. Abo6e canopy radiation
Irrespective of whether the direct and diffuse

components of the incoming short-wave radiation
have been measured or must be modelled (see
Appendix B), the partitioning into the PPFD and
NIR components has to be simulated at any rate
(Fig. 1), because these entities have not been
measured separately. The correspondence between
observed and predicted values of PPFD in the
direct and diffuse incoming short-wave radiation
is shown in Fig. 8. The corresponding values have
been calculated from measured values of the in-
coming total and diffuse short-wave radiation,
from which the fraction of diffuse radiation ( fd)
was inferred. The fraction of diffuse radiation, in
turn, was used to derive atmospheric transmissiv-
ity (ta; Goudriaan and Van Laar, 1994), from
which the fraction of PPFD was calculated ac-
cording to Goudriaan (1977) (Table 6 in Ap-

Fig. 8. Comparison between measured and predicted photosynthetic photon flux density (PPFD) in the incoming direct (open
symbols) and diffuse (filled symbols) short-wave radiation. Residuals (difference between predicted and measured values) are shown
as an inset in the upper left corner.
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Table 6
Fraction of diffuse ( fd), photosynthetically active ( fPPFD) and
near-infrared ( fNIR) radiation in the incoming short-wave
radiation as a function of atmospheric transmissivity (ta)a

taB0.3 0.3]ta50.7 ta\0.7

1.600−2.00 · tafd 0.21.0
fPPFD 0.6 0.675−0.25 · ta 0.5
fNIR 0.325−0.25 · ta0.4 0.5

a According to Goudriaan (1977) and Goudriaan and Van
Laar (1994).

measured or modelled, as described in Appendix
B. Fig. 9 shows the comparison between observed
and predicted sky long-wave radiation. For the
latter, cloud cover was arbitrarily fixed at an
average value of 0.5, as a result of the lack of
corresponding measurements. Given that the
entire range of cloud cover situations (0–1) is
equally represented in the measured data, using
an average cloud cover of 0.5 should overestimate
the lower and underestimate the higher long-wave
fluxes, as it is indeed evident from Fig. 9,
indicating that the model is capable to account for
the variation in sky long-wave radiation with
cloud cover.

4. Conclusion

A model is presented which aims at simulating
the CO2 and H2O gas exchange of whole plants in
their natural microenvironment, the canopy. For
this purpose the model combines simulations at
the leaf (gas exchange, energy balance) with simu-

pendix B). The slope and the y-intercept of the
regression line for the diffuse PPFD data show
closeness to 1:1 correspondence (Table 5), but the
F-value and the correlation coefficient are some-
what lower than for the direct PPFD, indicating
less quantitative correspondence, whereas a slight
underestimation of the highest values leads to a
comparably smaller qualitative correspondence
for the direct PPFD (Fig. 8, Table 5).

Similar to short-wave radiation, the long-wave
radiation incident from the sky may either be

Fig. 9. Comparison between measured and predicted sky emitted long-wave radiation. Residuals (difference between predicted and
measured values) are shown as an inset in the upper left corner.



G. Wohlfahrt et al. / Ecological Modelling 125 (2000) 173–201194

lations at the canopy level (radiative transfer,
wind attenuation). The model is parameterised for
four forbs and one graminoid species occurring at
three sites differing in land use, i.e. an abandoned
area, a meadow and a pasture, using least squares
fitting procedures to measured data. Each major
submodel is validated separately against indepen-
dently measured data, leading to generally satis-
factory results. We thus feel that the model
represents a suitable and useful tool for analysing
the gas exchange of whole plants, and hence gain
insights into the functioning of mountain grass-
lands. In the future the model will be applied to
address some related questions, e.g. the role of
plant architecture and leaf physiology in deter-
mining whole plant carbon gain.
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Appendix A. The analytical solution to the leaf
energy balance equation

An analytical solution to the leaf energy bal-
ance has been first proposed by Paw U (1987), in
the present approach the form used by Nikolov et
al. (1995) is adopted. If es(Tl) in Eq. (6) is substi-
tuted for the polynomial from Eq. (12), the energy
budget equation may be rearranged in the form of
quartic equation for Tl, i.e.

T l
4+at · T l

3+btT l
2+ct · Tl+dt=0, (A1)

where the corresponding coefficients are given by

at= (8 · ol · s · 273.16+1.5842 · 10−2 · he) · kt,
(A2)

bt= (12 · ol · s · 273.162+1.551861 · he) · kt, (A3)

ct= (8 · ol · s · 273.163+44.513596 · he+ht) · kt

(A4)

and

dt= (607.919 · he−Rabs−ht · Ta−he · ea

+2 · ol · s · 273.164) · kt, (A5)

in which

kt=
1

2 · ol · s+5.82436 · 10−4 · he

, (A6)

he=
r · cp

g
gtv (A7)

and

hl=2 · r · cp · gbv · 0.924. (A8)

Thereby it should be noted that conductances
should have units of m s−1 in Eqs. (A7) and (A8).
Since quartic equations may be solved analyti-
cally, it is possible to estimate leaf temperature
without iteration for a given set of input variables
(see Eq. (6)). Due to the inter-dependence of the
leaf emitted long-wave flux on leaf temperature,
there though still remains one iteration loop in the
determination of leaf temperatures.

Appendix B. Solar geometry and above canopy
radiation

The location of the sun in the sky is described
in terms of its elevation above the horizon and its
azimuth angle (Campbell and Norman, 1998).
Assuming that leaves have no azimuthal prefer-
ence, the position of the sun may be described
solely by its elevation above the horizon (b) as

sin b=sin f · sin d

+cos f · cos d · cos[15 · (t− t0)], (B1)

where f is the latitude, d the solar declination, t
the local time and t0 the time of solar noon. Solar
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declination can be computed as

sin d=0.39785 · sin[278.97+0.9856 · JD

+1.9165 · sin(356.6+0.9856 · JD)], (B2)

where JD stands for Julian Day (JD=1 is Janu-
ary 1st). The time of solar noon is calculated from

t0=12−LC−ET, (B3)

where ET is the equation of time and LC is the
longitude correction, which is 91/15 h for each
degree east/west of the standard meridian. The
equation of time depends on the day of the year
and is calculated from

ET= (−104.7 · sin o+596.2 · sin 2 · o

+4.3 · sin 3 · o−12.7 · sin 4 · o−429.3 · cos o

−2.0 · cos 2 · o+19.3 · cos 3 · o)/3600, (B4)

where

o=279.575+0.9856 · JD. (B5)

The total solar radiation incident on a horizon-
tal plane at the Earth’s surface is given by

Sg=ta · Sc · sin b, (B6)
where ta is the atmospheric transmissivity and Sc

is the solar constant

Sc=1367 ·
�

1+0.033 · cos
�

2 · p ·
(JD−10)

365
n�

,

(B7)

corrected for the eccentricity of the Earth’s path
around the sun (Goudriaan and Van Laar, 1994).
The fraction of diffuse radiation is either calcu-
lated from measured values of total and diffuse
(Sd) solar radiation as

fd=
Sd

Sg

, (B8)

or, if no measured values are available, calculated
as a simple function of ta (Goudriaan and Van
Laar, 1994), as depicted in Table 6, which then
has to be specified a priori. The diffuse solar
radiation is then given by

Sd=Sg · fd, (B9)

and beam radiation is calculated as

Sb=Sg−Sd. (B10)

The fractions of PPFD and NIR in the direct and
diffuse components of solar radiation ( fPPFD and
fNIR, respectively) are calculated as simple func-
tions of ta, as shown in Table 6 (Goudriaan,
1977). In the case that ta is not specified a priori,
but fd instead (because total and diffuse solar
radiation have been measured), the relationships
given for the calculation of fd in Table 6 are used
to inversely derive ta. The PPFD and NIR com-
ponents of direct and diffuse solar radiation may
then be calculated simply as the corresponding
fraction times the direct and diffuse radiation flux,
respectively.

The long-wave radiation originating from the
sky either has to be measured, or, in the absence
of measurements, it is calculated from air temper-
ature and water vapour pressure at 2 m above
ground and the fraction of the sky covered by
clouds. The emissivity for long-wave radiation of
a clear sky is given by (Brutsaert, 1984)

oac=1.72 ·
� ea

10 · Tak

�1/7

. (B11)

When clouds are present the emissivity is higher
than for a clear sky, which may be accounted for
using an equation given by Monteith and
Unsworth (1990)

oa= (1−0.84 · c) · oac+0.84 · c, (B12)

where c is the fraction of the sky covered by
clouds. The sky emitted long-wave radiation flux
is then given by the well-known Stefan-Boltzmann
equation

Lod
(n+1)=oa · s · Tak

4 . (B13)

Appendix C. Symbols and abbreviations

a extinction coefficient for wind
speed
net photosynthesis (mmol m−2A
s−1)
coefficient in the analytical solu-at

tion to the energy balance



G. Wohlfahrt et al. / Ecological Modelling 125 (2000) 173–201196

Bl normalised view factor
Bt coefficient in the analytical solu-

tion to the energy balance
weights according to the UniformBu

Overcast Sky
factor indicating sky cloud coverC
CO2 partial pressure in the ambi-Ca

ent air (Pa)
cfm factor converting conductances

from units of mmol m−2 s−1 to
m s−1

Ci Internal CO2 partial pressure (Pa)
slope of linear relationship relat-CN

ing NL to Vcmax (mmol CO2 mmol
N−1 s−1)

cp specific heat of dry air (1010 J
kg−1 K−1)
leaf surface CO2 partial pressureCs

(Pa)
ct Coefficient in the analytical solu-

tion to the energy balance
C0 y-intercept of linear relationship

relating NL to Vcmax (mmol CO2

m−2 s−1)
zero plane displacement (m)d
coefficient in the analytical solu-dt

tion to the energy balance
air water vapour pressure (hPa)Ea

es(Tl) saturated leaf water vapour pres-
sure (hPa)

ET equation of time (decimal)
fraction of leaves in leaf angleF
class
fraction of diffuse radiation infd

total short-wave radiation
fNIR fraction of NIR in direct and dif-

fuse short-wave radiation, respec-
tively

fPPFD fraction of PPFD in direct and
diffuse short-wave radiation, re-
spectively

fsl fraction of sunlit leaves
single-sided leaf boundary layergbv

conductance to water vapour
(mmol m−2 s−1)
single-sided leaf boundary layergbve

conductance to water vapour, if
heat exchange is dominated by

free convection (mmol m−2 s−1)
gbvf single-sided leaf boundary layer

conductance to water vapour, if
heat exchange is dominated by
forced convection (mmol m−2

s−1)
stomatal sensitivity coefficientGfac

gmin minimum stomatal conductance
to water vapour (mmol m−2 s−1)

gsv stomatal conductance to water
vapour (mmol m−2 s−1)
leaf total conductance to watergtv

vapour (mmol m−2 s−1)
h upper height of the lower canopy

layer formed mainly by forbs (m)
H sensible heat loss (W m−2)
he auxiliary variable in the analyti-

cal solution to the energy balance
hs leaf surface relative humidity

auxiliary variable in the analyti-ht

cal solution to the energy balance
coefficient representing the extentIfac

to which Rdark is inhibited in the
light

j subscript indicating canopy layer
JD Julian Day

auxiliary variable in the analyti-kt

cal solution to the energy balance
L latent heat of vaporisation (J

K−1)
LC longitude correction (decimal)
L0 long-wave radiation incident on

leaves (W m−2)
downward flux of long-wave ra-Lod

diation (W m−2)
leaf emitted long-wave radiationLoe

(W m−2)
upward flux of long-wave radia-Lou

tion (W m−2)
near infrared radiationNIR
(W m−2)
probability of interceptionMi

probability of non-interceptionMt

projection of leaves with inclina-O(b, l)
tion l into inclination b

Projection of leaves with inclina-O(b %, l)
tion l into inclination b %
Air pressure (hPa)P
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Subscript indicating whole plantp
layer
Total plant area index (m2 m−2)PAI
Ratio between Pml and Vcmax atPfac

the reference temperature of
293.16 K
Potential rate of RuBP regenera-Pml

tion (mmol m−2 s−1)
photosynthetic photon flux den-PPFD
sity (mmol m−2 s−1)
downward flux of total short-Qd

wave radiation
(W m−2)
downward flux of beam radiationQdir

(W m−2)
Qi intercepted total short-wave radi-

ation (W m−2)
short-wave radiation incident onQshade

shaded leaves
(W m−2)
short-wave radiation incident onQsun

sunlit leaves
(W m−2)
upward flux of totalQu

short-wave radiation
(W m−2)

Rabs bi-directional absorbed short-
wave and long-wave radiation
(W m−2)
dark respiration rate (mmolRdark

m−2 s−1)
Rfac ratio between Rdark and Vcmax

at the reference temperature of
293.16 K

RUBISCO Ribulose-1,5-bisphosphate car-
boxylase/oxygenase

RuBP Ribulose-1,5-bisphosphate
direct solar radiation incidentSb

on a horizontal plane above
the canopy (W m−2)

Sc solar constant (W m−2)
diffuse solar radiation incidentSd

on a horizontal plane above
the canopy (W m−2)

Sg total solar radiation incident
on a horizontal plane above
the canopy (W m−2)
local time (decimal)t

Ta air temperature (°C)
Tak air temperature (K)

leaf temperature (°C)Tl

Tlk leaf temperature (K)
leaf temperature of sunlitTlksl

leaves (K)
Tlksh leaf temperature of shaded

leaves (K)
Tsk soil temperature (K)

time of solar noon (decimal)t0

U wind speed (m s−1)
friction velocity (m s−1)u*
maximum rate of carboxyla-Vcmax

tion (mmol m−2 s−1)
Vcmax(Tref) maximum rate of carboxyla-

tion at the reference tempera-
ture of 293.16 K in the
absence of any deactivation as
a result of high temperature
(mmol m−2 s−1)
leaf width (m)W

z canopy height (m)
z0 momentum roughness parame-

ter (m)

Greek
a apparent quantum yield of net

photosynthesis at saturating
CO2 (mol CO2 mol photons−1)
elevation of sun (radians)b

b % elevation of nine sky angle
classes (radians)
avelength dependent leaf scat-xl

tering coefficient
wavelength dependent soilxs

scattering coefficient
latitude (radians)d

energy of activation (J mol−1)DHa

energy of deactivation (JDHd

mol−1)
plant area index in canopyDL
layer (m2 m−2)
entropy term (J K−1 mol−1)DS
coefficient in calculation of ET

sky thermal emissivity as aoa

function of cloud cover
oac clear sky thermal emissivity
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leaf thermal emissivity (0.96)ol

soil thermal emissivity (0.96)os

solar declination (radians)f

psychrometric constant (Pa K−1)g

leaf angle (radians)l

lE latent heat loss (W m−2)
density of dry air (kg m−3)r

s Stefan-Boltzmann constant
(5.6697. 10−8 W m−2 K−4)

ta atmospheric transmissivity
V leaf clustering factor
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