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Abstract. Carbonyl sulphide (COS) is an atmospheric trace
gas that has been suggested as a proxy to estimate carbon up-
take by plants. To this end, the concept of leaf relative uptake
(LRU), the ratio of deposition velocities of COS and COa,
has been introduced to obtain plant CO, uptake fluxes from
COS flux measurements. In our study we use a coupled soil —
canopy — atmospheric mixed layer model to simulate CO,
and COS uptake by vegetation explicitly, and derive LRU. In
this modelling framework, the exchange of COS is coupled
to the exchange of H>O and CO; via stomatal conductance.
The latter is calculated using an assimilation—stomatal con-
ductance (A—gs) photosynthesis model, accounting for sep-
arate exchange at sunlit and shaded leaves. Despite limited
complexity, our coupled model includes most key processes
involved in daytime land atmosphere exchange. The model is
embedded in an inverse modelling framework, allowing for a
structured model parameter estimation. We performed a pa-
rameter optimisation for a boreal forest in Finland (Hyytidld),
using observation data from July 2015. We took a holistic
approach and aimed to obtain model parameters consistent
with a large set of observations, including COS and CO, mo-
lar fractions (measured in and above the canopy) and fluxes.
By optimising parameters, we obtained a good fit to many
observation types simultaneously. Analysing the correspond-
ing modelled LRU, we found strong within-canopy varia-
tions at the leaf scale, with highest LRU values for shaded
leaves near the bottom of the canopy. These variations can
be explained to a large extent by differences in photosyn-
thetically active radiation (PAR), vapour pressure and leaf

temperature. Based on these findings, we propose a new pa-
rameterisation of canopy-scale LRU based on absorbed PAR
and vapour-pressure deficit of sunlit leaves near the canopy
top. We performed several additional optimisations, without
re-optimising leaf exchange parameters: two for the same lo-
cation, but for the months August and September, and two
for a needleleaf forest in Austria (Mieming). We obtained
a generally good fit with observations in all of these opti-
misations, suggesting transferability of model parameters to
different months and locations. When testing the LRU pa-
rameterisation using Hyytidld model data from August and
September (data not used for deriving the parameterisation),
the results of the physical model were well-approximated,
although observations suggest somewhat lower LRU values
for a large part of the day. For Mieming, the parameterisa-
tion also provided a satisfactory fit to the physical model.
For both locations we found that the LRU of sunlit leaves
near the top of the canopy provides a good approximation of
the canopy-scale LRU. Our results provide insight in the be-
haviour of LRU in the canopy, and the new parameterisation,
based on both absorbed PAR and vapour pressure deficit, can
contribute to improving COS-based ecosystem plant carbon
uptake estimates in needleleaf ecosystems, but further vali-
dation is needed.

Published by Copernicus Publications on behalf of the European Geosciences Union.

a|ollIe yoJeasay



3226

1 Introduction

The uptake of carbon dioxide by forests and other land veg-
etation plays a key role in regulating the climate on earth.
It is therefore beneficial to have a good knowledge of these
large fluxes. Ecosystem-scale photosynthetic CO; fluxes are
traditionally estimated from eddy covariance (EC) measure-
ments, e.g2. mounted on a measurement tower at some height
above the forest canopy. However, this is not a direct mea-
surement of canopy photosynthesis. The EC-system mea-
sures the net CO, flux, which includes not only vegetation
uptake but also respiration coming from the underlying soil
surface, as well as from above-ground plant organs. Further
processing of EC-measurements is needed to separate the net
CO; flux into gross primary productivity (GPP) and ecosys-
tem respiration with this approach (Reichstein et al., 2005),
introducing uncertainty. An alternative approach is the use
of measurements of carbonyl sulphide (COS) fluxes, an at-
mospheric trace gas that is taken up by plants through their
stomata. The advantage is that there is usually no large con-
current emission flux of COS near the location of the up-
take flux (Whelan et al., 2018). The main uptake of COS in
higher plants is due to hydrolysis after entering the leaves,
catalysed by the enzyme carbonic anhydrase (Protoschill-
Krebs et al., 1996). This leads to the production of H,S
and CO; (Ferm, 1957). The canopy net photosynthesis flux
(Fco,,veg, molCO, m~2 s’l) can be derived from a known
ecosystem-scale vegetation net COS uptake flux (Fcos,vegs
mol COSm~2s~!) using the following formula:

Fcos,veg [CO2]
LRUcan [COS]

F CO;,veg = (1

Herein, [CO;] and [COS] are measured atmospheric (mo-
lar) concentrations [mol m~3] of CO, and COS, respectively
(or mole fractions in [mol mol~! ]) and LRU¢,, (leaf relative
uptake at canopy scale) is the ratio of COS and CO; depo-
sition velocities. Note that Fco,,veg is the net canopy pho-
tosynthesis, which is not identical to GPP (see discussion in
Wohlfahrt et al., 2012).

An important source of uncertainty in this approach arises
from uncertainty in the value of LRU,, and its spatial and
temporal variability. For instance, it is known that light and
humidity have an effect on the leaf relative uptake on the
leaf scale (Kooijmans et al., 2019). This can be expected to
lead to significant in-canopy variability of the relative up-
take (Sun et al., 2022). As LRU.,, integrates the uptake of
the whole canopy, variability in LRU¢,, due to differences in
environmental variables can be expected as well. This has
also been reported in a field study at an agricultural field
(Maseyk et al., 2014). Plant experiments in a glasshouse in-
dicated species-specific effects of drought on the relative up-
take of COS and CO; (Spielmann et al., 2025). A further dif-
ficulty is the presence of soil COS fluxes (Sun et al., 2015). In
case these fluxes are significant, measured ecosystem-scale
COS fluxes (Fcos) require a correction to obtain Fcos,veg-
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Despite these difficulties, the LRU concept has been used to
provide ecosystem estimates of photosynthesis fluxes (Asaf
et al., 2013), including a recent estimate of global terres-
trial GPP (Lai et al., 2024). Blonquist et al. (2011) also used
LRUgy, to derive GPP, but without using direct COS flux
measurements. They instead used LRU.,, with mole frac-
tions and mole fraction gradients of COS and CO, to scale
the net CO, flux to GPP. Another application of COS is
the estimation of stomatal conductance on the canopy scale.
Wehr et al. (2017) found a good agreement between conduc-
tances estimated using COS and conductances estimated us-
ing another independent method.

We focus in this integrative study on (Scots pine-
dominated) needleleaf forests, as we have two extensive
datasets at our disposal, and given the large area covered by
needleleaf forests on a global scale. We employ a coupled
model, consisting of an atmospheric boundary layer model,
a plant canopy model and a soil model. The resulting cou-
pled model describes the exchange of H,O, CO; and COS
between the lower atmosphere and the underlying ecosys-
tem. The coupled model is overall relatively simple, but still
includes most key processes involved in land atmosphere
exchange over forest areas during daytime. The model is
embedded in an inverse modelling framework, allowing for
a structured parameter optimisation using observations. We
use diverse observations (temperature, fluxes, humidity, mole
fractions at multiple heights) to optimise parameters related
to the (coupled) atmosphere—biosphere exchange of H,O,
CO,, and COS. Thereby we aim to obtain a model param-
eter set that is consistent with a diverse set of observation
streams, and is applicable to needleleaf forests in general.

Using our optimised parameter set, we model the rela-
tive uptake of COS and CO; within a boreal forest canopy,
thereby accounting for influences of environmental variables
on leaf fluxes. Making use of the model (output), we analyse
the environmental drivers of within-canopy relative uptake
variability. Based on this we propose a parameterisation for
LRU,,p, that uses variables that are relatively easy to esti-
mate. Our aim is to have a parameterisation that is applicable
for needleleaf forests in general. Lai et al. (2024) (referred
to as Lai24) used a parameterisation for LRU.,,, derived
in Kooijmans et al. (2019), that is based on measurements
of the leaf-scale relative uptake of COS and CO; at a bo-
real forest location, to estimate global terrestrial GPP. Their
estimate, 157 (48.5)PgCyr~!, is significantly higher than
most remote sensing estimates (e.g. Beer et al., 2010; Jung
et al., 2020; Lai et al., 2024). The Lai24 parameterisation
is based solely on photosynthetically active radiation (PAR),
while more environmental variables seem to influence LRU
(Kooijmans et al., 2019; Sun et al., 2022). We will investi-
gate how well the Lai24 parameterisation performs on the
canopy scale, and to what extent the Lai24 parameterisation
is transferable to another needleleaf forest. We also provide
a different parameterisation specifically for the canopy-scale
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relative uptake. Thereby we aim to contribute to improving
COS-based GPP estimates for needleleaf forest regions.

We try to answer the following main research questions in
this paper:

1. Can we obtain a set of model parameters that is appli-
cable to Scots pine-dominated forests, or perhaps even
needleleaf forests in general?

2. How does the relative uptake of COS and CO, vary
within the canopy, and what drives the variability?

3. Can, using our framework, a parameterisation for
LRU.an be constructed that performs better than the
Lai24 leaf-scale-based parameterisation?

Note that it is not our goal to obtain an LRU_,, parameteri-
sation that offers a full replacement for measurement-derived
LRU,,,. Given however that observational datasets contain-
ing enough information to obtain LRU,,, are sparse, such a
parameterisation would allow the use of LRUy, at more lo-
cations and on larger scales. In Sect. 2 we present our meth-
ods and the data we use, including the (inverse) modelling
framework (Sect. 2.1) and specifically the canopy model
(Sect. 2.2). In Sect. 3 we present the results of the optimi-
sation of model parameters using observations from a boreal
forest (Hyytidld, Finland). We analyse how the relative up-
take of COS and CO» varies throughout the Hyytidld canopy
in the model (Sect. 3.1.4). Later we describe a new parame-
terisation for the leaf relative uptake at the canopy scale, ob-
tained from our model with optimised parameters (Sect. 3.2).
In Sect. 3.3 we apply the framework to a needleleaf forest in
Austria, to evaluate the applicability of the (photosynthesis
and leaf COS uptake) model parameters and LRU¢,, param-
eterisation obtained with Hyytiédld data to other needleleaf
forest sites. In Sect. 4 we provide a discussion on the results.

2  Methods and data
2.1 Inverse modelling framework

The framework we use in this paper is called ICLASS-can,
which is an extension of the ICLASS framework (extensively
described in Bosman and Krol, 2023). The ICLASS frame-
work can be used to study the exchange of gases, moisture,
heat, and momentum between the land surface and the lower
atmosphere. The general aim of the framework is to allow
the assimilation of various streams of observations (fluxes,
mole fractions at multiple heights, etc.) to estimate model
parameters, thereby obtaining a model that is consistent with
a diverse set of observations (Bosman and Krol, 2023). In an
optimisation, a cost function is minimised. This cost func-
tion usually contains two parts. One part contains the dif-
ference between model output and observations, the other
(optional) part contains the difference between the param-
eter values and the prior estimates of these parameters (more
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details in Sect. 3.1 of Bosman and Krol, 2023). In an optimi-
sation, the framework aims to obtain values of the parameters
to optimise (the state) that minimise the cost function. This
is done starting from an initial guess of parameter values,
after which the state is improved iteratively, thereby calcu-
lating the cost function and its gradient. For calculating the
gradient of the cost function, an analytical gradient is avail-
able using the model adjoint. ICLASS is a variational Inverse
modelling framework for the (slightly adapted) Chemistry
Land-surface Atmosphere Soil Slab model (CLASS, Vila-
Guerau de Arellano et al., 2015). We have added a relatively
simple canopy model, including its adjoint, to the ICLASS
framework (SiLCan, see Sect. 2.2). This enables the simula-
tion of trace gases, moisture and energy exchange, and atmo-
spheric conditions within forest canopies in more detail. The
resulting coupled forward model consists of an atmospheric
mixed layer model, coupled to a new canopy model, which
is in turn coupled with a simple soil model. For temperature
and moisture, the soil model distinguishes between upper soil
and deeper soil. It has a dynamic upper soil temperature and
moisture content, used for calculating soil respiration. Up-
per soil temperature and moisture are simulated based on a
force-restore model (Noilhan and Planton, 1989, and refer-
ences therein). For COS, the soil is treated in more detail,
using a multi-layer soil diffusion-reaction model for COS
(Sun et al., 2015). The atmospheric mixed layer model as-
sumes that turbulence is vigorous enough to result in a well-
mixed layer (see also Sect. 2 of Bosman and Krol, 2023).
Therefore, there is just one value for scalars such as mixed-
layer potential temperature and CO, mole fraction. Because
of this assumption, we do not model night-time conditions in
this study. The mixed-layer height is dynamic. There is ex-
change taking place between the mixed layer and both the
underlying canopy and the free troposphere above. Above
the mixed layer, a discontinuity occurs in the scalar quan-
tities, representing an infinitely thin inversion layer. Above
the inversion, the scalars are normally assumed to follow a
linear profile with height in the free troposphere. The in-
formation on the free troposphere is used for calculating
the exchange between the mixed layer and the free tropo-
sphere. Above-canopy downward shortwave radiation is cal-
culated as a function of time, location, and cloud cover. In our
configuration, above-canopy surface layer scalars are calcu-
lated employing Monin—Obukhov similarity theory (Monin
and Obukhov, 1954; Stull, 1988). The coupled model has
no horizontal dimension, but a constant mixed-layer advec-
tion can be prescribed. The mixed-layer model provides the
best results on days with prototypical mixed layer behaviour,
i.e. days on which advection is either absent or uniform in
time and space, deep convection and precipitation are absent,
and sufficient incoming shortwave radiation heats the surface
(Bosman and Krol, 2023). We provide a brief description of
the new canopy model in the next section, and a more de-
tailed description can be found in the Supplement.
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2.2 Canopy model SiLCan

SiLCan stands for Simplified Layered Canopy. The model
simulates three different gases in the canopy, namely COa,
COS, and H;0. The canopy is layered, and the user de-
fines the number of layers. Temperature and wind speed is
also calculated in all layers. Exchange between the layers
(calculated for heat and gases) is parameterised in a simple
way, with eddy-diffusivity exchange coefficients. For pho-
tosynthesis, the A—gg approach (Jacobs, 1994; Ronda et al.,
2001) at leaf scale is followed, thereby explicitly simulat-
ing leaf scale CO, fluxes, separately for sunlit and shaded
leaves. The leaf CO, uptake is calculated from the differ-
ence between the CO; concentration outside the leaf bound-
ary layer and the concentration inside the leaf, divided by
the total uptake resistance. Although A-g is not the most
widely used photosynthesis model (van Diepen et al., 2022),
it is still a well-established model, e.g. it has been used in
land surface models of the European Centre for Medium-
Range Weather Forecasts (Boussetta et al., 2013) and in
the Earth system model operated by the Centre National de
Recherches Météorologiques (CNRM-ESM1, Séférian et al.,
2016; van Diepen et al., 2022). van Diepen et al. (2022) re-
cently made a comparison between the photosynthetic re-
sponses to light and CO, predicted by the leaf photosynthesis
models of Farquhar et al. (1980) and Goudriaan et al. (1985).
The latter model is used in the A—gs approach. They found
both models calculate near-similar responses of photosynthe-
sis to changes in intercellular CO;. They also found near-
similar responses to light (at different fixed levels of inter-
cellular CO,). To illustrate the behaviour of our A—gg model,
response curves are shown in Fig. A4.

Leaf or plant area densities are used to scale up fluxes from
the leaf scale to the canopy layer scale, depending on the
considered flux. The stomatal conductances for CO; are cal-
culated by A-gs, and are linearly related to those for COS
and H,O (different diffusivities). Stomatal conductances thus
link the leaf fluxes of CO;,, COS and H;O. Leaf bound-
ary layer conductances are calculated for the three before-
mentioned gases, taking differences in diffusivity into ac-
count. For COS, an internal resistance is calculated (follow-
ing Cho et al., 2023). Incoming shortwave radiation at the top
of the canopy is calculated by CLASS, and used to calculate
(absorbed) PAR per leaf area in each layer, separately for
sunlit and shaded leaves. Outgoing longwave radiation from
a leaf surface is calculated based on the Stefan—Boltzmann
law. In our configuration, absorbed incoming longwave radi-
ation is calculated as the incoming longwave radiation at the
top of the canopy (calculated by CLASS), multiplied with a
constant leaf emissivity and a factor spwin (constant in space
and time) that we optimise. The energy balance is calculated
at leaf level, leading to a leaf (skin) temperature which is used
in the calculation of the sensible heat fluxes and H,O fluxes
of leaves (sunlit and shaded separately). In our configuration
we set heat storage in the leaves to zero, the energy balance
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Figure 1. Sketch of the canopy model used in this manuscript.
[gas i] represents the concentration of CO,, HyO or COS. Exchange
of these gases and heat between canopy layers is calculated, as well
as the exchange between air and vegetation.

is calculated using only modelled radiation and sensible and
latent heat flux terms. A sketch of the canopy model is shown
in Fig. 1, and elaborate details can be found in the Supple-
ment.

2.3 Optimisations using Hyytiila data

Hyytidld (Fluxnet ID FI-Hyy) is a forest location in Finland,
at 61.85°N, 24.28°E, and 181 m above sea level. The forest
is a Scots pine stand (Pinus sylvestris) sown in 1962 (Lau-
niainen et al., 2011), with some other tree species present as
well (Vesala et al., 2022), (supplementary material of Kooi-
jmans et al., 2019). A measurement tower is present at the
location. More details on the location can be found in Lau-
niainen et al. (2007, 2011). In all simulations, we use a time
step of 60s, and divide the canopy in 17 layers. The verti-
cal canopy structure is represented by layers with a depth
of ~ 1 m except for the top and bottom canopy layers that
have a depth of ~1.5m to properly resolve the exchange
with the soil and atmospheric mixed layer (avoiding potential
numerical problems with large fluxes in small layers). The
soil COS model (Sun et al., 2015) was run with a smaller
time step of 10 s, to prevent numerical instability. Advection
of all scalars was set to zero in all simulations.

We aimed to minimise the mismatch between model out-
put and observations, albeit with the constraint of taking prior
information about the parameters into account (minimising
a cost function, containing an observation and prior infor-
mation part). In a first optimisation, we used observations
from July 2015, in total 26 different observation streams
(CO, mole fractions at different heights, above-canopy sen-
sible and latent heat flux, ...; full list in Table Al). We
selected the daytime window within 04:00 and 16:00 UTC
(07:00 and 19:00LT). Part of the observation streams we
used are shown in Fig. 2. The observations represent averages
over an hour, and we further averaged these observations over
multiple days, to obtain a representative average and reduce
the influence of processes such as time-varying advection.
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Figure 2. July 2015 Hyytild optimisation: prior (yellow dashed line) and posterior (full red line) model fit to a subset of the observations
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https://doi.org/10.5194/bg-23-3225-2026

Biogeosciences, 23, 3225-3252, 2026



3230

For this averaging, we selected the 8d that have the high-
est mean PAR between 04:00 and 16:00 UTC. Measurement
errors were estimated as the standard deviation of the obser-
vations over the 8d we average (e.g. the measurement er-
ror of the CO, mole fraction at 125 m at 10:30 UTC is the
standard deviation of the 8 CO; 125 m mole fraction values
at 10:30 UTC). For some measurement errors we used less
than 8 data points, as there is some missing or insufficient
quality data. Observational errors are constructed from these
measurement errors and specified model errors (Bosman and
Krol, 2023).

The 25 parameters we optimised (the state) are listed in
Table 1, together with prior and posterior values and the
prior standard deviations. These parameters include e.g. free-
tropospheric lapse rates of potential temperature and humid-
ity, the initial soil water content of the top soil layer, and
a constant that is important for soil respiration. We also in-
cluded some parameters of the A—gs photosynthesis model
and a parameter scaling the internal conductance of COS
(agicos). Thus, the state has an effect on the leaf relative up-
take of COS and CO;. To limit the complexity of the opti-
misation problem, we did not optimise all parameters of the
A-gs model. The prior parameter values were chosen as rea-
sonable guesses. We included both parts of the cost function
(Sect. 2.1), i.e. also the deviations of the parameters from
prior values are taken into account. The prior variances for
the leaf exchange parameters were chosen large (Table 1),
allowing sufficient freedom for the optimisation algorithm,
and limiting the influence of the subjective prior guesses.

In subsequent optimisations we used data from August and
September 2015, averaged in a similar way as the July 2015
data. For those optimisations we used the posterior parame-
ters from the July optimisation as prior parameter guesses.
We optimised the same variables as for July, apart from
Am,max,ref,tocs dd> Kb, &m,ref> f0, €0, QgiCOS,> Ywind scale and
Vsu.max (description in Table 1). For these variables we stick
to the optimised values from July, as we aim to find values
for these parameters that are transferable to other months
and locations. Rjgp (soil respiration at 10 °C without water
stress) was kept in the state, as the observations suggest a
stronger respiration flux in (the averaged periods in) August
and September compared to July.

The shape of the leaf area density profile for all simu-
lations was first estimated based on Fig. 1 of Launiainen
et al. (2011). As all-sided leaf area index (LAI) in Hyytidlad
is roughly between 6.5 and 7 in the period July—September
2015 based on Fig. 1 of Vesala et al. (2022), the leaf area den-
sities were then scaled by a factor, identical for all layers, to
make total LAI (summed over the model layers) equal to 6.5.
Using observations of PAR at 0.6 m height above ground (at
a few locations) and observed above-canopy PAR, we calcu-
lated relative PAR extinction at 0.6 m height, and compared
it with the modelled extinction in the relevant canopy layer.
The PAR observations indicate that at some locations, a sub-
stantial amount of PAR remains available at 0.6 m above the
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forest floor (due to openings in the canopy or sections with
low plant area density). The comparison indicated that over-
all the relative extinction of PAR is fitted relatively well, al-
though extinction is sometimes somewhat overestimated.
For analysing posterior correlations of the parameters we
optimised, we performed an ensemble of parameter optimi-
sations, consisting of 127 members. For each member, the
prior parameters and the model-observation differences are
perturbed. The prior information part of the cost function was
disabled in the ensemble. Details of the correlation analysis
procedure can be found in Bosman and Krol (2023).

2.4 Optimisations using Mieming data

Mieming is a forest location in Austria (Fluxnet ID AT-Mmg,
47°18.9938'N, 10°58.2053' E) at 960 ma.g.I. A 30 m mea-
surement mast is present at the location. Close to the site a
mountain range is present, the station is located on a gently
sloped plateau (Platter et al., 2024). This potentially compli-
cates the thermodynamics and flow. Scots pine is the domi-
nant tree species, with substantial Juniperus (Juniperus com-
munis) in the understorey. More details on the site can be
found in Platter et al. (2024).

The leaf area density profile was estimated from a lidar
scan of the site, and scaled such that the all-sided leaf area
index becomes 4 (measurements indicate 3.4 £+ 0.6). We use
the same time resolution and a similar vertical resolution
as for Hyytidld, now dividing the (somewhat lower) canopy
into 12 layers. We use averaged data for August 2023 in a
first optimisation, and for July 2023 in a second optimisa-
tion. Data were again averaged over days with high mean
PAR (the 8d in the month with highest mean PAR between
07:00 and 19:00 LT, local time), such that we get hourly ob-
servations for one daytime period, from 07:30 to 18:30LT.
Measurement errors are estimated by the same approach as
for Hyytidld. As Scots pine dominates both Hyytidld and
Mieming, we use the A—gs-model parameters (and ogicos)
obtained from the optimisation in Hyytidld for simulating
Mieming. Besides these parameters, the set of parameters
we optimise (Table 2) is to a large extent similar to those
for Hyytidld (Table 1). The posterior parameters from the
Hyytidld optimisation for July 2015 serve as prior parame-
ter estimates for the Mieming optimisations.

On some of the days with high PAR that were selected for
averaging observations, we also have branch bag measure-
ments, containing leaf COS and CO, fluxes and mole frac-
tions, for leaves in the upper canopy. These measurements
are not assimilated in the optimisation, but we use these for
comparing modelled leaf-scale relative uptake of COS and
CO, (Sect. 2.5) with observations.

2.5 Relative uptake COS and CO,

The leaf relative uptake at canopy scale (LRU.,y), as intro-
duced in Eq. (1), cannot directly be derived from eddy covari-
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Table 1. The prior and posterior parameter values in the Hyytidld July 2015 optimisation, together with square root of prior variances.

Parameter Description Prior Posterior  +/Prior variance
hipjt [m] Initial mixed-layer height 200.00 517.31 300.00
YCO, [ppmmfl] Free-tropospheric CO; lapse rate 1.00 x 1072 8.42 x 1073 60.00 x 1073
ycos [ppb m~!] Free-tropospheric COS lapse rate 3.00 x 1077 6.14 x 1076 1.00 x 1074
Yq [kgkg_1 m~!] Free-tropospheric specific humidity lapse —5.00x1070  —221x107° 3.00 x 1076
rate
ve [Km~1] Free-tropospheric potential temperature 6.00 x 103 532x 1073 5.00 x 1073
lapse rate
vuls™1 Free-tropospheric zonal wind lapse rate 400x 1073 —877x10~* 4.00 x 1073
Aco, [ppm] Initial CO, jump at mixed-layer top —10.00 —10.98 50.00
Acos [ppbl Initial COS jump at mixed-layer top 3.00x 1072 322x1072 60.00 x 1073
Aq [kgkg '] Initial specific humidity jump at —150x 1073 —237x 1073 3.00 x 1073
mixed-layer top
Ag [K] Initial pot. temp. jump at mixed-layer top 2.50 1.18 2.50
Ay [ms™1 Initial zonal wind jump at mixed-layer top 1.00 1.84 4.00
Owind scale [—] Scaling factor wind extinction canopy 1.00 591 x 107! 0.40
Ryp [mgco, m~ 251 Soil respiration at 10 °C and without water 8.00 x 1072 8.71 x 1072 2.00 x 107!
stress
wg [m3m3] Volumetric water content top soil layer 0.35 0.33 0.10
u [ms™1] Initial mixed-layer zonal wind speed 4.50 247 3.50
VsU.max [molm™3s71] Soil COS uptake capacity 2.00 1.90 x 10! 1.00 x 102
Kcale [-] Scaling factor for exchange coefficients 1.00 1.93 0.30
SLWin [—1 Multiplication factor incoming longwave 1.30 1.21 0.20
radiation vegetation vs. top of canopy
Am,max,ref,toc [mgco, m™2s~']1  Top-of-canopy 2.20 3.76 4.40
triose-phosphate-utilisation-limited net rate
of (leaf scale) photosynthesis at 298 K
(van Diepen et al., 2022)
Ky [m?m—2] Extinction coefficient for Ay max, ref 0.29 0.36 0.25
aq [kPa_l] Regression coefficient used to calculate the 0.07 0.16 0.14
value of vapour pressure deficit at which
the stomata close
fo [-] See Sect. S1.8.1 in the Supplement 0.89 0.78 1.78
g0 [mgco, 1711 Maximum initial quantum use efficiency 170x 1072 557x 1073 3.40 x 1072
agicos [~ Parameter scaling internal conductance 1400.00 1763.31 2800.00
Cos
&m,ref [Mm s Mesophyll conductance at 298 K 7.00 10.20 14.00

ance flux observations, as COS can also be taken up by the
soil, the measured CO, flux includes respiration and storage
fluxes can be present. The ecosystem relative uptake, defined
below, can however easily be derived from eddy covariance
flux observations and observed concentrations (or mole frac-
tions):

Fcos,eco [CO2]
FCOz,CCO [COS]

ERU = 2)
wherein Fcos,eco 1S the flux above the canopy, measured
by eddy covariance. We use here eddy covariance COS and
CO; fluxes that are not storage corrected, given that the mod-
elled COS flux to which we compare the Fcos, eco Observa-
tions, is the instantaneous flux between the top canopy layer
and the mixed layer. To calculate ERU in Hyytiéld, we use
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mole fractions at 125 m height, both for the observations and
the model. This height is chosen since we have observations
of both CO; and COS mole fractions at this height. The mole
fractions at the levels of the leaves might however be dif-
ferent from those at 125 m height. For calculating ERU in
Mieming, we use mole fractions (measured and modelled) at
20 m height.

For Hyytidld, we can derive LRU,, from the observations.
To this end, we subtract the measured soil COS flux from
the eddy covariance COS flux and the soil respiration flux
from the eddy covariance CO; flux. We assume respiration
and COS emission from above-ground sources to be small,
and neglect it in the calculation. Next to that, we correct the
eddy covariance observations for storage below the sensor
(in contrast to the calculation for ERU), as we are interested
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Table 2. The prior and posterior parameter values in the August 2023 optimisation for Mieming, together with square root of prior variances.

Parameter Description Prior Posterior  +/Prior variance
hinic [m] Initial mixed-layer height 517.31 527.54 300.00
YCO, [ppmmfl] Free-tropospheric CO; lapse rate 842x 1073 —1.50 x 1072 60.00 x 1073
vcos [ppb m~!] Free-tropospheric COS lapse rate 6.14 x 1076 3.93x 1073 1.00 x 1074
Yq [kgkg_1 m~!] Free-tropospheric specific humidity lapse —221x107% —353x107° 3.00 x 1076
rate
ve [Km~!] Free-tropospheric potential temperature 532 %1073 6.36 x 1073 5.00 x 1073
lapse rate
Aco, [ppm] Initial CO5 jump at mixed-layer top —10.98 —15.59 50.00
Acos [ppb] Initial COS jump at mixed-layer top 322x 1072 5.88x 1072 60.00 x 1073
Aq [kgkg™!] Initial specific humidity jump at —237x1073 —1.87x1073 3.00 x 1073
mixed-layer top
Ay [K] Initial pot. temp. jump at mixed-layer top 1.18 4.69 2.50
Ryg [mgcp, m 251 Soil respiration at 10 °C and without water 8.71 x 1072 7.85x 1072 2.00 x 107!
stress
u [ms1] Initial mixed-layer zonal wind speed 247 0.49 3.90
VsU.max [molm™3s~1]  Soil COS uptake capacity 1.90 x 10! 1.90 x 10! 1.00 x 102
Kicate [-] Scaling factor for exchange coefficients 1.93 1.94 0.30
SLWin [-] Multiplication factor incoming longwave 1.21 1.20 0.20
radiation vegetation vs. top of canopy
[COS] [ppb] Initial mixed-layer COS mole fraction 0.45 0.47 0.10
in plant fluxes. Note that for well-mixed daytime conditions be written as:
the storage fluxes are thought to have generally a small in-
fluence (Kohonen et al., 2020). The formula for LRUy, is LRUjeat = "01,CO, [CO:]
given in Eq. (1), after rearranging. The LRU_,, error bars are rtot,cos [CO2] — [CO2 Jint
estimated from the spread in LRU.,, values over the days Tb.CO, + —1 1 .
we use data from. As an example, the error bar for LRU.,, _ 75,CO, | Teut,CO, and COS
at 10:30 UTC indicates the standard deviation of the LRU¢y, - %rb’ co, + 1 1 .
values at 10:30 UTC for the different days we average the ob- ’ T2175.C0, int.COS | Teut.CO, and COS
servations over (8 d, or less in case of missing or bad quality 1
data). For Mieming, we do not have all required measure- X m
ments to derive LRU,;. For calculating modelled LRUy;, in [CO2]
Mieming we use modelled COS and CO, mole fractions at ~ "b,C0, +75,C0,
20 m height. 38,0, + 1.217¢ co, + Fint.cos
We define the leaf-scale relative uptake as: 1
X [COqlin @)

Fcos,leat [CO2]

LRUjeqf =
"7 Fco,.teat [COS]

3

wherein Fcos Jeaf [MoO] m~2s71]is the leaf-scale flux of COS
and [COS] is the concentration of COS [molm 3] (or mole
fraction) outside the leaf boundary layer. Similarly, Fco, ieaf
is the leaf-scale flux of CO; and [CO;] is the concentration of
CO;. All four components are within the same canopy model
layer (or for the same branch in case of observations). The
calculation is performed in all model layers, and separately
for sunlit and shaded leaves. For a theoretical analysis of the
leaf-scale relative uptake, see Wohlfahrt et al. (2012). For our
analysis of in-canopy LRUjg,s differences in Sect. 3.1.4, we
further expand the equation above. Using the model equa-
tions (for our configuration) given in Sect. S1.8, Eq. (3) can
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1= "ot

wherein r¢ is the cuticular resistance, ry, is the leaf boundary
layer resistance, rint,cos is the internal resistance for COS,
rs is the stomatal resistance, ryo is the total resistance and
[COsJin¢ is the internal CO, concentration. The approxima-
tion in the last part of the equation concerns the assumption
that the cuticular pathways for CO;, and COS uptake are neg-
ligible (e.g. Berry et al., 2013). When additionally neglecting
the leaf boundary layer resistance, the equation above be-
comes equal to Eq. (8) of Seibt et al. (2010).

What is clear from the equation above is that any environ-
mental variable that influences stomatal resistances, the COS
internal resistance, the boundary layer resistance, or the in-
ternal CO; concentration can influence LRUjey¢ (e.g. PAR,
vapour pressure deficit, wind speed, ...). We simulate the
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canopy profiles of environmental variables. We thereby take
effects of canopy structure (leaf and plant area density distri-
bution) on environmental variables into account.

The model variables that vary between sunlit and shaded
leaves are the leaf temperature and the amount of absorbed
PAR. To find out the relative importance of both factors in de-
termining LRU differences between sunlit and shaded leaves,
we performed the following model experiment: we took a
sunlit leaf in the top layer, and prescribe for this leaf the
leaf temperature of a shaded leaf in the same layer, without
changing the absorbed PAR of the leaf. We subsequently in-
vestigated how the modelled LRU of the leaf changed. Next,
we took again a sunlit leaf in the top model layer, and pre-
scribed it the absorbed PAR of a shaded leaf, without chang-
ing the leaf temperature. Thus, we performed a univariate
sensitivity analysis.

The elementary model variables that vary between leaves
in the top and bottom layer, and have an influence on LRU,
are the CO» mole fraction, vapour pressure, air temperature,
leaf temperature, amount of absorbed PAR, A max ref (a leaf
photosynthesis parameter, see Table 1) and wind speed. Note
that COS mole fraction is not included, as it cancels out in
our LRU equation, given that in the model COS uptake at the
leaf scale is a linear function of the COS mole fraction. We
again performed a univariate sensitivity analysis, now replac-
ing one-by-one the values of the 7 relevant variables from a
shaded top-layer leaf in the model with those of a shaded leaf
in the bottom layer.

3 Results
3.1 Optimisation Hyytisld July 2015

We first take a look at the observations and the performance
of the prior (i.e. before optimisation) and posterior (i.e. after
optimisation) models. We than briefly analyse posterior state
changes in the optimisation. To gain some insight in the rel-
evant in-canopy physics, we analyse vertical canopy profiles
of the posterior model simulation, before moving on to the
relative uptake of COS and COx.

3.1.1 Observations and model performance

Figure 2 shows 10 of the 26 assimilated observation streams.
The CO; mole fractions, both in the canopy (Fig. 2a) and
above the canopy (Fig. 2¢), generally decrease in the morn-
ing, in the observations and in the models. This is (in the
models) caused partly by entrainment of air from above the
mixed layer, and partly due to the effect of vegetation uptake.
The COS mole fraction observations (Fig. 2b and d) show
a less clear trend. The above-canopy flux of CO, (Fig. 2e)
peaks around midday, both in the observations and the pos-
terior model. The observed COS flux (Fig. 2f) is more noisy,
but seems to peak earlier than the CO, flux. Both in the ob-
servations and the posterior model, the temperature just be-
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low the canopy top (Fig. 2h) increases during the day, and
slightly drops at the end of the simulation period. The spe-
cific humidity just below the canopy top (Fig. 2g) is higher in
the morning as in the afternoon, both in the posterior model
and the observations. Temperature and humidity just below
the canopy top are predicted well within the 1o error bars.
The posterior fit with observations is generally greatly im-
proved compared to the prior (Fig. 2). The total cost func-
tion reduces from a value of about 1317 to about 77. The
reduced chi-square goodness-of-fit statistic ( Xf, Bosman and
Krol, 2023), accounting for the number of observations and
optimised parameters, equals 0.39. This indicates the model
fits the observations well. Besides quantifying the fit of the
total optimisation, we can also consider a specific observa-
tion stream using the partial reduced chi-square value ( Xf :
for the jth observation stream, Bosman and Krol, 2023). The
results for each observation stream individually are shown
in Table Al. The values are generally low, indicating the
posterior model fits most observation streams well. The ob-
servation stream that has the best posterior fit in terms of
the above quantity is the temperature at 67 m height. The
observation stream that has the worst posterior fit in terms
of the above quantity is the specific humidity near the bot-
tom of the canopy (g4.2, Table A1l). Both the modelled latent
(Fig. 2j) and sensible heat flux (Fig. 2i) are somewhat on the
low side. Overall, the coupled model reproduces the averaged
July 2015 data well.

3.1.2 Adjustments to the state

The full state that we optimised is shown in Table 1. The
soil COS uptake capacity (Vsu,max) is strongly increased,
as the prior model estimated the soil to be a net source of
COS, while the observations indicate it is a net sink (not
shown). The scaling factor for the internal conductance of
COS (ogicos) is increased by about 25%. As shown in
Fig. 2e and j, the prior model has too strong above-canopy
CO; and latent heat fluxes, compared to observations. These
fluxes are reduced in the posterior model, and are sensitive
to stomatal conductance. Therefore it is no surprise that the
calculated stomatal conductances are generally reduced com-
pared to the prior simulation (e.g. for sunlit top leaves the
decrease in stomatal conductance is 76 % on average). Sev-
eral parameters from the state influence the calculated stom-
atal conductances, and the parameter adjustments are not al-
ways trivial to interpret. For instance, in the posterior state,
€0 (maximum initial quantum use efficiency) is strongly re-
duced, while Ap max.ref.toc (telated to photosynthetic capac-
ity, Table 1) is increased by more than 50 %. These changes
have contrasting effects on the stomatal conductances, al-
though the strength of their effects in time might differ. As
we expect some of the (photosynthesis) parameters to be cor-
related, we computed the posterior correlations of the param-
eters we optimised (based on an ensemble of optimisations,
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Fig. Al, Sect. 2.3). We indeed see a negative correlation be-
tween Am, max.ref.toc and €o, though not very strong (—0.37).

We find the strongest correlations to be between ycos
(free-tropospheric COS lapse rate) and Acps (initial
COS jump between mixed layer and free troposphere), and
between hjyi¢ (initial mixed-layer height) and Aco, (—0.92
and —0.86, respectively). Thus, optimisations with a large
posterior value of ycos tend to have a low posterior value
of Acos and vice-versa. This likely indicates that similar
results can be obtained by increasing ycos as by increas-
ing Acos. From a physical point of view this makes sense, as
an increase in any of both parameters tends to entrain more
COS from the free troposphere into the mixed layer, although
their effects in time might differ. Similarly, these parameters
can potentially compensate for advection, which is set to zero
in all our simulations.

As a result of the correlations present, it will be difficult to
confidently determine (some of) the individual parameters,
and a combined subset of parameters is likely more robust.
In the optimisations for August and September (Sect. 2.3)
we will keep the optimised photosynthesis parameters and
agicos (Table 1), as we aim to find values of these parameters
(parameter subset) that can be transferred to other months
and locations.

3.1.3 Vertical model profiles canopy

In this section we analyse vertical canopy profiles of the pos-
terior model simulation. The fraction of sunlit leaves strongly
decreases towards the bottom of the canopy (Fig. 3c, green
solid line), as a result of interception of light by the plants.
When inspecting the modelled vertical profiles of net leaf-
level photosynthesis (Fig. 3b, yellow dashed and purple solid
lines) around noon, we observe that the strongest CO, uptake
takes place at the top of the canopy, and sunlit leaves have a
much stronger uptake than shaded leaves. This can to a large
extent be explained by the profiles of absorbed PAR (Fig. 3b,
red and green dashed lines). The stomatal conductance for
sunlit leaves shows a local minimum near the middle of the
canopy (Fig. 3a, yellow dashed line). Clearly, this does not
follow the profile of absorbed PAR for sunlit leaves, with
lowest absorbed PAR values at the bottom of the canopy, and
highest values in the top canopy. However, the minimum in
stomatal conductance near the middle canopy practically co-
incides with a maximum in vapour pressure deficit (VPD,
Fig. 3a, red dashed line) for sunlit leaves near the middle
canopy. Modelled stomatal conductance is sensitive to VPD.
The minimum in stomatal conductance near 7 m height can
be interpreted as a (modelled) response of plants to the high
VPD, to prevent too much water loss.

Now we will analyse why VPD (for sunlit leaves) shows a
maximum in the middle canopy. The mole fraction of water
vapour (Fig. 4b, yellow dashed line) is highest at the bot-
tom of the canopy, providing a reason why VPD decreases
in the bottom compared to the middle of the canopy. This
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does however not explain why VPD is higher in the middle
compared to the top canopy. The higher VPD in the middle
canopy is explained by the vertical profile of leaf temperature
(Fig. 4b, red dashed line): the modelled leaf temperature for
sunlit leaves is highest in the bottom canopy. At the same
time, modelled air temperature shows only small variabil-
ity compared to sunlit leaf temperature. Somewhat counter-
intuitively, the high leaf temperatures in the middle to bot-
tom of the canopy coincide with the lowest values of avail-
able leaf net radiation and leaf sensible heat flux (for sunlit
leaves, Fig. 4c, purple and red dashed lines). The reason for
this apparent contradiction can be found in the leaf bound-
ary layer resistance (Fig. 4d, yellow dashed line). The way-
higher boundary layer resistance in the middle of the canopy
compared to the top means that a larger leaf-to-air tempera-
ture gradient is needed for the same leaf sensible heat flux.
The leaf boundary layer resistance profile only depends on
wind speed (decreasing resistance with higher wind speed,
see canopy model description in Supplement, Eqgs. S45, S53
and S104), which decreases sharply from the top to the mid-
dle model canopy (Fig. 4d, red dashed line). Thus, even
though boundary layer resistances are much smaller than
stomatal resistances, the vertical profile of wind speed still
has a strong influence on the modelled vertical stomatal con-
ductance profiles for sunlit leaves, via VPD. It can be noted
that modelled leaf temperature for sunlit leaves exceeds air
temperature by multiple degrees in Fig. 4b and c, up to al-
most 5 °C. Similar temperature differences have been mea-
sured between needles and air (Martin et al., 1999, and refer-
ences therein). This suggests that the modelled leaf boundary
layer resistances in Fig. 4d are in a plausible order of magni-
tude.

The shape of the stomatal conductance profiles (Fig. 3a,
yellow dashed and blue solid lines) resembles the shape of
the (absolute value of the) COS leaf flux profiles (Fig. 4a, red
and green dashed lines), with strongest uptake at the top and
a local minimum in uptake in the middle canopy. Note that
the shape of the profiles differs from the shape of the CO; up-
take profiles (Fig. 3b, purple solid and yellow dashed lines).
A major reason is that for CO, the gradient between inter-
nal and air concentration plays an important role. The dif-
ference between internal and ambient CO, peaks (for sunlit
leaves) in the middle canopy (not shown), close to the loca-
tion of the local minimum in stomatal conductance, partially
compensating the effect of the low stomatal conductance. For
COS, the internal concentration is assumed zero. The internal
resistance for COS follows the profiles of leaf temperature,
with consequently more or less opposite shapes for sunlit and
shaded leaves (Fig. 4d, blue solid line and green dashed line).
However, the internal resistance for COS is, both for shaded
and sunlit leaves, smaller than the stomatal resistance, lim-
iting the influence of internal resistance differences on the
COS flux profiles.

The leaf-scale water vapour fluxes are highest at the top of
the canopy (Fig. 4a, yellow dashed line and blue solid line).
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Figure 3. Vertical profiles of variables related to photosynthesis. The profiles come from the optimised July 2015 model simulation, for
13:00 LT. In (a) vapour pressure deficit (VPD) and stomatal conductance (gs) for CO, are shown. The stomatal conductances for COS or
H;O can be obtained by multiplication with % or 1.6, respectively. In (b), we show leaf level net photosynthesis (A,) and absorbed PAR
(PAR ). Note that absorbed PAR is shown per square meter of all-sided (sunlit or shaded) leaf area. In (¢) we show leaf area density (lad),
plant area density (pad) and the fraction of sunlit leaf area. In contrast to plant area density, leaf area density includes only green leaf area,
i.e. branches, dead leaves and stems are not included. “sun” indicates sunlit leaf area and ““sha” indicates shaded leaf area. The model canopy
height is 17 m, values are plotted at the location of the model node in each layer. Thus, the total LAI is not equal to the area to the left of the

lad curve.

The main drivers for this flux are VPD and stomatal conduc-
tance. When scaling up vegetation fluxes from leaf to layer
or canopy scale, the leaf area density (Fig. 3c, yellow dashed
line) becomes important. As an example, the location of the
peak in the layer-total vegetation H,O flux (Fig. 4a, purple
dashed line) does not correspond to the location of the peaks
in the sunlit and shaded leaf-scale HoO fluxes (Fig. 4a, yel-
low dashed line and blue solid line). This is because these
sunlit and shaded leaf-scale fluxes are multiplied with sunlit
and shaded leaf area (in a layer), respectively, to obtain the
layer-total vegetation HoO flux. Similarly, the location of the
peaks in the leaf-scale sensible heat fluxes does not corre-
spond to the location of the peak in the layer-total vegetation
sensible heat flux (Fig. 4c). Note that for calculating the lat-
ter flux, plant area density (including branches etc., Fig. 3c,
red dashed line) is used instead of only leaf area density.
Clearly, the plant fluxes of COS, CO, and H,O inside the
canopy are relatively complex and are driven by the interplay
of many variables. It is important to realise that in our model
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the exchange of these gases is fully coupled. As we gained
insight in what happens inside the (model) canopy in terms of
photosynthesis and COS uptake, we now shift our attention
to the relative uptake of COS and COs.

3.1.4 LRUje,f inside the Hyytiéla canopy

To better understand what drives variability in LRU,y, the
variable that is commonly used to estimate canopy net pho-
tosynthesis (Eq. 1), we will first analyse the relative uptake
within the canopy at the leaf scale, using results (at 11:00 LT)
of the simulation of the optimised model for Hyytiéld for
July 2015. From the model output containing fluxes and
mole fractions at all layers within the canopy, we calculate
the leaf-scale relative uptake. Inspecting the derived LRUjeqr
(Eq. 3) at different times of day (Fig. 5), we observe a strong
variation within the canopy and between sunlit and shaded
leaves. The shaded leaves have a notably higher LRU¢,¢, and
LRUjeyt is higher at the bottom of the canopy compared to
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Figure 4. Vertical in-canopy (model and observation) profiles of various variables. In (a) we show the sunlit and shaded leaf fluxes of COS
(Fcos) and HyO (Fy,0), i.€. the leaf-air exchange per square meter all-sided leaf area, of COS and H»O, respectively. The total vegetation
H>O0 flux (tot Fy,o [W mg_roun 4]) for each canopy layer is also plotted. In (b) the molar ratio of H>O in the canopy is shown, together with
sunlit and shaded leaf (skin) temperatures (75, we assume no difference between leaf and leaf skin temperature, as we do not account for heat
storage in the leaves). (c) shows air temperature in the canopy, as well as the sensible heat flux for sunlit (H sun) and shaded leaves (H sha),
and the vertical profile of net radiation at a sunlit leaf surface (R sun). The total vegetation sensible heat flux (H tot) for each canopy layer
is also plotted, note that this flux has the units [W mg_r(z)Lln d] in contrast to [W mzﬁlz_ sided leaf area] for the other two heat fluxes. In (d) the
boundary layer resistance for CO; is shown (r, CO»), as well as the horizontal wind speed inside the canopy (U) and the internal resistance
for COS (r; COS). The observations (black stars) are averages between 12:00-14:00 LT, the model results are for 13:00 LT. The modelled
boundary layer resistances for heat can be obtained from those of CO; by multiplication with 1371W

far dominant in determining LRU differences between sunlit
and shaded leaves (Fig. 6a). The direct effect (in the model)
of the low absorbed PAR of the shaded leaves is a reduction

the top. To increase our understanding of the LRUje,f, we
now analyse the reasons for these differences in the model.
We first focus on the difference between sunlit and shaded

leaves in the top model layer of the canopy. The results of
the first sensitivity analysis (model experiment described in
Sect. 2.5) indicate that the amount of absorbed PAR is by

Biogeosciences, 23, 3225-3252, 2026

in stomatal conductance, i.e. an increase in stomatal resis-
tance. The effect of the increased stomatal resistance differs
between COS and CO,. The impact for COS is smaller as
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Figure 5. Leaf relative uptake inside the canopy for the Hyytidld July 2015 optimised model simulation. “sun” and “sha” indicate sunlit and

shaded leaves, respectively.
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Figure 6. Results of two model experiments at 11:00 LT: (a) shows the results of an experiment to determine contributions to differences
in LRU between sunlit and shaded leaves inside the canopy (see text). We consider a sunlit leaf in the top layer. The differences (A) in the
variables on the x-axis between sunlit and shaded top layer leaves (shaded — sunlit) are annotated in the figure. (b) shows the results of an
experiment to determine contributions to differences in LRU between shaded top and bottom layer leaves inside the canopy (see text). We
consider a shaded leaf in the top layer. The values of the differences in the variables on the x-axis between top and bottom layer shaded
leaves (bottom — top) are annotated in the figure. The variables from left to right are: CO, mole fraction, vapour pressure, air temperature,
leaf temperature, absorbed PAR, wind speed, A max, ref (relating to leaf photosynthesis, see Table 1) and a combination of all.
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for COS there is also an internal resistance. Consequently, in
Eq. (4), the numerator is almost directly proportional with
stomatal resistance, while the relative increase of the de-
nominator is less, due to the significant internal resistance
of COS (although smaller than stomatal resistance, see also
Figs. 4d and 3a). This leads to an increase of LRUje,¢ for
shaded leaves.

A second difference visible in Fig. 5 is the higher LRUje ¢
for leaves near the bottom of the canopy, in particular for
shaded leaves. To find out the relative importance of the vari-
ous environmental factors in shaping this difference, we per-
formed a similar model experiment as before (Sect. 2.5, sec-
ond sensitivity analysis), but now involving top and bottom
layer differences. The results of this experiment (Fig. 6b) in-
dicate that changes in vapour pressure are the most impor-
tant, followed by changes in the amount of absorbed PAR.
Leaf temperature differences are relevant as well. In con-
trast to absorbed PAR, differences in vapour pressure and
leaf temperature directly affect multiple variables in Eq. (4),
namely internal CO; concentration, internal conductance for
COS and stomatal conductance.

The above analysis indicates that amount of absorbed
PAR, leaf temperature and vapour pressure are important for
governing LRU at the leaf scale. In Sect. 3.2, we propose a
parameterisation for LRU,,, linked to these variables.

3.1.5 Canopy relative uptake for Hyytiila

When analysing canopy relative uptake (LRUqp, Eq. 1, the
quantity most relevant for estimating canopy net photosyn-
thesis), the posterior model fit to observations is substantially
better than the prior fit (Fig. 7a red full line vs. yellow dashed
line, posterior bias 0.27, RMSE 0.58). Most data points are
fitted by the posterior model within one standard deviation.
This is also the case for ERU (Eq. 2, not shown). In gen-
eral, there is a small positive bias in LRUc,y, although the
observational spread is large. Note here that LRU is a de-
rived quantity that is not used as observation stream in the
optimisation.

For comparison, we have also plotted LRUje,r in Fig. 7a,
for a (posterior) modelled sunlit top layer leaf and for a
shaded bottom leaf. These represent the lowest and high-
est LRUjeor values in the canopy, respectively (Fig. 5). The
modelled LRU,, corresponds more to the sunlit top layer
leaf than to the shaded bottom leaf. LRU,,, is approximated
well when weighting LRUjeyr throughout the canopy with
the CO, uptake flux, while weighting LRUj¢,¢ throughout the
canopy with sunlit and shaded leaf area index in all canopy
layers (differing LAI values per layer) gives too high values
for LRU¢y,. This can be explained by the fact that a much
larger proportion of modelled CO, and COS uptake takes
place in the sunlit upper vs. the shaded lower canopy (Fig. 8).

Biogeosciences, 23, 3225-3252, 2026
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3.2 Predicting LRU_,;, for needleleaf forests

Our aim is to obtain a parameterisation for LRU,, that is
applicable to needleleaf forests in general, and is based on
independent variables that are relatively easy to estimate.
Using also the information from Sect. 3.1.4, we select the
canopy-integrated amount of absorbed PAR (PARys) and the
vapour pressure deficit of sunlit top (upper canopy model
layer) leaves (VPDgup, top) as independent variables for our
regression model. These variables can be estimated or ap-
proximated based on remote sensing products (e.g. Myneni
et al., 2002; Olofsson and Eklundh, 2007; Nolan et al., 2016)
or global re-analysis products (e.g. Fang et al., 2022). Note
that in the within-canopy analysis above, leaf temperature
was also identified as an important variable. However, leaf
temperature is used in the calculation of VPD, and we can
expect leaf temperature to correlate in time with absorbed
PAR. For simplicity, we chose a linear regression model. As
training data we use the model output from the optimised
model for July 2015 in Hyytidld. We obtain the following
linear regression equation:

LRUcan = 2.52—1.07 x 10> PAR ps — 0.399VPDgun, 10p (5)

wherein PAR,ps has the units ng_r%)und and VPDgun, top is

in kPa. The equation above has an R? value (coefficient of
determination score) of 0.98 on the training data. The two
mentioned variables thus capture most of the variability in
LRUcan. Note that we use PAR,ps and VPDgyy op from the
model output as input variables for our regression model.

To test to what extent the regression equation holds out-
side the training data set, we re-optimised our model us-
ing observations from August 2015. We re-optimised vari-
ables relating to the time-specific meteorological situation
of the month, but did not re-optimise photosynthesis or leaf
COS uptake parameters (we keep those parameters as the
July-optimised values, see Sect. 2.3).

In this new optimisation, we obtain again a satisfactory fit
to many observation streams, with a cost function that re-
duces from about 565 to 125 ( X2 = 0.66). The performance
of our regression model trained on the July data applied
to the August data, is shown in Fig. 7b. Note that we use
PARps and VPDgyy, op from the posterior model output as
input variables for our regression model, as we do through-
out this manuscript. Comparing the linear regression LRU¢4p
model with the physical model, the R? is 0.96 and the root
mean squared error is 0.04. The regression model thus pro-
vides a very good approximation to the results of the physical
model. Comparing with the (LRU,, derived from) observa-
tions, the R? is 0.23 and the root mean squared error is 0.85.
There is generally a positive bias, although limited when
taking the spread in observations (error bars) into account.
In Fig. 7, we also show the results of the leaf-scale-based
parameterisation from Kooijmans et al. (2019), used in Lai
et al. (2024) (referred to as Lai24). This parameterisation, to
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Figure 7. Modelling LRUcan and predicting it by linear regression: (a) displays the results of the prior and posterior (physical) model for
July 2015. LRUjey¢ for a sunlit top layer leaf and for a shaded bottom layer leaf are also shown. The results of weighting LRUjg ¢ with
shaded and sunlit leaf area index in each canopy layer is also shown, as well as the result of weighting LRUj¢,¢ with the shaded and sunlit
vegetation CO, uptake fluxes in each layer. In (b), the physical and linear regression model results for August 2015 are shown, together with
the prediction from the leaf-scale regression equation used in Lai et al. (2024). The observations are shown by black stars. In (c) the results
for September 2015 are shown. The first 10 time steps (minutes) of the physical and new linear regression model are not shown, to reduce
potential numerical noise. Note that the observation at 14:30 LT in (a) has no error bar, as there was only one valid data value at this time of

day over the 8 d we averaged.

which we provide observed PAR at 18 m height as only input
variable, clearly performs well also on the canopy scale for
this data. Comparing with the observational LRU,j, the R?
is 0.48 and the root mean squared error is 0.70.

To test how well the regression equation performs in some-
what more different conditions, we performed a new opti-
misation for September 2015. The (averaged) data indicate
a lower temperature and less incoming shortwave radiation
compared to July. We optimised the same variables as for
the August optimisation. In this optimisation, we obtain an
acceptable fit to many observation streams, with a cost func-
tion that reduces from about 594 to 148 (x2 =0.78). The
CO; and COS fluxes are generally slightly underestimated
by the model, although the fit is for most data points within
the 1o error bars.

The performance of the regression model for September
is shown in Fig. 7c. Comparing the linear regression model
with the physical model, the R? is 0.76 and the root mean
squared error is 0.15, indicating a good fit. Comparing with
the observations, the R? is —0.20 and the root mean squared
error is 0.57. The regression model from Lai et al. (2024)
performs very well in September as well. Comparing with
the observational LRU,,y, the R? is —6.52 and the root mean
squared error is 1.42 (strongly influenced by the first data
point in the morning).

The regression model for LRU.,, thus approximates the
physical model well, also for months outside the training
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data. Comparing with (LRU,,, derived from) observations,
differences are larger, although still limited when taking the
spread in observations into account. In the next section we
will analyse the results of applying the framework and pa-
rameterisation to a different location.

3.3 Optimisations Mieming

We now apply our inverse modelling framework to a needle-
leaf forest at a more southerly location (Mieming, Austria)
to check how universal the optimised photosynthesis pa-
rameters and LRU_,, parameterisation are. We therefore use
the leaf exchange parameters we obtained for July 2015 in
Hyytidld, and do not include these parameters in the state we
optimise (Table 2). We first discuss the optimisation that uses
data from August 2023.

In general, we can fit the Mieming observations well
(Fig. 9, showing the 10 assimilated observation streams for
the August optimisation). As for Hyytidld, the posterior fit
with observations is improved compared to the prior. The
cost function reduces from a value of about 45 to about 25
(x2 = 0.20). The relative reduction in cost function is a lot
smaller as for the July 2015 Hyytidld optimisation (prior
1317, posterior 77). The prior model already predicts the
above-canopy CO,, COS and HyO fluxes relatively well
(Fig. 9e, f, and j), suggesting reasonable transferability of
the Hyytidld leaf exchange parameters to Mieming. This op-
timisation is less constrained as those for Hyytiél4, given the

Biogeosciences, 23, 3225-3252, 2026
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Figure 8. Relative cumulative vegetation COS and CO; fluxes throughout the canopy (posterior model July 2015 optimisation), starting at O
at the top of the canopy. The relative cumulative flux is defined as the fraction of the total (COS or CO,) vegetation flux over the whole
canopy (sunlit 4+ shaded). The cumulative shaded and sunlit fluxes sum to 1 at the bottom of the canopy, for COS and for CO,. Values are

plotted at the location of the model node in each layer.

lack of e.g. soil flux observations. The optimised parame-
ters are shown in Table 2. Since we do not have soil fluxes,
we also do not have observations of LRU_,,, albeit we can
derive the ERU from the observations (Fig. A2). The fit be-
tween our modelled ERU (based on optimised parameters)
and observed ERU is acceptable, given the huge spread in ob-
servations. We also applied the parameterisation for LRU 4y,
obtained from the July Hyytidld optimisation, to Mieming.
We find a satisfactory agreement between the linear regres-
sion model and the physical model (Fig. 10a). Except for the
early morning, the difference between the physical model
and our linear regression model is always smaller than 0.3.
For the optimisation using data from July, this is also the case
(Fig. 10b). For both months, the parameterisation from Lai24
(to which we now provide observed PAR at 30 m height
as only input variable) underestimates the physical model
LRU,an, and performs less well than our regression model
in this respect. As for Hyytidld, the difference between mod-
elled LRU_,, and the modelled LRUj¢,¢ of a sunlit top leaf is
rather small (difference somewhat larger in the early morn-
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ing). In Fig. 10 we also compare the modelled LRUjeys for
a sunlit top leaf with observations of LRUje,r for (mostly)
sunlit leaves in the middle to top crown layer of the canopy.
For July, there is generally an underestimation by the model,
although not as strong as the underestimation by the Lai24
parameterisation. For August, the fit is relatively good for
10:00 to 13:00 LT, in the afternoon the underestimation is rel-
atively large. There was however only one day of measure-
ments available for August, which might not be fully repre-
sentative for the modelled period.

We performed an additional optimisation for Mieming to
test the generality of the leaf exchange parameters obtained
with Hyytidld data. In this optimisation we included the set of
leaf exchange parameters that was included in the July 2015
Hyytidld optimisation (see Table 1) in the state that we opti-
mise. We find relatively strong adjustments in some of those
parameters, the strongest relative changes occur for &y (maxi-
mum initial quantum use efficiency, +42 %) and a4 (descrip-
tion in Table 1, 433 %). However, the optimisation results
in a x2 value that is only slightly lower than the one for
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Figure 9. Model fit to the measurements from the Mieming location for August 2023. The yellow dashed line is the prior model, the full red
line is the posterior model. o and o are the observational and measurement errors of the observations. COy,, is the CO mole fraction at
20 m height above ground level, COSy is the COS mole fraction at 20ma.g.l. Fco, and Fcos are the CO; and COS fluxes, respectively
above the top of the canopy (eddy covariance measurements 20 m above ground (ma.g.l.)). goq is the specific humidity at 20ma.g.1. T1q, T>9,
and T3( are temperatures at 10, 20, and 30 ma.g.1., respectively. H and LE are the above-canopy sensible and latent heat flux, respectively
(measurements 15 and 20 ma.g.1., respectively). The first 10 time steps (minutes) of the model output are not shown, to reduce numerical

noise.
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Figure 10. Predicting LRUcap by linear regression for the Mieming location. (a) illustrates the results for August 2023, (b) for July 2023.
The results of the physical model and our linear regression model are shown, together with the prediction from the leaf-scale regression
equation used in Lai et al. (2024). LRUj¢,¢ for a sunlit top layer leaf and for a shaded bottom layer leaf are also included. The results of
weighting LRUje,¢ with the shaded and sunlit leaf area index in each canopy layer is also shown, as well as the result of weighting LRUj¢ea¢
with the shaded and sunlit vegetation CO, uptake fluxes in each layer. Observations of (mostly) sunlit leaves from branch bag measurements
are indicated by the black stars. The error bars are calculated as -one standard deviation of the observed LRUj¢,¢ values over the periods we
average. No error bar is shown when only one measurement was available. The first 10 time steps (minutes) of the physical and new linear

regression model are not shown, to reduce potential numerical noise.

the posterior model with Hyytidld parameters (0.17 vs 0.20),
described earlier. Re-optimising therefore seems to provide
limited benefit for simulating the observations well. The pre-
diction of LRUy,;, generally only slightly changes in this op-
timisation (Fig. A3), with largest changes in the early morn-

ing.

4 Discussion
4.1 Model performance

For Hyytidld, we have optimised a set of parameters making
use of not less than 26 different observation streams. Because
of this, we obtain model parameters that are consistent with
a large number of observations, instead of over-focusing on
one observation stream. This more holistic approach of mod-
elling achieves a good fit with observations, despite the sim-
plifications present in the model. Major simplifications are
the exchange between canopy layers and the exchange be-
tween the canopy and the overlying mixed layer. The model
uses exchange coefficients, thereby assuming that the lo-
cal gradients drive the turbulent exchange. This neglects the
influence of larger scale turbulent eddies (see e.g. Brunet,
2020; LeMone et al., 2019). Sweep and ejection events are
important for canopy flow and exchange (see e.g. Zhu et al.,
2007), e.g. CO;, and H,O can be ejected from the understory
into the atmosphere above by ejection events (Moonen et al.,
2025). We tried to smooth out the influence of these pro-
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cesses (acting on short timescales), by using averaged ob-
servations.

The above-mentioned simplifications are a likely reason
why the specific humidity was not fitted well (Table A1) near
the bottom of the canopy. The change in LRUje,r due to verti-
cal within-canopy vapour pressure differences (Fig. 6) might
consequently be overestimated. However, the exact values of
the changes in LRUj¢,t are not relevant for our analysis that
served to better understand variability in LRU, and to identify
variables relevant for inclusion in the LRU.,, parameterisa-
tion.

We have tested the effect of our choice to set advection
to zero. For Hyytiild, we performed an additional optimisa-
tion in which we included advection of COS, CO,, H,O and
heat in the state that we optimise. We found only a small
change in the resulting cost function. Even without advec-
tion, the model already has quite some capabilities for fitting
temperature observations etc., for example by adjusting the
free tropospheric lapse rates. To disentangle the effects of ad-
vection and free-tropospheric entrainment, more specific ob-
servations such as vertical soundings might be useful, but this
was not the focus of this study (see also Sect. 9.6 of Bosman
and Krol, 2023).

A close inspection of the A-gs model equations
(Sect. S1.8.1) reveals that the internal CO, concentration
([CO2]int) does not directly respond to photosynthesis and
thus PAR. From a physiological point of view, [CO2Jin¢ is
linked to PAR, as PAR supplies the energy and reduction
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equivalents for the carboxylation process, and thus influences
the “photosynthetic demand” for CO;, which reflects in the
internal CO, concentration. Under sufficient amounts of ra-
diation, this should be of limited importance (Ronda et al.,
2001, and references therein). Under low radiation condi-
tions, this might be more important, and thus it would be
interesting for future studies to investigate how the modelled
LRU would change when using a different photosynthesis
model that represents the joint effects of diffusional supply
of and photosynthetic demand for CO; on [CO3 Jiy;.

The measurement tower in Mieming is located on a gen-
tly sloping plateau with mountains nearby, complicating the
thermodynamics and flow situation. We left out the obser-
vations of the CO, mole fraction at 2m height, as they
showed a very different time evolution compared to those at
20 m height. Such contrasting evolutions are very difficult to
reproduce with our 1d model, when using realistic parame-
ter values. Despite the simplification of the in-canopy phys-
ical processes in our model, the COS and CO; mixing ra-
tios at 20 m and above-canopy fluxes (important for LRU4,)
are reproduced relatively well (Fig. 9). We therefore believe
that our relatively simple model adequately represents most
key processes relevant for the combined daytime exchange
of COS, CO», and H>O between the canopy and the atmo-
sphere.

4.2 Universality photosynthesis parameters

Using the optimised leaf exchange (A—gs model and agicos)
parameters we obtained for July, we fitted the observations
for August and September in Hyytiéld, and the observations
in Mieming, to a satisfactory level. This suggests a level of
general applicability of these parameters.

As described in Sect. 3.3, we performed an additional opti-
misation for Mieming in which we included (as state param-
eters) the set of leaf exchange parameters that was included
in the July 2015 Hyytidld optimisation. We found strong
changes in the parameters. However, given the correlations
present between the A—gs-model parameters (derived from
an ensemble of optimisations, Fig. Al, Sect. 2.3), it is how-
ever difficult to precisely determine the values of these pa-
rameters, it is likely that parameter equifinality causes multi-
ple sets of parameters to perform comparably. Re-optimising
seems to provide limited benefit for simulating the observa-
tions well, as indicated by the small difference in x 2 between
the optimisations with and without the leaf exchange param-
eters in the state. This supports the applicability of the A—
gs-model parameters obtained for Hyytidld to Mieming, and
the applicability is likely to hold for more needleleaf forest
locations.

The problem of parameter equifinality could be tackled by
reducing the complexity of the A—gs model, thereby reduc-
ing the parameter count. This would ideally lead to a more
uniquely defined A—gs parameter set that is still transferable
to multiple locations. Wohlfahrt et al. (2023) used an opti-
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mality model that requires fewer parameters than our A—gg
model, which can be expected to lead to a more robust pa-
rameter set.

4.3 LRUga, and its parameterisation

The linear regression model for LRU.,, approximates the
physical model very well, both for Hyytidld and Mieming.
The uncertainty in the assimilated observations, and in the
physical model, also leads to uncertainty in the LRU val-
ues predicted by the physical model. The fit of the regres-
sion (and physical) model with Hyytiéla observations is ac-
ceptable, although there is a positive bias and the variation
is somewhat underestimated. Note that we do not directly
optimise LRU_,4y, but we assimilate the ecosystem CO; and
COS fluxes and molar fractions above canopy, which di-
rectly or indirectly link to LRU,, (Eq. 1). Given the com-
plexity of this variable (Eq. 1), some extent of mismatch
between model and observations seems logical. As is clear
from the error bars (Fig. 7), the differences in LRU¢,, be-
tween the 8d over which we average are substantial, com-
plicating the comparison with physical and regression mod-
els. Analysing the error bars of the 4 LRU,,-related compo-
nents in Fig. 2c-f for Hyytidld, makes clear that the COS flux
causes an important part of the variation.

Our new regression model is based on canopy absorbed
PAR and VPD of top sunlit leaves. A theoretical analysis
by Sun et al. (2022) also indicated a dependence of LRU
on PAR and humidity. The shapes of our Hyytidld LRUje,¢
canopy profiles (Fig. 5) correspond well to the shape of the
LRU profiles for a hypothetical canopy in Fig. 8 of Sun et al.
(2022).

LRUcy, is a canopy integrated quantity, and we have seen
(Sect. 3.1.4) that strong within-canopy variations occur. The-
oretically, LRU_,, should be larger than the LRUje4¢ of sun-
lit top leaves, as also shaded leaves, which have a higher
LRUjeys (Fig. 5), contribute to LRU,,. The difference be-
tween LRU¢y, and LRUjeys of sunlit top leaves should in-
crease when the contribution of shaded leaves to the total
COS and CO; exchange of the canopy increases. However,
as is clear from our model results in Figs. 7 and 10, the LRU
of sunlit leaves is not very different from the total LRU of
the canopy, especially when omitting the (early) morning and
evening. This is related to the limited contribution of shaded
leaves to the COS and CO; exchange (Fig. 8 for Hyytiil4).
The similarity between LRU.,, and LRUjeye of sunlit top
leaves is supporting the use of canopy COS fluxes to esti-
mate canopy CO» uptake, as it suggests that leaf-scale mea-
surements of LRU on sunlit leaves could be used to estimate
LRU_an. This also likely explains why the parameterisation
used in Lai et al. (2024), derived in Kooijmans et al. (2019),
performs remarkably well for Hyytidld, given that it was de-
rived using (top of canopy, and thus (mostly) sunlit) leaf-
scale observations from this site. For locations like Hyytidla,
leaf-scale measurements can be used for upscaling, provided
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these reflect what sunlit leaves are doing. It however remains
to be seen whether this also works for tall canopies with large
LAI (and consequently likely a larger shaded leaf area frac-
tion), e.g. tropical rain forests.

Figure 7 shows that the Lai24 parameterisation has a
stronger variation between midday and evening/morning, es-
pecially in September (compared to our regression model).
The observed large LRU values in early morning/late evening
are (probably at least to a large extent) caused by open stom-
ata while PAR is low. This leads to the CO; flux becoming
close to zero (as the CO, uptake is strongly light dependent,
given that PAR supplies the energy and reduction equivalents
for the carboxylation process), while COS uptake continues
as a diffusion process as long as stomata are open (destruc-
tion by carbonic anhydrase maintains a leaf-air gradient).
The parameterisation from Lai24 seems to better capture this
effect. As mentioned in Sect. 4.1, in the A—gs photosynthesis
model that is part of our modelling framework, the internal
CO; concentration does not directly respond to photosynthe-
sis and thus PAR. This “weakness” of A—gs might be a reason
why our model (and thus also our LRU,,, parameterisation)
does not capture the above-mentioned low-PAR effect well.
However, one should realise that very low PAR conditions
only occur shortly during our simulation period, and CO; up-
take is very low in the early morning/evening. Therefore, this
can be expected to be of limited importance when estimating
CO; uptake using LRU. We also have to keep in mind that the
Lai24 parameterisation was obtained by directly fitting LRU
measurements of sunlit leaves in Hyytidld. We derived our
LRU_an parameterisation by fitting components of LRUc4p
(which has a non-linear dependence on some of the com-
ponents). This provides a potential reason why the Lai24 pa-
rameterisation provides better results for the specific location
the parameterisation was derived for (taking into account that
the LRU of sunlit leaves is not very different from LRU_,p,
as discussed above).

However, for Mieming the Lai24 parameterisation clearly
underestimates the leaf-scale observations, and our parame-
terisation outperforms Lai24 at this location, based on lim-
ited observations and model output. One could hypothe-
sise that the difference in performance between our and the
Lai24 parameterisation could be (partly) related to the in-
clusion of VPD in our parameterisation. In Mieming the
VPD can be expected to be higher, due to climate differ-
ences, including more intense solar radiation. In our posterior
July optimisations, the modelled VPD of sunlit top leaves is
about 40 % higher in Mieming as in Hyyti4ld at 14:00LT.
Compared to Hyytiéld, the modelled larger VPD in Mieming
reduces LRUy,, as predicted by our linear regression model
by about 0.29. Consequently, the higher VPD in Mieming
cannot be the explanation for the lower LRU,, for Miem-
ing in Lai24 compared to our regression model, as the in-
clusion of VPD in our regression model reduces the differ-
ence between both parameterisations. Within the modelled
period, the difference in magnitude of LRU,, between Lai24
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and our physical model is mostly small in the early morning
and evening, the difference is much larger later in the morn-
ing and during midday, when incoming PAR is higher. This
suggests that the response to PAR in Lai24 is too strong for
Mieming. It also has to be noted that for the July observations
in Mieming, PAR reaches values above 2000 umolm~2s~!
around noon. This is outside the range of values used in Kooi-
jmans et al. (2019) to derive the Lai24 parameterisation at the
Hyytidla site (see their Supplement Fig. S6).

Lai et al. (2024) applied the Lai24 parameterisation glob-
ally, obtaining a GPP of 157 (£ 8.5) PgC yr~!. However, for
July and August in Mieming, the (derived) leaf-scale LRUjeaf
observations are on average about 75 % higher than the Lai24
parameterisation results (Fig. 10). Applying a 75 % higher
LRU;an to COS fluxes (Eq. 1) translates in a 75 % smaller
canopy net photosynthesis flux (=~ GPP) around midday at
this location. Given that our model results (and theory, see
Wohlfahrt et al., 2025) indicate that LRU,, is still somewhat
higher than the LRUj¢,¢ of sunlit top leaves (Figs. 7 and 10),
the underestimation of LRU,, by Lai24 will be even larger.
We therefore conjecture that the global GPP estimate pro-
vided by Lai et al. (2024) is very uncertain, as similar biases
could be present in other ecosystems as well. This can be es-
pecially the case when vegetation structure, vegetation prop-
erties and environmental conditions are very different com-
pared to Hyytidla.

Our developed parameterisation, although not performing
equally well as Lai24 in Hyytiéld, shows better transferabil-
ity to Mieming, based on our model results and limited ob-
servational data. For the same reasons as mentioned above,
one should be careful in applying our parameterisation to
other locations, especially to ecosystems other than needle-
leaf forests. Given that the Lai24 parameterisation seems
to perform better at Hyytidld, while our parameterisation
seems to perform better at Mieming, it is likely that differ-
ent parameterisations should be used for different locations
to reach the best accuracy. Furthermore, complete transfer-
ability of LRU,, parameterisations between vastly different
biomes might not be achievable, as the responses to PAR and
VPD might differ, and (additional) vegetation-specific phys-
iological/biogeochemical drivers of COS to CO; relative up-
take might exist. However, the transferability between the
Hyytidld and Mieming locations suggests that at least within
similar biomes, reasonable results can be obtained with a
single parameterisation. Our inverse modelling framework is
well-suited to improve knowledge on the relative uptake of
COS and CO», for different ecosystems. However, extensive
measurement data, including COS and CO; fluxes, need to
be available, and currently these datasets are sparse.

5 Conclusions

We have simulated daytime exchange of COS and CO;
over and within the canopy of needleleaf forest at two lo-
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cations: Hyytiéld, Finland and Mieming, Austria. We used a
coupled soil-atmospheric mixed layer—canopy inverse mod-
elling framework, with the aim of optimising model param-
eters that govern biosphere—atmosphere exchange at the leaf
scale. The results suggest a high level of transferability of
leaf-exchange model parameters between the two needle-
leaf forests. From the model results (07:00-19:00LT) we
found that the relative uptake of CO, and COS (LRU) at the
leaf scale is highly variable within the canopy, with high-
est LRU values associated with shaded leaves at the bot-
tom of the canopy. Our analysis indicates that the amount of
absorbed photosynthetically active radiation (PAR), vapour
pressure and leaf temperature are key variables determining
this variability. As a next step, we developed a linear regres-
sion equation linking the model LRU at the canopy scale
(LRU¢yy) with canopy absorbed PAR and vapour pressure
deficit at the top of the canopy. We found a good agree-
ment between the regression and the physical model. For
Hyytiél4, both the physical and regression model generally
somewhat overestimated LRU,, with respect to the (noisy)
observations. We found that the LRU of sunlit top leaves pro-
vides a relatively good estimate of LRU,,, which is bene-
ficial for the use of canopy COS fluxes to estimate canopy
CO, uptake. At the same time, we find that the simple leaf-
scale parameterisation obtained in Hyytidld by Kooijmans
et al. (2019), rolled out globally by Lai et al. (2024), per-
forms well in Hyytidld, but does not perform well in a more
southerly needleleaf forest (Mieming, Austria). This sug-
gests that climatic and canopy variability between different
sites is relevant for LRU. We need more in-situ data, includ-
ing combined COS and CO, fluxes, across a wider range of
species and climates to judge transferability of our devel-
oped LRU.,, parameterisation to different ecosystems and
seasons. Our inverse modelling framework is well-suited to
further improve knowledge on the relative uptake of COS and
CO;, for different ecosystems (e.g. scaling leaf to canopy or
guiding data collection strategies). The results so far provide
insights in the behaviour of LRU within the canopy, and are
promising to improve canopy net photosynthesis estimates
based on COS, especially for needleleaf forests.
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Appendix A: Additional figures and table
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Table A1. Used observation streams in the July 2015 Hyyti#ld optimisation, together with the posterior partial reduced chi-square statistic of
each observation stream (Bosman and Krol, 2023). Note (as an example) that the sensible heat flux is measured at approximately 24 m height.
In the model, the flux at this height is not calculated, the model output we compare these measurements with is the flux between the top
canopy layer and the overlying mixed layer.

Name Description Units in model Partial reduced chi-square

statistic
CO2 45 CO, mole fraction at 16.8 m height ppm 0.481
COyq , CO; mole fraction at 8.4 m height ppm 0.538
COy,, CO; mole fraction at 4.2 m height ppm 0.429
COS 14 COS mole fraction at 14 m height ppb 0.175
COS4 COS mole fraction at 4 m height ppb 0.278
COSyp 5 COS mole fraction at 0.5 m height ppb 0.901
q16.8 Specific humidity measured at 16.8 m height kg kgfl 0.061
q8.4 Specific humidity measured at 8.4 m height kg kg_l 0.061
q4.2 Specific humidity measured at 4.2 m height kg kg_1 2.697
q125 Specific humidity measured at 125 m height kg kgfl 0.277
q50.4 Specific humidity measured at 50.4 m height kg kg_l 0.284
COy,ys CO; mole fraction at 125 m height ppm 0.132
CO24 4 CO, mole fraction at 50.4 m height ppm 0.152
COS125 COS mole fraction at 125 m height ppb 0.138
COSy3 COS mole fraction at 23 m height ppb 0.282
T67 Temperature at 67.2 m height K 0.004
T16.8 Temperature at 16.8 m height K 0.130
Tan Temperature at 4.2 m height K 0.233
H Sensible heat flux at ~24 m Wm—2 1.126
LE Latent heat flux at & 24 m Wm—2 0.637
Fco, CO; flux at ~ 24 m height mgCOym~ 25! 0.129
Fcos COS flux at &~ 23 m height ppbms_1 0.194
Fcos,soil ~ Soil COS flux molCOSm—2s~! 0.049
Fco,,s0i1  Soil respiration molCO, m~2s~! 0.086
Uiss Horizontal wind speed at 16.8 m height ms~! 0.588
Ug 4 Horizontal wind speed at 8.4 m height ms~! 0.017

Code and data availability. Much of the Hyytidld data we used
were obtained from the SmartSMEAR database that contains con-
tinuous data records from all SMEAR sites (https://smear.avaa.
csc.fi/, last access: 24 April 2026). The COS eddy covariance
fluxes and mole fractions were provided by Linda Kooijmans and
Kukka-Maaria Kohonen. The (inverse) model code (the code of
ICLASS-can, including the canopy model SiL.Can) and data un-
derlying figures and tables in this manuscript can be found at
https://doi.org/10.5281/zenodo.19662626 (Bosman et al., 2026).
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