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ABSTRACT
The canopy conductance (gc ) is a key-parameter for the energy and carbon balance in almost any
kind of atmospheric models, i.e. in their land-surface schemes (LSM) representing land-atmosphere
interactions. LSM’s rely on a good parameterisation of gc . The most widely used parameterisations
are the empirical Jarvis-Stewart (JS) and the plant-physiological A-gs parameterisations, which
relates the assimilation rate (An ) to gc . Nowadays atmospheric models run on increasingly finer
resolutions. However, the reliability of the canopy conductance parameterisations remain unknown.
This paper aims to validate both parameterisations for short time scales. To gain more insight
in the A-gs parameterisation, its submodels for the internal CO2 concentration (Ci ) and the
net assimilation rate are examined as well. Data from an experiment over growing winter-wheat
are used, where turbulent fluxes on 1-min time intervals were obtained with a novel method
that combines scintillometry with scalar turbulent measurements. Focus lays on non-stationary
conditions caused by rapid changes of the incoming shortwave radiation. The JS- and the A-gs
parameterisation were not able to simulate observed responses of gc to these conditions. Within the
A-gs parameterisation, Ci was not reproduced realistically. Moreover, our results even suggest that
the assumption of Ci being a function of V P D and the CO2 concentration at the leaf surface does
not hold for insolation lower than 500 W m−2 . The variability of An was reproduced well by the
A-gs submodel, but its predicted magnitude was too small. We found that this underestimation
was crucial in explaining the lack of model performance.
(Document version of May 24, 2014
KEYWORDS: A-gs model, assimilation rate, canopy resistance, internal CO2 concentration,
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1. Introduction

Through this effect on the energy balance, the stomata also
indirectly influence the boundary layer evolution (Holtslag
and Ek 1996; van Heerwaarden et al. 2009; Vilà-Guerau de
Arellano et al. 2012).
This aperture is an important variable in land-surface
schemes (LSM’s) used in numerical weather prediction- and
climate models. In those schemes aperture is usually defined as a conductance, which is a measure for the ease
with which the exchange of CO2 with the ambient air takes
place. The stomatal conductance depends on many environmental conditions, such as temperature, ambient CO2
concentration, water vapour deficit (V P D) and radiation
(Jacobs 1994). Many stomatal conductance parameteri-

Plants cover more than 70% of Earth’s landmass (Huete
et al. 2002) and play a crucial role in the energy and carbon balances of the surface and the atmosphere through
mechanisms as transpiration and photosynthesis. These
mechanisms, on their turn, are regulated by plant stomata. Hence, the surface fluxes of water, Lv E, and carbon,
FCO2 , are tightly coupled, because water vapour and CO2
simultaneously pass through the plant stomata (Manzoni
et al. 2013). Furthermore, the opening and closing of stomata affect the energy balance by changing the partitioning of the available energy into latent- and sensible heat.
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sations have been proposed in literature all dealing in a
different way with the dependence on the environmental
conditions.
One of the first parameterisations that simulates the
stomatal conductance is proposed independently by Jarvis
(1976) and Stewart (1988), resulting in the so-called JarvisStewart (JS) stomatal conductance parameterisation. This
type of parameterisations is an important part of second
generation LSM’s (Pitman 2003). In its general form a
JS-type stomatal conductance parameterisation is an empirical multiplicative function of a minimum conductance
and a number of response functions. This type of stomatal conductance parameterisations is used in numerical
weather prediction models like HIRLAM (Unden et al.
2002), COSMO (Doms et al. 2011) and ECMWF (ECMWF
2012).
A third generation LSM uses stomatal conductance parameterisations, more based on plant-physiology, such as
the A-gs parameterisation (Collatz et al. 1991, 1992; Jacobs 1994; Ronda et al. 2001). This parameterisation is
partly based on plant physiology and connects the photosynthesis rate and the CO2 -concentration difference to the
stomatal conductance, gs,c . To solve for the stomatal conductance, the A-gs parameterisation uses submodels for the
assimilation rate and the internal CO2 -concentration. This
parameterisation of gs,c is used in ECMWF for calculating
carbon fluxes (ECMWF 2012).
For practical use in models and validating with observations on fields scales the stomatal conductance parameterisations have to scaled up from leaf to canopy level, so
that the stomatal conductance parameterisations are also
valid on field scales.
The Jarvis-Stewart parameterisation have been empirically developed for field scales and steady-state conditions
(i.e. for time scales of ∼ 1 hour) (Jarvis 1976; Kim and
Verma 1991). The parameterisation is thus calibrated to
slowly changing conditions. The A-gs parameterisation is
partly based on laboratory research, e.g. the relation between the stomatal conductance and the photosynthetic
rate (Farquhar and Sharkey 1982; Wong 1979). However,
also this relationship has been determined for steady-state
conditions (Field et al. 1982). This indicates that also the
A-gs parameterisation is (partially) based on results determined under slowly changing conditions. However, nowadays global and mesoscale models run on increasingly finer
resolutions forcing an increasingly finer temporal domain.
A good representation of rapid changing conditions is even
more needed for large eddy simulations (LES), which have
spatial scales down to ∆x = 1.5m and ∆z = 1m and temporal scales of ∆t<<1s (Bergot et al. 2014; Maronga et al.
2013). This implies that non-stationary, rapidly changing
conditions, such as a decrease of radiation due to clouds,
now can be resolved by the models (Vilà-Guerau de Arellano et al. 2014). Therefore it is necessary that the JS- and

A-gs parameterisation perform well on shorter time scales
(i.e. ∼ minutes).
To validate the two parameterisations turbulent fluxes
of the exchange of water vapour and CO2 between the
plants and the atmosphere are needed. However, the most
widely used method to measure turbulent fluxes, the eddy
covariance (EC) method, needs an averaging time of at
least 10, but rather 30 minutes (Foken 2008; Van Kesteren
et al. 2013a). This is the reason that until now validation of canopy conductance parameterisations at short time
scales was not possible. Van Kesteren et al. (2013b) developed a method to measure turbulent fluxes on 1-min
time scale, based on a combination of measurements from a
fast-response gas analyser and a displaced-beam laser scintillometer. This enables us to validate the Jarvis-Stewart
type- and the A-gs parameterisation at short time scales
and under conditions of non-stationarity. Therefore, the
aim of this study is to investigate whether the most commonly used canopy conductance parameterisations, the JarvisStewart and A-gs parameterisations, are valid at field scale
for short time scales, especially under conditions of nonstationarity. First, we will validate the canopy conductance
as simulated by both parameterisations. Second, we will
validate the A-gs submodels for the internal CO2 concentration and the net assimilation rate to have a closer look
at the validity of the A-gs parameterisation.
The paper is structured as follows. Section 2 describes
briefly the JS- and A-gs canopy conductance parameterisations. Section 3 introduces the research strategy, the
experiment and the methodology. Subsequently, the results are presented in section 4. Finally, the discussion and
conclusions are presented in section 5 and 6.
2. Model description
In the following section we will briefly explain the different models that are used in this study. In section 2a the empirical multiplicative Jarvis-Stewart parameterisation will
be explained in more detail, whereas section 2b describes
the more plant-physiological A-gs parameterisation with
its submodels for the internal CO2 concentration and net
assimilation rate. The parameterisations and submodels
will be described in more detail in the appendix. Section
2c describes the soil respiration model that is needed to
obtain observations that can be compared with the model.
a. Jarvis-Stewart type canopy conductance parameterisation

There are many different Jarvis-Stewart response functions. We examined the functions as suggested by Jarvis
(1976); Kim and Verma (1991); Chen and Dudhia (2001);
Irmak and Mutiibwa (2010). The different models show the
same behaviour (not shown). Therefore, in this study we
will only use the Chen and Dudhia (2001) parameterisation
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that is most widely used:
gc,c

=

f1 (Sin )

=

f2 (V P D)

=

f3 (T )

=

f4 (θ)

=

1) canopy conductance
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f1 f2 f3 f4 ,
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1+f
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,
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1
,
1 + hs (qsat (Tleaf ) − qs )
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1 − 0.0016 (Tref − Ta )
,

0
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θ−θ
θpwp ≤ θ ≤ θf c θf c −θpwp
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θ > θf c
1

A general formulation for the canopy conductance is
shown in eq. (6). This formulation of the stomatal conductance is influenced by many environmental factors such
as radiation, V P D, Ca , and temperature, all determined
at leaf level (Jacobs 1994). To be at use in atmospheric
models the stomatal conductance has to be scaled up from
leaf to canopy level. Therefore, the net assimilation is integrated over the canopy, which will be explained in more
depth when discussing An . Integrating over the canopy
results in the following simplified equation:

(1)

(4)
,

gc,c = gmin,c +

(5)

An approach that is less empirical and more based on
physiological and biochemical properties of the plant than
the Jarvis-Stewart model is the A-gs parameterisation, which
is extensively described by Jacobs (1994) and Ronda et al.
(2001). This parameterisation relates the stomatal conductance to the assimilation rate:
,

(7)

2) Internal CO2 concentration

b. A-gs canopy conductance parameterisation

An
ρair (Cs − Ci )

.

The functions for An and ∆C represent the two submodels
for net assimilation rate and the difference between atmospheric and internal CO2 concentration (kg kg−1 ) respectively. Those submodels will be described in more detail in
the following sections. The minimal canopy conductance
is set to 0.004 m s−1 , which represents the conductance
when all the stomata are closed. In appendix B the A-gs
parameterisation is explained in more detail.

where, gc,c is the canopy conductance to CO2 , gc,max and
gc,min are the maximum (=0.025 m s−1 ) and minimum
(=0.0002 m s−1 ) canopy conductance, LAI is the leaf area
index. The factor 1.6 is to take into account the different
diffusivities of water vapour and CO2 . Sin is the incoming
shortwave radiation (W m−2 ), S0.5 (=100 W m−2 ) is the
amount of radiation where f1 is half its maximum value, hs
(=3×10−4 kg kg−1 ) is a constant showing the sensitivity
to the moisture deficit, qsat − qs , (kg kg−1 ), Tref is the
reference temperature, which is set to 298 K, Ta is the
air temperature (K) and θ is the volumetric water content
(m3 m−3 ), where the subscripts pwp and f c denote the
permanent wilting point and the field capacity respectively.
The parameterisation as suggested by Chen and Dudhia
(2001) mostly follows Jacquemin and Noilhan (1990), they
explained the parameterisation in more detail.

gs,c =

1 An (Ta , P AR, LAI)
ρair ∆C (Cs , V P D)

(6)

where, gs,c is the stomatal conductance to CO2 (m s−1 ),
An is the net assimilation rate (kg m−2 s−1 ), ρair is the air
density (kg m−3 ) and Cs and Ci are the ambient (at leaf
surface) and internal CO2 concentration (kg kg−1 ) respectively.
The following section describes this parameterisation,
where the upscaled parameterisation for the stomatal conductance, the canopy conductance, gc,c , is described in the
first section. The second and third section describe the
submodels for Ci and An respectively.

The canopy conductance depends on ∆C (see eq. (7)),
which is composed of the ambient CO2 concentration, which
is known, and the internal CO2 concentration, i.e. the
CO2 -concentration in the sub-stomatal cavities, which is
described by the submodel. This submodel assumes that
Ci is not simply a fraction of Cs , but that it also depends
on V P D in case of sufficient radiation (Jacobs 1994; Zhang
and Nobel 1996):


Ci − Γ
V PD
V PD
= fmax 1 −
+ fmin
,
(8)
Cs − Γ
V P D0
V P D0
where Γ is the CO2 compensation point (kg kg−1 ), which
is defined as the CO2 -concentration where assimilation is
equal to respiration (Smith et al. 1976). V P D0 is the value
of V P D where the stomata close (Pa), it is a plant physiological propertie. The value of (Ci − Γ)/(Cs − Γ) ranges
from fmax to fmin , where fmax (=0.89) is a constant and
fmin is a function of plant physiological properties (see eq.
(B11) for more detail).
3) Net assimilation rate

Furthermore the net assimilation rate, An (as presented
in eq. (7)), is described by another submodel. This submodel describes the amount of CO2 taken up by the plant
and used for plant growth. It is defined as the photosynthetic rate, Ag , minus the dark respiration rate, Rd . To be
at use in atmospheric models An has to be scaled up from
leaf to canopy. Therefore, absorption of sunlight in the
3

those quantities. Replacing those submodels by observations gives the opportunity to see what the relative importance of the submodels is within the A-gs canopy conductance parameterisation.

canopy is described as an exponential decay of photosynthetically active radiation (P AR), depending on the leaf
area index (LAI) (Ronda et al. 2001). That means that
leaves lower in the canopy receive less P AR and therefore
those leaves have less energy for photosynthesis. After integration the simplified equation for An becomes:
An = Am (Ta , Ci ) × f (P AR, LAI)

,

b. Data

Data used in this study were collected in the framework
of the Transregio32 project (Graf et al. 2010) from May 8,
2009 to June 6, 2009. The measurements were obtained
above a well-watered winter-wheat field near Merken (50◦ ,
500 , 53.9200 N, 6◦ , 240 , 1.9900 E). In the middle of the field
an eddy-covariance system was installed, which measured
with a frequency of 20Hz, at 2.4m above the ground. Also
a displaced-beam laser scintillometer (Scintec, Rottenburg,
Germany) was installed at the same height as the EC system with a path of 120m (Van Kesteren et al. 2013b).
Lv E and FCO2 are determined with the structure-parameter
method from a combination of scintillometer and highfrequency open-path gas-analyser measurements (Van Kesteren
et al. 2013a). The displaced-beam scintillometer provides
1-min path-averaged estimates of the friction velocity and
atmospheric stability (Obukhov length) via turbulence induced scattering of its beams along the 120m measurement
path (Hartogensis et al. 2002; Thiermann and Grassl 1992).
The fast-response gas analyser, on the other hand, provides estimates of the structure parameter of humidity and
2
, via in situ absorption measurements
CO2 , Cq2 and CqCO2
of infrared radiation (Hartogensis 2006; Tatarskii 1961).
Combining these two types of measurements, through the
similarity relationships for the structure parameter that
are defined in the framework of Monin-Obukhov similarity theory, results in accurate 1-min estimates of Lv E and
FCO2 (Van Kesteren et al. 2013b).
We are interested in the response of the Jarvis-Stewart
and A-gs models to rapidly changing atmospheric conditions. Three days with such conditions were selected by
Van Kesteren et al. (2013b): 2 June, 4 June and 5 June
2009. The variations in atmospheric conditions (fig. 1) are
mainly related to varying cloud cover. The clouds on these
days resulted in stepwise changes in radiation. Although
2, 4 and 5 June 2009 all had non-stationary conditions, the
fluctuations in global radiation on those days were significantly different. The 2nd of June was a sunny day, with
and without clouds before and after 9:00 UTC respectively.
It is an ideal case to see if the model represents the different parts of the day equally well. The 4th of June was
a cloudy day with some sunny spells and the 5th of June
shows some sudden decreases in radiation (due to clouds)
in the morning.

(9)

where, Am is the assimilation in the mesophyll of the leaf
(kg m−2 s−1 ) and f (P AR, LAI) contains the radiationand leaf area dependent part of the An -model due to integration over the canopy (see eq. (B2) for more detail).
c. Soil respiration

When measurements take place on field scale, the measured CO2 flux is the summation of all processes that use
and produce CO2 , the net ecosystem exchange, N EE, which
is defined as:
N EE = An − Rs = Ag − Rd − Rs

,

(10)

where Rs is the soil respiration rate (kg m−2 s−1 ). In
this study we are only interested in the net assimilation
rate. Therefore we need to add the soil respiration to the
observed CO2 flux to determine An . However, the soil
respiration was not directly measured. Therefore, the soil
respiration model as proposed by Lloyd and Taylor (1994)
is used:
Rs = Rs,ref × e

E0



1
Tref −T0

1
− Ta −T


0

,

(11)

where Rs,ref is the soil respiration rate (kg m−2 s−1 ) at
Tref (283.15K), T0 is 227.13K, which is the temperature
where there is no soil respiration anymore. Furthermore,
E0 is a temperature sensitivity factor (K).
3. Materials and Methods
In the following section we will describe the method
that is used to answer the research questions. Section 3a
describes the research strategy that is used to validate the
parameterisations and submodels. Section 3b will then describe the data that is needed to do this validation. Finally
section 3c describes how we obtained the variables that are
needed for the validation from the data.
a. Research strategy

To validate the canopy conductance parameterisation
we will split the validation into two steps. First, the simulated canopy conductances will be compared to observations. This will also be done for Ci and An by comparing them with variables that are obtained from the data.
As a second step, we will replace the submodels of the
A-gs parameterisation for Ci and An by observations of

c. Data processing

In the dataset described before there are no direct observations of gc,c , Ci and An . Therefore, the following
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Fig. 1. The most important observed atmospheric variables (grey line), incoming shortwave radiation and temperature
(row) for 2, 4 and 5 June 2009 (column). The V P D shows the same pattern as the temperature. The black line
indicates the incoming radiation at earth’s surface with clear sky transmissivities of 0.68, 0.70 and 0.79 for 2,4 and 5 June
respectively, calculated from incoming radiation at the top of the atmosphere (Moene and Van Dam 2014). A reduction
of respectively 0.14, 0.32 and 0.30 is defined as being a cloud, this is indicated by the shaded area. This indication will
also be used in the following figures.
section describes how the variables that are necessary to
validate the parameterisations are obtained from surface
fluxes.

Although there is an expression to deduce the canopy
conductance from, we need to be aware that the variables
in eq. (12) are evaluated at measuring height. However,
Van Kesteren et al. (2013b) showed that there is a time
lag between observed and surface fluxes, where we want to
know gc,c , due to storage below the measurement device.
Therefore, we will follow Van Kesteren et al. (2013b) by
taking into account the storage below the measurement
device to ensure that the surface fluxes are equal to the
fluxes at observation height.

1) Canopy conductance

This study validates the Jarvis-Stewart and A-gs parameterisations to their representation of the canopy conductance. For validation, we use the canopy conductance
as deduced from the observed Lv E (Moene and Van Dam
2014):

gc,c =

−

ρair Lv [qa −qsat (Tleaf )]
Lv E

1.6

−

1
1.6ga,c

−1

2) Internal CO2 concentration

,

A further validation of the A-gs model can be done by
looking at the submodel for the internal CO2 concentration. In this submodel it is assumed that Ci depends on
Cs and V P D, we will validate this assumption. However,
as Ci cannot be measured directly, Ci will be deduced from
the conductance expression for the CO2 flux:

(12)

where, Lv E is the latent heat flux (W m−2 ), Lv is the latent heat of vaporization (J kg−1 ), qa is the specific humidity (kg kg−1 ), qsat (Tleaf ) is the specific humidity inside the
stomata (kg kg−1 ), defined as the saturated specific humidity at leaf temperature, Tleaf (K). Tleaf is approximated
with the surface temperature, Tsf c . Furthermore, ga,w is
the aerodynamic conductance to water vapour (m s−1 ),
which is determined using the conductance expression for
sensible heat (Moene and Van Dam 2014). The first term
of the right-hand side behind parentheses of eq. (12) can be
considered as the total conductance. Occasionally, it happened that the total and aerodynamic conductance were
similar, pushing the canopy conductance towards infinity;
these data were omitted as mathematical artefacts.

FCO2 = −

Cs − Ci
1
1 + Rs
ga,c + gc,c

,

(13)

where FCO2 is the CO2 flux as measured (kg m−1 s−1 ),
Cs is the CO2 concentration at leaf level (kg kg−1 ), ga,c
is the aerodynamic conductance to CO2 (m s−1 ). The soil
respiration needs to be taken into account since the flux
observations include both the CO2 uptake by plants and
the CO2 release by the soil.
It can be seen from eq. (8) that the modelled internal
5

0.06 a
0.04
0.02
0.00
0.06 b
0.04
0.02
0.00
0.06 c
0.04
0.02
0.00
6
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CO2 concentration also depends on Cs , which is affected by
varying environmental conditions. To prevent that fluctuations in modelled Ci are only caused by fluctuations in Cs ,
this submodel will be validated according to the difference
between Ci and Cs .
The soil respiration model (eq. (11)) is calibrated during night-time conditions when there is no incoming shortwave radiation and thus no photosynthesis, hence the observed CO2 flux equals the soil respiration rate. For this
analysis, data are neglected when the friction velocity, u∗ ,
is lower than 0.1 m s−1 (Jacobs et al. 2007), because during calm nights turbulence is suppressed and fluxes are not
reliable. Linear regression is then applied to the linearized
version of eq. (11). From the intercept Rs,ref is determined and the temperature sensitivity, E0 , is found as the
slope of the regression line.
Once the parameters Rs,ref and E0 have been determined, the soil respiration is extrapolated to day-time conditions using the temperature dependency (Janssens et al.
2001; Rambal et al. 2003; Reichstein et al. 2005).
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Fig. 2. observed (grey line) and modelled canopy conductance as simulated by the Jarvis-Stewart parameterisation
(dashed black line) and the A-gs parameterisation (solid
black line) for (a) 2 June, (b) 4 June and (c) 5 June 2009.
Shaded areas indicate cloud occurance.

3) Net assimilation rate

the time lag, the better the model performance.

Also the second submodel of the A-gs model allows for
a closer validation of the model. However, this submodel
predicts the net assimilation rate, An , while the CO2 flux
at measuring height is equal to the N EE. Therefore, the
soil respiration is added to N EE in order to obtain An
from N EE(eq. (10)).

4. Results
In this section we will describe the results of the validation. Section 4a gives the validation results of the JarvisStewart and A-gs canopy conductance parameterisations.
Furthermore, in section 4b and 4c the validation of the
submodels for Ci and An will be described.

d. Error Measure

Model performance is evaluated with a set of regressionbased and error-based statistical parameters. Here we use
parameters mostly used by Op de Beeck et al. (2010),
who also validated stomatal conductance models. The
regression-based parameters that are used to validate the
models are the slope, intercept and Pearson’s correlation
coefficient (r), which are determined from a linear regression between the simulation and the observations. Furthermore, the error-based statistical parameters include the
mean bias (M B), the root mean squared error (RM SE)
and the model efficiency (M E) (Nash and Sutcliffe 1970).
For this study we are mainly interested in the response
of the model to rapidly changing conditions, not in the
overall bias. Therefore, a bias-corrected RM SE (BCRM SE)
and a bias-corrected model efficiency are introduced. A
more elaborate explanation of the statistical parameters
can be found in appendix A.
Besides the model validation with the above described
statistical parameters the model will also be validated on
how well it predicts the right values at the right time. This
is checked by determining an optimal time lag, lag, based
on the lag for which the cross correlation between observations and model gives the highest correlation. The smaller
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a. Canopy conductance

Eq. 1 showed that the modelled canopy conductance
respond to radiation, T , V P D and θ. Since there are
well-watered conditions there will be no soil moisture stress
that has an effect on the canopy conductance, so the soil
moisture response can be neglected. Moreover, the modelled canopy conductance linearly respond to the incoming radiation. Therefore, the conductance should show the
same variation as the radiation. Furthermore, the temperature and V P D response are rather slow compared to
radiation and has no large influence on the rapid fluctuations of gc,c . Fig. 2 shows the modelled and observed
canopy conductance for the three different cases as introduced in section 3b. It can be seen that the difference
between the JS- and A-gs parameterisation is small, albeit
that the response to varying radiation of the A-gs parameterisation is slightly stronger than the response of the JSparameterisation. This is supported by a slightly higher r
for the A-gs parameterisation (table 2). Because the difference between JS- and A-gs parameterisations is small,
we will treat them simultaneously, except when indicated
otherwise, in the following part of this section. The mod-

Table 1. Values of the different statistical parameters for the canopy conductance as simulated by the Jarvis-Stewart
canopy conductance parameterisation. Statistical indices are calculated for the period before and after 9:00 UTC. Note
that average and the optimal time lag are calculated for the whole day.

quantity
Intercept [m s−1 ]
Slope [-]
Pearson’s r [-]
MB [m s−1 ]
RMSE [m s−1 ]
BCRMSE [m s−1 ]
ME [-]
average gc,c [m s−1 ]
optimal time lag [min]

June 2

June 4

June 5

before 9 after 9
0.017
0.020
0.007
0.035
0.025
0.602
0.010
0.004
0.012
0.008
0.002
0.004
-0.072
0.066
0.019
0

before 9 after 9
0.011
0.010
0.186
0.175
0.485
0.600
0.005
0.003
0.008
0.006
0.002
0.003
0.220
0.309
0.014
10

before 9 after 9
0.017
0.012
-0.018 -0.032
-0.041 -0.149
0.002
0.010
0.006
0.016
0.004
0.006
-0.238 -0.109
0.016
15

shows especially for June 4 that there is a time lag between
the observed and modelled response to a step-change in incoming radiation. The found optimal time lags (table 1
and 2) differ substantially between the different days. This
difference may have to do with different radiation regimes,
because the reaction time of stomata depend on the amplitude of fluctuations in radiation and on actual opening
and closing rates (Woods and Turner 1971).

elled absolute values compare well with the observations,
whereas the response to rapidly changing conditions do not.
Together with the noisy behaviour of the data this results
in relatively low correlations for the whole day ranging from
-0.141, for June 5, to 0.539 for June 4.
Upon a closer look at the cloud events (shaded areas in
fig. 2) we see that for the events after 9:00 UTC the modelled and observed values correlate well. On the other hand
cloud events before 9:00 UTC show a counter-intuitive behaviour between observed and modelled gc,c . The difference between before and after 9:00 UTC can also be seen
in table 1 and 2. The correlation coefficient, r, and also
M E is higher for the period after 9:00 UTC than the period before 9:00 UTC. The slope and r are however close to
0 for the first part of the day, indicating a poor correlation.
For the period after 9:00 UTC the correlation coefficients range from -0.150 to 0.644, where the negative r
is found for June 5, which has relatively few data points
after 9:00 UTC. The range of r found for June 2 and 4
is of the same order of magnitude as 0.557-0.768 found
by Op de Beeck et al. (2010), although they studied the
overall performance of the JS- and A-gs parameterisation
on daily time scales. This makes it difficult to compare
with the results of this study, because we calculate r only
for separate days, whereas most studies concerning canopy
conductance parameterisations study the performance on
daily time scales for a combination of multiple days (Op de
Beeck et al. 2010; Irmak and Mutiibwa 2010; Jacobs 1994).
The different behaviour between the first and second
part of the morning shows that there may be mechanisms,
that are not implemented in the model or not well understood. This will be discussed in section 5.
Besides the absolute values of the responses, the canopy
conductance parameterisations have to predict the responses
to rapidly changing conditions at the right time. Fig. 2

b. Internal CO2 concentration

Another way to validate the A-gs model is through its
submodels. One of those submodels is the submodel for
the internal CO2 concentration, which in this study will
be treated as the difference between Cs and Ci . However,
before this parametrization can be examined the soil respiration needs to be taken into account (see eq. (13)).
The model presented in eq. (11) is first calibrated with
night-time data. The calibration resulted in a temperature
sensitivity, E0 , of 176.7K. This is within the range of 101K
to 263K as found by Reichstein et al. (2005). The reference
soil respiration, Rs,ref , is found to be 2.29×10−7 kg m−2
s−1 . It turned out that the correlation between modelled
and observed soil respiration was higher when the model
was driven by the air temperature, Ta , in contrast to the
radiation temperature, Ts . Therefore, this study uses Ta
to determine the soil respiration.
As widely accepted Ci − Γ/Cs − Γ is only a function of
V P D. Therefore, ∆C should not show large fluctuations
when the radiation drops, but only follows the V P D. This
behaviour is indeed simulated by the submodel (fig. 3).
Furthermore, modelled ∆C is of the same order of magnitude as the observed difference. The submodel is able to
reproduce the course of the day, which is also supported
by the low bias. However, there are large fluctuations of
observed ∆C which are not shown by the submodel, when
7

Table 2. Values of the different statistical parameters for the canopy conductance as simulated by the A-gs canopy
conductance parameterisation. Statistical indices are calculated for the period before and after 9:00 UTC. Note that
average and the optimal time lag are calculated for the whole day.

quantity
Intercept [m s−1 ]
Slope [-]
Pearson’s r [-]
MB [m s−1 ]
RMSE [m s−1 ]
BCRMSE [m s−1 ]
ME [-]
average gc,c [m s−1 ]
optimal time lag [min]

150

June 4

June 5

before 9 after 9
0.020
0.021
0.026
0.121
0.059
0.644
0.007
0.000
0.010
0.007
0.003
0.006
-0.139
0.207
0.023
0

before 9 after 9
0.012
0.011
0.186
0.257
0.477
0.620
0.003
0.002
0.007
0.006
0.003
0.004
0.220
0.342
0.016
10

before 9 after 9
0.019
0.014
0.007 -0.032
0.012 -0.150
-0.001
0.008
0.005
0.015
0.006
0.007
-0.305 -0.111
0.018
16
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100
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150

b

Ci -Γ/Cs -Γ [-]

∆C [ppm]

0
200
100
50
0
200
150

c

0.95

800

0.90

720
640

0.85

560

0.80

480

0.75

400
320

0.70

240

100

0.65
0

50
0
6
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7

8

9
10
time [UTC]
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Fig. 4. scatterplot of observed (circles) and modelled
(black line) Ci −Γ/Ca −Γ against VPD of 2 June 2009. Fillcolour of the circles shows the amount of incoming shortwave radiation.

Fig. 3. observed (grey line) and modelled (black line) difference between leaf surface and internal CO2 concentration as simulated by the Ci submodel for (a) 2 June, (b) 4
June and (c) 5 June 2009.

shows Ci − Γ/Cs − Γ against V P D and incoming radiation
for June2, 2009. It can be seen that there is a good correlation for higher V P D, albeit that the model is slightly
higher than observed. Furthermore, the insolation was always larger than 220 W m−2 . However, for radiation levels
lower than 500 W m−2 the modelled and observed fraction
do not correlate anymore. This is an indication that the
submodel for Ci needs at least 500 W m−2 to be valid.
This signal is less clear for the other days (not shown).

the radiation drops. The decorrelation is also found in table 3, where high intercepts with low slopes and low r’s
indicate no correlation. The large fluctuations are mainly
due to large fluctuations of Ci , which may be caused by a
difference in the reaction time of gc,c and An . Vico et al.
(2011) showed that gc,c needs some time to adjust to new
conditions, whereas An reacts instantaneous to changing
radiation (Op de Beeck et al. 2010).
The submodel is only valid when there is sufficient light,
but this is poorly described in literature. Therefore, fig. 4
8

which is also supported by the high correlation coefficients
(table 4). Correlation coefficients needs to be higher than
0.6 in order to observe a trend in the data (Ott and Longnecker 2010). With correlation coefficients of 0.828 upto
0.903 it is thus possible to see that trend, even for rapidly
changing conditions.
Upon a closer look, the response of An is slightly underestimated. The underestimation of An is supported by
the slope of the regression line, which is lower than unity.
Furthermore, it is striking that the submodel for An also
models the responses before 9:00 UTC well. Especially,
because the canopy conductance is proportional to the assimilation rate, but gc,c shows an opposite response to decreasing radiation.
The timing of the submodel for An is perfect. No time
lag is observed, indicating that for the submodel simulates
the response to decreasing radiation at the right time.

Table 3. Values of the different statistical parameters
for the difference between leaf surface and internal CO2
concentration as simulated by the submodel for the internal
CO2 concentration.

Intercept [ppm]
Slope [-]
Pearson’s r [-]
MB [ppm]
RMSE [ppm]
BCRMSE [ppm]
ME [-]
Average ∆C [ppm]

4 June
68.0
0.032
0.275
19.6
30.6
11.0
0.050
70.8

5 June
67.7
0.023
0.316
20.2
34.1
13.9
0.040
69.8

d. Relative importance of Ci vs. An

net assimilation rate [mg m−2 s−1 ]

3.00 a
2.00
1.00
0.00
3.00 b
2.00
1.00
0.00
3.00 c
2.00
1.00
0.00
6

2 June
41.4
0.34
0.867
11.8
21.0
9.23
0.547
71.4

7

8

9
10
time [UTC]

11

12

To investigate which submodel of the A-gs canopy conductance parameterisation is most important in modelling
gc,c , we replace the submodels for Ci and An by observations of those quantities.
Replacing the submodel for Ci by observations of Ci
does not have a large effect on the performance of the submodel for An and the parameterisation for gc,c . On average
1% to 7% lower values for An are found. gc,c only changes
5% when observations of Ci are implemented in the model.
Furthermore, correlations between modelled and observed
An and gc,c do not change significantly.
On the other hand, replacing the modelled An with observations results in higher correlations for gc,c . Especially
the slopes of the regression lines change considerably. For
June 4, which is the day where the change is most clear,
for the period before 9:00 UTC the slope increases to 0.489
and for the period after 9:00 UTC the slope becomes 0.637.

13

Fig. 5. observed (grey line) and modelled (black line) net
assimilation rate for (a) 2 June, (b) 4 June and (c) 5 June
2009.
c. Net assimilation rate

Table 4. Values of the different statistical parameters for
the net assimilation rate as simulated by the A-gs submodel
for An .

The other submodel of the A-gs canopy conductance
parameterisation that can be validated to its response to
rapidly changing conditions is the submodel for the net
assimilation rate.
The net assimilation rate is proportional to P AR. Therefore, the net assimilation rate should follow the radiation
and should thus decrease during cloud events. Furthermore, the net assimilation rate reacts faster than gc,c to
environmental changes. Therefore, the expectation is that
the optimal time lag found in this study is lower than for
gc,c .
Fig. 5 shows that the submodel underestimates the net
assimilation rate, but there is a high correlation between
the observations and the model results. Even the responses
to changing radiation are well represented by the submodel,

Intercept [mg m−2 s−1 ]
Slope [-]
Pearson’s r [-]
MB [mg m−2 s−1 ]
RMSE [mg m−2 s−1 ]
BCRMSE [mg m−2 s−1 ]
ME [-]
Average An [mg m−2 s−1 ]
optimal time lag [min]

9

2 June
0.149
0.611
0.829
0.637
0.686
0.049
0.678
1.384
0

4 June
0.325
0.317
0.903
0.783
0.882
0.099
0.511
0.838
0

5 June
0.285
0.449
0.881
0.601
0.684
0.084
0.638
1.005
0

The increase of the slopes indicate that especially the response to changes in radiation is better represented by the
A-gs parameterisation when observations of An are implemented in the A-gs .
The foregoing indicates that the An submodel is mainly
responsible for the response to changing atmospheric conditions for the A-gs canopy conductance parameterisation.
Furthermore, another variable than Ci is responsible for
the performance of the An submodel, because replacing
modelled Ci by observations does not increase the performance of the submodel.

canopy compared to clear sky conditions (Dengel and Grace
2010). Because blue light evokes stomatal opening (Hogewoning et al. 2010), cloudy conditions could lead to a higher
canopy conductance.
These explanations suggest that cloudy events always
result in higher canopy conductances. However, fig. 2
shows that after 9:00 UTC the canopy conductance follows the radiation instead. This may imply that there are
also other processes that play a role in determining the
canopy conductance, such as plant hormones (Raghavendra et al. 2010) and endogenous rhythms. Endogenous
rhythms, with a cycle of 24 hours, are involved in controlling the responsiveness (i.e. rapidity and magnitude of the
response) of the stomata to changing environmental conditions (Gorton et al. 1993). From the data as presented
in this study it is not possible to decide on the mechanism
that is responsible for the inversely proportional relation
between radiation and gc,c before 9:00 UTC.
Both the Jarvis-Stewart and A-gs canopy conductance
parameterisations for gc,c were equally successful in simulating the course of the day, but equally unsuccessful in
simulating gc,c on 1 minute time scale. That means that
both models can be used in land-surface models, but great
care has to be taken when time sales become smaller and
conditions are not stationary. Also the distinction between
before and after 9:00 UTC is something that has to be
taken into account.

5. Discussion
The following section presents the discussion for the
canopy conductance, internal CO2 concentration and the
net assimilation rate respectively.
a. Canopy conductance

In this study two different and widely used canopy conductance parameterisations are validated. This validation
is first done for the canopy conductance. To determine
the canopy conductance we needed surface fluxes, because
gc,c is not directly measured. In this study surface fluxes
were determined by shifting the observed fluxes 2 minutes
in time to account for storage in the air below observation level (Van Kesteren et al. 2013b). Storage in the air
space below observation level will lead to flux divergence,
resulting in a change of the CO2 concentration. Storage
may thus be indicated when a change of the observed CO2
flux is preceded by a CO2 concentration change. Examination of this relation indeed shows a dependency between
the change of the flux and the change of the concentration
and thus storage, albeit that the correlation is of the order
of 0.4. Using this relation a time lag of 1-2 minutes due
to storage of CO2 is found. We may thus conclude that
relating the observed fluxes at 2.4m to the surface fluxes
by shifting the measured fluxes 2 minutes in time is a good
approximation.
Based on these estimated surface fluxes the ’observed’
canopy conductance was determined. A remarkable result
was that before 9:00 UTC the canopy conductance peaked
during cloud events, whereas the expectation was that during cloud events the canopy conductance should decrease.
A first explanation can be that during these events there
is more diffuse radiation, which can further penetrate into
the canopy (Urban et al. 2012). Therefore more stomata
receive sufficient light and thus more stomata will open,
which increases the overall canopy conductance (Dengel
and Grace 2010). However, this would also lead to an increased assimilation rate (Dengel and Grace 2010), which
is not found in this study.
A second explanation may be that under cloudy conditions there is a relative increase in blue light within the

b. Internal CO2 -concentration

As a part of the validation of the A-gs model also the
submodel for Ci is validated. The validation is done with
data determined on field scales and at measuring height.
With data measured at measuring height (i.e. 2.4m) different locations in the canopy, all with their own properties and processes, have an effect on the observations.
Within the canopy temperature changes with height (Waggoner and Reifsnyder 1968; Graser et al. 1987), this is also
the case for humidity (Waggoner and Reifsnyder 1968). In
this study the field scale measurements are scaled down to
canopy level without taking into account this vertical variation of environmental factors. However, it is not known
what the effect of different profiles on the derived internal
CO2 concentration is.
Furthermore, the observed ∆C shows a big dependence
on radiation, whereas the model did not. Fig. 4 confirms this and shows that Ci is not simply a function of
Ca and V P D for 1-min time scales. This is also mentioned by Jacobs (1994), although they found the effect
of other factors to be rather small. Mott (1990) indicates
that changes in photosynthetic rate also mediate plant responses to Ci . Nevertheless, the dependence of ∆C on
V P D remains widely accepted for slowly changing environmental conditions (Zhang and Nobel 1996; Jacobs 1994;
Ronda et al. 2001).
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How is the difference in response time between the canopy
conductance and the net assimilation rate influencing Ci ?
The relative importance of the net assimilation rate, An ,
for simulating the canopy conductance indicated that it is
most important that An is well represented. How can this
submodel be improved and which processes are important?
Is the assumption of exponential decay of radiation sufficient to scale up the assimilation rate from leaf to canopy
level?

c. Net assimilation rate

Finally also the submodel for net assimilation rate was
validated. The submodel for An underestimated the absolute values, but especially the response of An to varying
radiation. The underestimation of An can be due to incorrect parameterisation of processes that depend on solar
angle and different canopy characteristics (i.e. row spacing
and plant population density) such as extinction within the
canopy (Evers et al. 2009) or light use efficiency (Brodrick
et al. 2013).
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gs parameterisations, on short time scales of non-stationary
conditions. Furthermore, the submodels for the internal
APPENDIX A
CO2 concentration and the net assimilation rate are validated for these conditions. The validation is based on data
collected above growing winter-wheat near Merken, GerError Measure
many, in the framework of Transregio32 in 2009.
The canopy conductance is not well represented by both
First of all a linear regression is performed between
the JS- and the A-gs parameterisations; especially regardthe observed, O, and simulated, S, values. From this the
ing the response to rapidly changing radiation. The reregression-based slope, intercept and pearson’s correlation
sponses were too weak and before 9:00 UTC the direction
coefficient are calculated, where the correlation coefficient,
of the change was wrong.
r, is computed as follows:
Within the A-gs model, the submodel for the internal


Pn
CO2 concentration was not able to simulate the responses
Si − S̄
i=1 Oi − Ō
q
q
(A1)
r
=
to rapidly varying conditions. Our results suggest that the
2 Pn
2 ,
Pn
O
−
Ō
S
−
S̄
i
i
assumption of Ci being only a function of V P D and Ca
i=1
i=1
does not hold for rapidly changing conditions.
where, i denotes the samples, n is the length of the time
On the other hand, the submodel for the net assimilaserie and the overbar indicates the mean of the observed
tion rate performed well. However, the submodel underesand simulated values.
timated the absolute values, but the amplitude of the modFurthermore, some error-based statistical parameters
elled response was too small compared to observations. We
are
worked out. The mean bias (M B) shows the mean
found that this underestimation was crucial in explaining
difference
between the observed and simulated values, and
the lack of model performance.
is
given
by:
Although various studies among others showed that the
n
1X
Jarvis-Stewart (Jarvis 1976; Stewart 1988; Kim and Verma
MB =
(Oi − Si ) .
(A2)
n i=1
1991; Op de Beeck et al. 2010) and the A-gs parameterisation (Jacobs 1994; Ronda et al. 2001; Op de Beeck et al.
The root mean squared error (RM SE) is the square root
2010) performed well under slowly changing conditions,
of the mean squared difference between the modelled and
this study shows that for rapidly changing atmospheric
measured values and is given by:
conditions the model has difficulties in accurately reprev
senting the canopy conductance, internal CO2 concentrau n
u1 X
tion and net assimilation rate.
2
RM SE = t
(Oi − Si ) .
(A3)
It appeared that the response of the canopy conducn i=1
tance parameterisation showed a wrong direction before
9:00 UTC. What is the mechanism behind this response?
The RM SE can also be calculated from M B and the vari2
What does 9:00 UTC mean for the plant and does it differ
ance of the error, σS−O
, which is the square of the standard
between day of the year? Furthermore, our results sugdeviation of the error, σS−O , using:
gest that the internal CO2 concentration, Ci , is not only a
function of the ambient CO2 concentration and the vapour
BCRM SE = RM SE − M B .
(A4)
pressure deficit. Which processes are also influencing Ci ?
6. Conclusion
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of the first order with argument x. This equation is replacing An (T, P AR, LAI) in eq. (B1). Furthermore, the
canopy conductance as calculated with eq. (B1) also depends on ∆C (Cs , V P D). This variable is derived from the
ratio of the internal CO2 concentration to leaf surface CO2
concentration:


V PD
V PD
Ci − Γ
= fmax 1 −
+ fmin
, (B3)
Cs − Γ
V P D0
V P D0

The variance of the error is referred to as the bias-corrected
RM SE (BCRM SE), because it removes the overall bias
(Gotway et al. 2012).
The last error-based parameter that is introduced is the
Model Efficiency (M E) as proposed by Nash and Sutcliffe
(1970), which is given by:
Pn
2
(Oi − Si )
.
(A5)
M E = 1 − Pi=1

2
n
i=1 Oi − Ō

where, Γ is the compensation point (kg kg−1 ). After implementation of this submodel into eq. (B1) the formulation
for the canopy conductance becomes:

Values of M E range from −∞ to 1. A value of 1 means a
perfect agreement between the model and the observations.
Values between 0 and 1 are generally viewed as acceptable
values. Values lower than 0 indicate that the mean observed value is a better predictor than the simulated value,
which makes a model unacceptable (Moriasi et al. 2007).
However, because we are mainly interested in the response of the model to rapidly changing conditions, the
definition of eq. (A5) is not very useful, because it does
not correct for the bias. Because the numerator of M E is
equal to the mean square error (M SE) it can be replaced
by a bias-corrected M SE (BCMSE). According to eq. (A4)
BCM SE = BCRM SE 2 . Eq. (A5) then becomes:
BCM SE
M E = 1 − Pn
2
i=1 Oi − Ō

.

(A6)

Rd = 0.11Am ,
Cs − Γ
α = α0
Cs + 2Γ

(B6)
,

(B7)

where Am,max is the maximum primary productivity (kg
m−2 s−1 ), gm is the mesophyll conductance (m s−1 ) and
α0 is the initial light use efficiency (i.e. under low light
conditions) (kg J−1 )(table 5). For determining the primary
productivity, Am , and thus the dark respiration rate, Rd ,
the temperature is an important variable:

A-gs parameterisation formulation
In this appendix the plant-physiological based A-gs parameterisation as described by Jacobs (1994); Collatz et al.
(1991, 1992); Ronda et al. (2001) is presented.
The A-gs parameterisation is presented in parallel with
eq. (7), which is presented again for clarity:
1 An (T, P AR, LAI)
ρair ∆C (Cs , V P D)

1

Important variables in eq. (B4) are Am and Rd , which are
calculated as follows:


gm (Ci −Γ)
− Am,max
,
(B5)
Am = Am,max 1 − e

APPENDIX B

gc,c = gmin,c +

1
1−fmax

(Am + Rd )


ρair (C − Γ) 1 + fmax −fmin V P D
s
1−fmax V P D0

 

1
αKx P AR −Kx LAI
× LAI −
E1
e
Kx
Am + Rd


αKx P AR
. (B4)
−E1
Am + R d

gc,c = gmin,c LAI +

(T −298)/10

gm = 

gm,ref Q10l


1 + e0.3(T1 −Tl ) 1 + e0.3(Tl −T2 )

Am,max = 

Am,max,ref Q10l


1 + e0.3(T1 −Tl ) 1 + e0.3(Tl −T2 )

,

(B8)

,

(B9)

(T −298)/10

,

(B1)

(T −298)/10

Γ = Γref Q10l

This parameterisation is build up from different submodels for the net assimilation rate, An , and the difference
between leaf surface and intercellular CO2 concentration,
∆C . The net assimilation rate is integrated over the canopy
(i.e. LAI) and becomes:

,

(B10)

where gm,ref , Am,max,ref and Γref are gm , Am,max and
Γ respectively at reference temperature of 298K, Q10 is
the rate of change of a chemical reaction as a consequence
of increasing the temperature by 10K and Tl is the leaf
temperature. The ratio of (Ci −Γ)/(Cs −Γ)) varies between
fmin and fmax . Here fmax (-) is a constant and fmin (-) is
a function of gmin,c and gm :
q
2
(gmin,c − 0.11gm ) + 4gmin,c gm
fmin =
2gm
gmin,c − 0.11gm
−
. (B11)
2gm


 

1
αKx P AR −Kx LAI
An = Am LAI −
E1
e
Kx
Am + Rd


αKx P AR
−E1
, (B2)
Am + R d
where Rd is the dark respiration rate (kg m−2 s−1 ), α is
the light use efficiency (kg J−1 ), Kx is the extinction coefficient (-) (table 5) and E1 (x) is the exponential integral
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Dengel, S. and J. Grace, 2010: Carbon Dioxide Exchange
and canopy conductance of two coniferous forests under
various sky conditions. Oecologia, 164 (3), 797–808, doi:
10.1007/s00442-010-1687-0.

Table 5. Parameter values for the biochemical module
(i.e. the module that represents biochemical processes in
the plant) in the A-gs parameterisation for C3 plants. Xref
stands for gm , Am,max or Γ at reference temperature of
298K. source: Ronda et al. (2001)
Parameter
fm in[−]
Kx [−]
ad [P a−1 ]
α0 [kg J −1 ]
Γ[kg m−3 ]
gm [m s−1 ]
Am,max [kg m−2 s−1 ]

Function of

T
T
T

Xref
0.89
0.6
0.07E-3
0.017E-3
68.5E-6ρa
0.007
0.0022

Q10

T1 (K)

T2 (K)

1.5
2.0
2.0

278
281

301
311

Doms, G., et al., 2011: A description of the nonhydrostatic regional COSMO model. Part II: physical parameterization. Tech. rep., COSMO. URL
http://www.cosmo-model.org/content/model/
documentation/core/cosmoPhysParamtr.pdf.
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Configuration and Solar Angle. Plant Growth Modeling, Simulation, Visualization and Applications (PMA),
2009 Third International Symposium on, 107–110, doi:
10.1109/PMA.2009.20.

fmin occurs when the stomata close. The stomata will
close when there is very dry air (i.e. very high V P D).
This happens at V P D0 :
V P D0 =

fmax − fmin
ad

,

(B12)

Farquhar, G. and T. Sharkey, 1982: Stomatal conductance
and photosynthesis. Ann. Rev. Plant Physiol., 33 (1),
317–345, doi:10.1146/annurev.pp.33.060182.001533.

where ad is a constant.
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Vilà-Guerau de Arellano, J., C. C. Van Heerwaarden, and
J. Lelieveld, 2012: Modelled suppression of boundarylayer clouds by plants in a CO2-rich atmosphere. Nat.
Geosc., 5, 701–704, doi:10.1038/ngeo1554.

Stewart, J., 1988: Modeling surface conductance of pine
forest. Agric. Forest Met., 43, 19–35, doi:10.1016/
0168-1923(88)90003-2.

Waggoner, P. and W. Reifsnyder, 1968: Simulation of the
Temperature, Humidity and Evaporation Profiles in a
Leaf Canopy. J. Appl. Meteor., 7, 400–409, doi:10.1175/
1520-0450(1968)007h0400:SOTTHAi2.0.CO;2.

Tatarskii, V., 1961: Wave propagation in a turbulent
medium. McGraw-Hill Book Company Inc., New York,
285 pp.

Wong, S., 1979: Stomatal behaviour in relation to photosynthesis. Ph.D. thesis, Australian National University,
p. 191.

Thiermann, V. and H. Grassl, 1992: The measurement of
turbulent surface-layer fluxes by use of bichromatic scintillation. Bound.-Layer Meteor., 58 (4), 367–389, doi:
10.1007/BF00120238.

Woods, D. and N. Turner, 1971: stomatal response to
changing light by four tree species of varying shade
tolerance. New Phytol., 70 (1), 77–84, doi:10.1111/j.
1469-8137.1971.tb02512.x.

Unden, P., et al., 2002: HIRLAM 5.0 Scientific Documentation.
URL
http://citeseerx.ist.psu.
edu/viewdoc/summary?doi=10.1.1.6.3794,
URL
http://citeseerx.ist.psu.edu/viewdoc/summary?
doi=10.1.1.6.3794.

Zhang, H. and P. Nobel, 1996: Dependency of ci/ca and
Leaf transpiration Efficiency on the vapour pressure
deficit. Aust. J. Plant Physiol., 23 (5), 561–568, doi:
10.1071/PP9960561.

Urban, O., et al., 2012: Impact of clear and cloudy sky
conditions on the vertical distribution of photosynthetic
CO2 uptake within a spruce canopy. Func. Ecol., 26 (1),
46–55, doi:10.1111/j.1365-2435.2011.01934.x.
van Heerwaarden, C., J. Vilà-Guerau de Arellano,
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