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Vegetation is one of the largest terrestrial sinks of atmospheric carbon dioxide, driven by the balance between
photosynthesis and respiration. Understanding the processes behind this net flux is critical, as it influences the
global atmospheric carbon dioxide concentration and hence climate change. A key factor determining the carbon
flux into the land surface is the absorption of light by vegetation, used to drive photosynthesis. However, climate
models commonly represent vegetation canopies as homogenous slabs of randomly positioned leaves. By
contrast, real forests generally exhibit large amounts of 3-dimensional heterogeneity.

We examine the impact of including measured 3D vegetation canopy structure on modelled gross primary
productivity (GPP) by looking at how leaf area is distributed. We introduce a methodology to calculate GPP using
output from the explicit Discrete Anisotropic Radiative Transfer (DART) model, following the approach
commonly used in land surface schemes. The sensitivity of modelled GPP to canopy structure assumptions in
Earth system models is explored, using 3D structural information derived from six forest plots using Terrestrial
Lidar Scanning (TLS) data. Here, we use the spatial resolution as a proxy for the canopy structure, with the very
coarsest simulations containing no spatial variability in leaf location, with variability introduced as the reso-
lution of the simulations becomes finer. In almost all cases, the simulated GPP is reduced, and with the finest
resolution this is up to 25 %. This contrasts with recent studies showing the opposite effect. In the few cases
where the GPP increased, this was only marginal (< 2.5 %). These results suggest that not accounting for the
impact of 3-dimensional canopy structure could lead to significant biases in land surface models, particularly in
forest’s contribution to the global carbon budget. We suggest that vegetation structure is considered, explicitly or
through a correction factor, alongside a comparison to existing clumping approaches.

1. Introduction

Terrestrial vegetation is one of the largest global sinks of carbon,
absorbing ~1/3 of all CO5 emissions (Friedlingstein et al., 2020) and, in
some regions, has the potential to switch to a carbon source with climate
change. This terrestrial carbon budget is driven by the balance between
the respiration and production, with this net flux varying from a net
uptake by the land of ~ 4 PgC year', to a net emission of carbon of ~0.3
PgC year'1 (Le Quéré et al., 2018; Sitch et al., 2008). This net carbon flux
influences atmospheric CO, concentration and therefore the progress of
climate change. The global primary production (GPP) is the process of
turning this atmospheric CO; into chemical energy, primarily by vege-
tation through photosynthesis, with the GPP flux estimated at 123 + 8
PgC year"1 (Ciais et al., 2013). Even small errors in the GPP will lead to
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uncertainties in the models that are bigger than the net flux. Conse-
quently, understanding the processes that drive GPP, and being able
embed this knowledge into Earth system models is a key task for climate
science.

Modelling of GPP in both climate and Earth system models has un-
dergone several advances in recent decades. For example, by including
the influence of the nitrogen cycle (Kattge et al., 2009; Sokolov et al.,
2008; Thornton et al., 2007), and the use of trait-based modelling ap-
proaches (Madani et al., 2018; Peaucelle et al., 2019; Rewald et al.,
2021; Yan et al., 2023). However, a fundamental aspect of modelling
photosynthesis that has changed very little is the assumption that ab-
sorption of light by plant canopies — a first order determinant of
photosynthesis — is analogous to that of a plane parallel, semi-infinite
turbid medium - the so-called turbid medium assumption. This
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implies that leaves are randomly located in space and the top and bot-
tom of the canopy is perfectly flat and parallel with the underlying soil,
and that there is no horizontal variability in the vegetation properties.
The use of these assumptions stems from the need for computational
efficiency within climate modelling. Structurally more explicit radiative
transfer schemes that resolve high levels of canopy detail have too heavy
computational and data requirements (e.g., Kobayashi and Iwabuchi
(2008); Gastellu-Etchegorry et al. (2015)). The turbid medium
assumption, however, permits the construction of so-called two-stream
models of radiative transfer for vegetation that can be solved analyti-
cally (Sellers, 1985) and have been the standard in climate models for
several decades.

One of the key advances in modelling canopy light interception that
has been adapted in some climate models is the splitting of leaves into
sunlit and shaded components (Dickinson et al., 2006; Norman, 1993;
Sinclair et al., 1976). This has been shown to have a significant effect on
modelled GPP (Sprintsin et al., 2012). This is especially true under the
influence of diffuse radiation, such as the work by Mercado et al. (2009)
which showed photosynthesis is more efficient during diffuse light (i.e.,
cloud cover or increased atmospheric aerosols) and found that the global
dimming period between 1960-1999 enhanced the land carbon sink by
25 %. However, these studies are still bound within the turbid medium
assumption, and hence lack any description of the 3D canopy structure,
which impacts model processes (Alton et al., 2006; Pinty et al., 2006).

Loew et al. (2014) showed that not accounting for canopy structure
can lead to a significant underestimation of the amount of radiation
absorbed by leaves and suggest that this will result in an underestima-
tion of GPP. Some other studies have tried to address the lack of vege-
tation structure in vegetation canopy models, using simple clumping
factors (Kucharik et al., 1999; Nilson, 1971). These factors account for
the observed tendency of vegetation to self-organise in 3D at multiple
scales (crowns, within-crown, branch level) allowing more effificent
absoprtion through the canopy. The use of clumping factors provides a
basic way to simulate the impact on radiation absorption by discrete tree
crowns, or the clumping of leaves (or needles) around a branch, and
means that for a given leaf area index (LAI), more leaves are shaded than
sunlit than without clumping. Studies disagree about the impact of
clumping on the resultant GPP, with Chen et al., (2012) finding a
decrease in GPP by 12.1 PgC year globally when incorporating
clumping into BEPS (Boreal Ecosystem Productivity Simulator). In
contrast, Braghiere et al. (2019) showed an increase of 5.53 + 1.02 PgC
year‘1 using the Joint UK Land Environment Simulator (JULES), and Li
et al. (2023) showed increased GPP in the shaded canopy of 6.9-8.2 PgC
year! and in the sunlit canopy of 5.9-7.2 PgC year'. Some studies have
expanded this work further by exploring whether these clumping indices
could be solar zenith angle dependent (Braghiere et al., 2020; Ni-Meister
et al., 2010; Pinty et al., 2006).

Interestingly, despite producing varied increases and decreases in
GPP, the studies by Chen et al. (2012) and Braghiere et al. (2019) used
the same clumping dataset as an input (He et al., 2012), so the differ-
ences between them seem to result from the treatment of the radiative
transfer. The BEPS model uses a so called big-leaf model, which treats
the total amount of absorbed radiation rather than the sunlit and shaded
components separately. The version of the Community Land Model
(CLM), CLM5, used by Li et al., (2023), assumes a single vegetated layer,
but splits the canopy into sunlit and shaded components.

Some newer model developments go a step further, implementing
multi-layer representation of the vegetation canopy, which allow vari-
ability of properties such as LAIL. Examples of these include multi-layer
developments for ORCHIDEE, where studies have examined the
impact on the energy balance and turbulent fluxes (e.g., Chen et al.,
(2016); Ryder et al., (2016)), as well as multi-layer developments for
CLM, such as CLM-ml (Bonan et al., (2018); Song et al., (2021)), and
CLM(ED) (e.g., Fisher et al., (2015), which uses the Ecosystem Demog-
raphy scheme (Longo et al., 2019; Shiklomanov et al., 2021)).

The JULES model uses a similar scheme to that in CLM5, but dividing
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the canopy into multiple layers (the default 10 was used by Braghiere
etal., (2019)). Given these contrasting results across models, we need to
better understand the role of assumptions made about the 3D structure
of vegetation canopies on photosynthesis. Furthermore, we note that
both CLM and JULES are the land-surface schemes of CMIP-contributing
Earth system models (CESM and UKESM respectively), and hence any
improved understanding in these processes will also improve climate
simulations.

This study tests the importance of including measured canopy
structure in calculations of photosynthesis using enzyme kinetics type
approaches (Collatz et al., 1992, 1991) which are commonly employed
in the land surface schemes of Earth system models. The objective of this
work is to test the sensitivity of modelled GPP to the common turbid
medium approach to vegetation structure, and departures from it, using
detailed forest canopy information. We derive a methodology to pro-
duce GPP from simulations from the high-resolution radiative transfer
model, DART (Discrete Anisotropic Radiative Transfer, Gastellu-Etch-
egorry et al., (2015). A previous study by Demarez et al. (2000) calcu-
lated the CO; assimilation using DART and the Collatz et al. (1991)
photosynthesis model, examining the how the distribution of LAI
affected photosynthesis, however focused on a fallow field rather than a
forest canopy. A more recent study by Liu et al. (2022) used TLS to
explore how different canopy representations (e.g., 3D explicit and more
simpler voxel-based) impact radiative fluxes.

In this work, we apply the photosynthesis scheme from a current land
surface model, JULES (Clark et al., 2011), to radiative transfer calcu-
lations from DART. We are hence able to explore how different the es-
timates of GPP produced by a turbid medium representation of
vegetation are to those of a forest canopy when different levels of canopy
structure are included. Here, the resolution of the input DART scene is
used as means of varying canopy structure, rather than applying a
clumping factor. For six models of forest canopy plots derived from
terrestrial lidar scanning (TLS), we examine the impact on the vertical
profiles of the absorbed radiation, and the GPP.

A description of the DART model and the methodology to determine
GPP from its radiative budget outputs are given in Section 2.1 and 2.2.
The TLS data collection and sites used are outlined in Section 2.3. A
comparison between JULES and DART GPP is shown in Section 3.1.
Results of the comparison of GPP across scenes with decreasing hori-
zontal resolution are given in section 3.2-3.5, with the discussion and
conclusions given in Section 4 and 5.

2. Methods
2.1. Description of the discrete anisotropic radiative transfer model

The Discrete Anisotropic Radiative Transfer (DART) model
(Gastellu-Etchegorry et al., 2015) computes radiative exchanges in
heterogeneous Earth scenes. DART scenes are divided into grids of
‘voxels’ and ‘sub-voxels’ with an evenly spaced user-defined resolution
(horizontal and vertical). Each voxel can be populated with scene ele-
ments (e.g., ground, vegetation, buildings) which are either discrete 3D
objects, or turbid media. Any scene elements (e.g., vegetation or
buildings) in the same voxel can interact with each other. Per-voxel
radiative fluxes (absorbed, scattered, and upwelling and downwelling
clear-air) can be output for each voxel.

Vegetation within DART can be represented either explicitly as in-
dividual leaves or as turbid media (Gastellu-Etchegorry et al., 2015;
Janoutova et al., 2019). Describing leaves as planar surfaces, or ‘tri-
angles’, means each individual leaf has a given area and orientation. An
alternative, used in this work, is to describe vegetation as turbid media,
i.e., volumes filled with randomly distributed infinitely small facets.
This approach prescribes a leaf angle distribution (LAD) and leaf area
volume density to the vegetation. If voxels of turbid media are distrib-
uted evenly across the scene, both horizontally and vertically, this
matches the assumptions of two-stream models used in climate
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simulations. Consequently, deviating from this representation, by
introducing variability in space provides a means of testing the sensi-
tivity of land models to the assumption that canopy radiative transfer
can be represented by a perfectly homogeneous media.

The DART model has been widely used to model and evaluate radi-
ative transfer in vegetation. For example, it is one of the models eval-
uated in the long-running model intercomparison project, RAMI
(Radiative Model Intercomparison) which aims to provide a benchmark
for several canopy radiative transfer schemes, examining bidirectional
reflectance, as well as 1D and 3D canopy schemes (Pinty et al., 2004;
Widlowski et al., 2015, 2007). Other applications of DART for vegeta-
tion include simulating airborne lidar (De Boissieu et al., 2023),
modelling solar induced fluorescence (Malenovsky et al., 2021; Regaieg
et al., 2023), and forest fire modelling (Revilla et al., 2021).

2.2. Calculating photosynthesis using the DART model

To calculate photosynthesis from DART, we adopt the approach used
within JULES. JULES is a land-surface scheme which models the ex-
changes of heat, momentum and mass (including water and CO2) be-
tween soil, vegetation, and the atmosphere (Best et al., 2011; Clark et al.,
2011).

A multi-layer approach to vegetation radiative transfer is used within
JULES, where the vegetation canopy is divided into n equal-LAI layers
(default n = 10). To determine the absorption and interception of ra-
diation through the canopy, JULES uses the analytical solution to the
two-stream equations for radiative transfer of Dickinson (1983) and
Sellers (1985). JULES extends the Sellers approach by including sunlit
and shaded leaves, through the method of Dai et al. (2004). This cal-
culates the contribution of the uncollided incident direct beam, the
scattered (or collided) component of the direct beam, and the collided
and uncollided components of the incident diffuse radiation. All leaves
receive the scattered component of the direct beam, and both compo-
nents of the diffuse radiation incident at the top of the canopy. Sunlit
leaves additionally receive unscattered radiation from the direct beam.

To compare the effect of canopy structure on the modelled photo-
synthesis, we apply the photosynthesis calculations from JULES to the
outputs of the DART model. As the required components cannot be
extracted from a single DART simulation, we develop a methodology
that provides each of the terms needed for the Dai et al. (2004) solution.
For each simulation, we require the amount of radiation absorbed from
direct sunlight, the amount absorbed from the scattered component of
the direct beam, and the amount of radiation absorbed from diffuse
illumination within each DART voxel in the scene (by either leaves or
soil). Hence, we complete three DART model runs for every scene:

1) A black leaf/ground, direct beam-only simulation.
2) A real leaf/ground, direct beam-only simulation.
3) A real leaf/ground, diffuse illumination-only simulation.

Here "black’ denotes a scene where an element absorbs all radiation
that is incident upon them, and ’real’ include scattering within the
canopy. Much of this methodology follows that in Clark et al., (2011).
First, for each DART voxel, we calculate Lgyn, the leaf area which is
directly illuminated by the sun, using Dai et al. (2004)’s Eq. (3), from
ABlack,pir, the fraction of absorbed (A) incident light in the voxel in
simulation (1):

Lsuntic = Aplack.pir / kb (@)

Where k, = G(u)/u, G is the Ross function and y = cos(yp), where
0 is the solar zenith angle. Simulations were run with a spherical LAD,
(G(w) = 0.5) and a horizontal LAD (G(u) = u), so that we can make a
direct comparison with JULES, which implements only these two LADs.
We acknowledge that in real forest canopies a that these two LADs may
not provide the most appropriate description (e.g. Baldocchi et al.
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2002), and also that other land surface models (e.g., CLM) have more
flexible descriptions of LAD.

The total LAI in each DART voxel (Ly,y) and the LAI that is sunlit,
Lguniir, are used to calculate the sunlit fraction, fs,n. The absorbed ra-
diation in the real leaf/ground, direct beam-only simulation arises from
both the scattered and unscattered components, hence implicitly we
have:

AReat.pir = Arealpir.s + AReal DirU- 2)

Where Ageq pir is the output DART absorption from simulation (2).

We then determine the amount of scattered radiation from the direct
beam (by either leaves or soil) that has subsequently been absorbed by
vegetation (Ageapir,s), using both the ‘black direct’ and ‘real direct’
simulations. The Ageqpir,s is equal to the absorption from the ‘real
direct’ simulation (2) (AReq,pir), minus the amount of radiation that
would be absorbed from the initial interception of the direct beam by the
leaves (ARealpir,y)- This is calculated here from the absorbed radiation
per voxel in the ‘black direct’ simulation (1), Apiack, pir, and the leaf co-
albedo, 1-w:

AReal,Dir,S = AReal,Dir - (1 - w)ABlack,Dir- (3)

Shaded leaves intercept and absorb only diffuse radiation, both
incident from the sky and scattering of the diffuse incident radiation by
leaves (the sum of which is Ageq pif), as well as diffuse radiation due to
scattering of the direct beam by leaves (Ageqpir,s)- The absorption of
these radiation streams per unit leaf area is a sum of these components
weighted by the fraction of incident radiation at the top of the canopy
that is diffuse, fg

AShade = ((1 - fd)AReal‘ Dir,S +fdAReal,Dif) /LVux- (4)

Sunlit leaves, however, absorb both diffuse and direct radiation.
Therefore, the absorption of radiation by sunlit leaves additionally in-
cludes the amount of radiation from the direct beam that is absorbed,

Asuntir = Ashade + ((1 - fd )AReal.Dir, U) /LSunlits %)

Which then simplifies to:
Asuntit = Ashade + (1 — fa)(1 — @)ky. (6)

To scale this to voxel-level absorption, Agynjir and Agpede are simply
weighted by Lgyniir and Lgpeqe and added together.

We then use the implementation of the enzyme kinetics model for
photosynthesis proposed by Collatz, within the JULES model, as
described in Clark et al. (2011) to calculate GPP for each voxel using
Agyntir and Agpage Separately. The total GPP is then given by:

GPProwat = GPPsuniie X fsuniic + GPPsnade X (1 — founi)- (7)

Where the shaded and sunlit components of GPP (GPPghade, GPPsyniit)
are calculated separately. For the purpose of coupling JULES routines
into DART, we use a Python version of the JULES canopy available from
the UK Met Office code repository service (https://code.metoffice.gov.
uk/trac/utils/browser/leaf simulator, last accessed 25/03/24).

The JULES canopy simulator implements all leaf level aspects of
photosynthesis that are in the full JULES model, and which are needed
to calculate the sunlit and shaded GPP components in Eq. (7). Full en-
ergy and mass balance are not represented, however, and hence the
simulator does not include prognostic soil moisture or leaf temperature.
In this manuscript we set the soil moisture such that there is no impact
on photosynthesis, and leaf temperature is input to the model as
described in the individual experiments. Photosynthesis calculations
closely follow the approach described by Collatz et al. (1991) in which
carbon assimilation is the minimum of possible assimilation rates from
light, Rubisco, and transport limitation. Full details are given by Clark
et al. (2011).

For the photosynthesis calculations we vary the leaf temperature
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(TLeqf), incoming photosynthetically active radiation (IPAR) and 6y to
identify how the relationship between structure and GPP may change
with environmental conditions.

These environmental parameters along with f4 are varied throughout
the study. Within JULES, the value of Vg — the maximum rate of
carboxylation, a key parameter in the photosynthesis calculations - is
determined by the values of Tp.y and the value of Vpee at 25 °C
(Vemax2s)- The Vimaxos is a function of leaf nitrogen or, in simulations
where there is no active nitrogen cycle (as in this work), it is prescribed
on a PFT basis. As the T4 is prescribed the same for both sunlit and
shaded leaves, V pax is also the same for both.

For the photosynthesis calculations, a range of realistic temperatures
are selected, so Treqr = 10, 15, 20, 25, 30 °C. This corresponds to values
of Vemax = 0, 2.0 x 1075, 1.17 x 1075, 5.4 x 1075, 2.31 x 107, 9.19 x
10~* mol CO, m™ sL. Values of IPAR are selected between 100 W m 2
and 400 Wm 2

2.3. Real forest canopies in DART

2.3.1. TLS data

This study assesses the implications of canopy structure for GPP
calculation across six forest plots where TLS data has been previously
collected (Table 1). These are: Nova Xavantina (Brazil), Eifel (Germany),
Harvard (USA), Lopé (Gabon), Maliau (Malaysia), Wytham Woods (UK)
(Fig. 1). Sampling across these six sites means that we capture multiple
habitat types, including savannah, tropical forest, mixed temperate
forest (conifer and deciduous), and spruce. The total LAI range across
the scenes is 2.22 m?> m™ (Eifel) - 6.48 m? m™ (Maliau), and the
maximum height ranges from 12 m - 98 m.

For all sites, TLS data were collected using the sampling protocol of
Wilkes et al. (2017). All scanning was conducted with a RIEGL VZ400
(RIEGL, Horn, Austria) where scan rate was 300 KHz and angular step
was 0.04°. Scans were captured on a regular grid (Table 1) where at each
scan position an upright and a tilt scan were acquired. Scans were
co-registered using a set of targets as tie-points (Wilkes et al., 2017)
using the RiSCAN Pro software package. The finest spatial resolution
used for most sites is the grid size that the TLS data were captured on.
This is not the case for Eifel, where the plot has been scaled to 25 m x 25
m so all DART 1 m x 1 m are filled with turbid media, and for Wytham
Woods where supplementary data means that the spatial resolution of
the LAI can be determined at 1 m x 1 m.

2.4. Calculating leaf area index from TLS data

For all sites, a spatially explicit estimate of LAI was derived and
voxelised. Two different methods were used to calculate LAI. For all
plots, LAI was computed using the method of Jupp and Lovell (2007)
where vertically resolved Plant Area Volume Density is determined from
TLS derived gap probability (Calders et al., 2014).

Due to the availability of additional data, a second method to
determine LAI was applied only at Wytham Woods. This method
involved aggregating and voxelising leaf facets from an existing radia-
tive transfer model (Calders et al., 2018). The LAI for the this existing
model was estimated from hemispherical photography (Calders et al.,
2018).

Table 1
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2.5. DART settings

All radiative transfer simulations in this study use DART in ‘forward’
flux-tracking mode, based on the discrete-ordinate method
(Gastellu-Etchegorry et al., 2015). Broadband simulations are
completed within the PAR region of 0.4 — 0.7 pm. DART simulations
track radiation along 12 directions within the 4z space, with three it-
erations completed. No atmosphere is prescribed within DART for this
study.

Here, all vegetation elements are set as turbid media (Section 2.1),
with the voxel LAI determined from TLS (Section 2.3.1). DART voxels
are set to have vertical and horizontal resolutions of 1 m in all simula-
tions. The JULES model does not consider stem or branch structures
within forest canopies, and so, despite the ability of the DART model to
consider these, in this work we neglect them, to maintain consistency
with the land surface modelling approach. Scenes are set within DART to
be repetitive. The six plots have no underlying topographic variation,
which is consistent with the assumptions used in the canopy radiative
transfer calculations of most common land surface modelling ap-
proaches, however at the plot scale used here (> 100 m) the impact of
the true topography on the vegetation and radiative fluxes is likely to be
small.

We assume that all vegetation within each plot has the same optical
properties, mirroring the assumptions inside land models like JULES
(which typically prescribe uniform optical properties across PFT) and
allowing us to isolate the sensitivity of GPP predictions to canopy
structure alone. For “black” simulations, the albedo of all surfaces
(leaves and ground) are set to 0, to absorb all incident radiation. For
‘real’ simulations the leaf properties are set for a typical JULES PFT,
assuming the ground albedo = 0.1, and leaf reflectance = 0.1, and leaf
single scattering albedo = 0.15. All simulations are set with these same
optical properties so that any variability arises from the structure only.
Although this assumption is consistent with those made in land surface
models, it neglects real-world spatial variability in optical properties
within tree canopies. In effect, this assumes that the mean leaf optical
properties will lead to a representative value of fAPAR for the whole
canopy, which is likely a suitable first-order approximation but could be
an avenue for future research.

Within this work we complete a sensitivity test to environmental
conditions. The only parameter that is specified within DART for this is
the 0y, and we sample five from directly overhead sun to a low sun angle
of 60°, sampling every 15°.

3. Results
3.1. Reproducibility of JULES canopy simulator output

We test out GPP calculations using a canopy with constant vertical
LAI and no horizontal LAI variation, against identical simulations from
the JULES canopy simulator using the Sellers two-stream model. We
compare profiles of both the fraction of absorbed PAR (fAPAR) and GPP
for the sunlit and shaded parts of the canopy. Both models are run using
multiple fgand 6 (Fig. 2). Within these simulations we use the LAI of the
Wytham simulations (L = 3.65 m? m’z), where both DART and JULES
are run with 10 equal-LAI vertical layers, each with an L = 0.365.

Details of forest plots used in this study, including location (latitude/longitude), total scene leaf area index (LAI), collected TLS resolution and plot size, maximum

height collected (Hpay), and dominant tree type within the plot.

Plot Lat Lon Plot size (d, m) TLS resolution (m) LAI (m? m'z) Hpax (m) Forest type

Wytham Woods 51.773 -1.322 100 20 3.65 30 Temperate broadleaf
Maliau 4.745 116.970 100 10 6.48 98 Tropical rain forest
Nova Xavantina -14.713 -52.354 100 10 3.03 12 Cerrado tipico
Harvard 42.5120 -72.2189 60 10 5.10 32 Transition Hardwood
Lope -0.174615 11.573313 100 10 3.34 44 Tropical rain forest
Eifel 50.615 6.433 66.4 16.6 2.23 35 Beech plantation
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Fig. 1. (a) Vertical profiles with height, and 3D structure of LAD within six forest canopy plots, (b) Wytham Woods, (c) Nova Xavantina, (d) Maliau, (e) Lopé, ()
Harvard, and (g) Eifel, derived from terrestrial laser scanning (TLS). All plots are shown at their scanned resolution (e.g., Nova Xavantina at 10 m x 10 m, Table 1),
except Wytham Woods which is shown at 10 m x 10 m, and Eifel which is shown at a scaled resolution of 25 m x 25 m.

Across all f4 and 6y sampled, the JULES and DART simulations show
almost identical profile shapes for both GPP and fAPAR (Fig. 2, Fig. S2).
The results are consistent across all values of 6§y sampled, with only two
values shown in Fig. 2 for simplicity (69, = 15°, 45°, 60°, shown in Fig.
S2). For both entirely diffuse and direct simulations (f; = 1.0, 0.0), we
see slight disagreement at the base and top of the canopy. This contrasts
with simulations where f3 = 0.5, where there is agreement at the top and
base of the canopy but disagreement within, where DART has lower GPP
and fAPAR than in JULES.

When f; = 0.0, DART is lower than JULES for both fAPAR and GPP in
the lower canopy, the relationship flipping when cumulative LAI < 1.0.
The opposite is the case when fy = 1.0, with DART lower than JULES in
the upper canopy for both fAPAR and GPP (LAI to ~ 2.5 m? m™).
Because the differences apparent in fAPAR are always < 2.5 %, we as-
sume they arise due to differences in the radiative transfer solutions
between DART and the Sellers two-stream model. Differences in GPP are
driven by these differences in absorbed radiation because the onward
calculations are identical (using the same Python code).

3.2. Spatial resampling of DART scenes

We modify the spatial resolution to determine the impact of the
horizontal structure on the total canopy GPP. The resolution is coars-
ened from the original resolution of the TLS sampling or DART scene (v)
to the plot size. In the latter case, this would produce a scene that is
similar to the setup used within JULES, but with a non-homogenous
vertical distribution of the LAI. Here, we average the LAI horizontally
such that a single LAI value is used for the entire horizontal extent of the
scene, e.g., for Wytham, the scene is coarsened at 2 m, 5m, 10 m, 20 m,
50 m, and 100 m resolution. For Harvard, which has a plot diameter, d =
60 m, v =10 m, the only other resolutions we can resample the LAI at are
20 m and 30 m.

As the canopy structure is coarsened, the scenes looks less realistic.
This is most notable for Wytham (Fig. S1), which is collected at the finest
resolution, where the gaps in the canopy towards the ground, and the
emergent vegetation at the canopy top, are removed as the resolution is
coarsened (Fig. S1).

Although more visible for Wytham Woods (as the model is down
sampled from an existing model), we see fewer sub-canopy gaps where
radiation could penetrate to ground level in all scenes as the resolution is
coarsened (Fig. 3). In all scenes the total LAI remains the same through
each level of degradation. Key features of the forest structure, such as the
two areas of dense vegetation in the Maliau scene are lost when we

capture the LAI distribution at a higher resolution (Fig. 3). This contrasts
with the Cerrado scene, where forest succession has caused the vege-
tation to be taller on one side of the plot to the other, and so the
reduction in height and LAI across the canopy can still be seen at v = 50
m. Forest plots that are more horizontally homogenous (e.g., Eifel and
Harvard, Fig. 4), have less obvious changes in LAI as the spatial reso-
lution is coarsened (Fig. 3).

3.3. The impact of voxel resolution on vertical properties - Wytham
Woods

We examine the vertical profiles of fAPAR, and GPP for both sunlit
and shaded leaves for Wytham Woods. We examine the profiles for 6y =
0°, and for IPAR = 100, 300, 500 W m %

Across the resolutions sampled for Wytham, we see three archetypes
of behaviour from the fAPAR and GPP profiles (Fig. 5). These are a result
of averaging across multiple columns in the scene, each of which de-
scribes a different exponential decay in absorbed radiation through the
canopy. For the 100 m x 100 m scene, each fAPAR profile start at the
same height, with the same LAI profile, and so look similar to those from
JULES (Fig. 2). As the scenes become more realistic, there are larger
differences in the LAI profiles, but also the height in the scene the profile
starts from, changing the average.

The first type of behaviour is seen for v = 1 m, the highest spatial
resolution, where the fAPAR or GPP at any cumulative LAI is always the
smallest (cf. any other resolution). For the v =1 m and 10 m, we see the
fAPAR at the top of the canopy fall to zero, as a result of small but dense
voxels of vegetation present above the main surface of the canopy. These
are the areas of emergent vegetation at the top of the canopy seen in Fig.
S1 and contrast with the horizontally homogenous canopies where the
largest fAPAR is seen at the top of the canopy.

The second type of profile, seen when v > 10 m, shows a higher
fAPAR further towards the top of the canopy, but lower than that of the
horizontally homogenous canopies. The greatest fAPAR and GPP mag-
nitudes are seen close to the canopy top, but then rapidly drop down to
zero at the canopy top (as when v = 1 m). The third profile, from the
horizontally homogenous canopy (v = 100 m) exhibits a profile like that
seen in JULES (Section 3.1).

In all simulations the fAPAR and GPP in the shaded part of the
canopy is always lower than the sunlit part. As the IPAR increases, the
maximum GPP increases in all canopies. The scene where v = 1 m shows
a curved sunlit GPP profile, which has a small area of near-constant GPP
in the centre of the canopy (by LAI) when GPP increases. However, when
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Fig. 2. Comparison of the sunlit (solid) and shaded (dashed) profiles of fAPAR and GPP for a slab canopy with homogenously distributed L = 3.65 m? m™ across 10
layers in DART (black) and the JULES canopy simulator (blue). Both simulations are conducted for three fractions of diffuse radiation, f4 = 0.0, 0.5, 1.0, and for two
solar zenith angles, 8o = 0°, 30°. In all of these experiments, Trear = 25 °C, and IPAR = 300 W m?

the IPAR increases in both the v = 10 m, 100 m scenes, the sunlit GPP
becomes almost constant with depth, with the v = 10 m canopy ~ 43

pmol CO; m2 s LAT! between a cumulative LAI ~ 0.75 — 3.3 m? m2,

3.4. Impact of canopy resolution on total GPP

The effect of varying the horizontal resolution of the canopy is tested
across all six forest plots (Fig. 1) at all resolutions (Fig. 3), for a range of
IPAR, 6y, f4, and Treqs. The selection of environmental parameters tested
are given in Section 2.4.

The vertically integrated GPP across all scenes for a given selection of
environmental parameters shows spatial patterns consistent with the
integrated LAI (Fig. 3); with the areas of largest GPP having the largest
LAI (Fig. 6). As we coarsened the voxel resolution, the spatial variability
of GPP decreases, as would be expected. This is the clearest in the Wytham
Woods plot, as when the LAl is coarsened, the fraction of open space in the
canopy decreases, leading to a more even GPP across the scene.

Taking scenes only with illumination at nadir, with an optimum Treqf
= 25 °C, the total canopy GPP across all plots and resolution increases as
the IPAR increases (Fig. 7, Fig. S3). Generally, in these cases, for any
scene, the total canopy GPP is highest for the 100 m x 100 m canopy (60
m x 60 m, Harvard), and lowest for the finest resolution scene (Fig. 7).
This is most evident across the range of resolutions in Wytham Woods
and Maliau, with slight differences in Nova Xavantina and Lopé. Larger
differences between resolutions can be seen when the IPAR is highest.
This may be due to the spatial heterogeneity of the forest plots, as the
scenes with the highest variability in the total canopy GPP are those that
have higher horizontal variability in the LAI (Fig. 4).

Given results from other studies (e.g., Braghiere et al. (2019); Li et al.
(2023)), which show that GPP increases when canopy structure is
introduced, we examine the above across IPAR and Tiear for all scenes
with a range of f; (Fig. S4 — Fig. S8). We find that in almost all cases, that
more detail in structure (i.e., finer resolution simulations) decreases
GPP. For Wytham Woods, when f; = 0.5, this can be up to 15.5 %
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Fig. 3. Vertically integrated LAI for each of the six forest plots (Row, Fig. 2, Table 1), for each resolution in this study (column).
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Fig. 5. Vertical profiles of sunlit (green, dashed), shaded (grey, dashed) and total (black, solid) canopy absorption (fAPAR, column 1) and GPP (pink, columns 2-4)
for Wytham Woods at three resolutions (rows: 1 m, 10 m, 100 m) for overhead sun (6y = 0), with GPP calculated using fq = 0.5 and Tyeas = 25 °C, across three values

of IPAR.

difference, with the largest differences seen at high temperatures. A few
exceptions occur when GPP does increase, however the magnitude of the
change is much less (< 1 %). There are 24 exceptions when f3 = 0.5 and
80 = 0°, across the range of IPAR and T tested, but generally at lower
values of Tpeq, which occur at coarser resolutions (v = 20, 50 m).

Examining other values of fg, we find similar results, with decreases in
GPP up to 25 % when f3 = 0.0 for Wytham Woods. Similarly, we see
increases in GPP for this same case of up to 2.3 %. However, we note that
a case where all incoming radiation is completely from the direct beam is
uncommon.
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Fig. 6. Vertically integrated GPP for six forest plots (Fig. 1, Table 1) for IPAR = 300 W m?2, 09 = 0, and Trear = 25°. All scenes are coarsened at different resolutions
due to the plot size and the available TLS resolution (Table 1).
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Fig. 7. The difference in total canopy GPP between each coarsened spatial resolution (Fig. 1, Fig. 3) and the slab canopy (AGPP), for each of the six forest plots for a

single solar zenith angle, 6o = 0° and leaf temperature, Tyear =

The relationships mentioned above also hold across sun angle
changes (Fig. 8); however, this is less pronounced, with lower 6y pro-
ducing a lower difference in the total GPP across scenes. Although we
test six values of dy only three are shown for each site, for clarity as the
same relationships are found across all 8. In scenes where there is a
larger range of GPP across spatial resolution in Figs. 6 and 7 (e.g.,
Wytham Woods and Maliau), the range across 0y remains largest across
low sun angles. This decrease in GPP with a lower sun likely occurs as
there is less penetration of radiation through canopy gaps that are

25 °C, for a range of IPAR.

opened up due to the use of finer canopy structure.

3.5. Sensitivity of GPP relations to canopy parameter choice

To understand whether the results shown in this paper are inde-
pendent of the parameter choices made, extra simulations have been
completed focusing on three specific parameters sets that influence the
interaction of leaves with radiation: LAI, optical properties, and LAD.
The first of these use all six sites, and isolate the structure-only effects,
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Fig. 8. The range of total canopy GPP across LAI resolution for (a) Wytham Woods, (b) Nova Xavantina, (c) Maliau, (d) Lope, (e) Eifel, and (d) Harvard. Each

resolution is simulated with a range of IPAR, and three solar zenith angles, 6, = 0°, 30°, 60°, with leaf temperature, Tjear =

25 °C.
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by scaling each canopy LAI so that all scenes have the same LAIL. The
latter two experiments use only the Wytham Woods site at three reso-
lutions (v = 1 m, 10 m, and 100 m).

3.5.1. Magnitude of the scene LAI

The work in section 3.4 examines the variability of total canopy GPP
across multiple scenes and environmental conditions, however all scenes
have differing total canopy LAIL Here, we expand on this and isolate the
structure-only effects, by scaling the total LAI of each scene such that L =
3.0 m? m2, whilst retaining the spatial distribution of LAL The DART
simulations are then completed for all resolutions of the forest canopies.
To further remove the influence of LAI on the canopy GPP, the Wytham
Woods LAl is scaled to L = 1.0, and L = 10.0. at three resolutions (v =1
m, 10 m, 100 m).

Firstly, in the horizontally homogenous simulations (Fig. 9, bars
labelled 100 and 60), the vertical variability of LAI has no influence on
the total canopy GPP. Despite differences in the vertical profiles of LAI
(Fig. 1), the total GPP across all scenes are roughly equal.

The largest differences in GPP across the simulations where v =10 m
- 100 m are found in the Maliau simulations (Fig. 9). Here, for constant
IPAR and Tiqp, the differences in GPP between the coarsest and finest
resolutions are ~ 7 pmol CO, m™ s’ This is also seen in Fig. 7. This is
likely due to the sharp gradient in the LAI across the scene (Fig. 3).

Although Wytham shows a similar change in GPP across the spatial
resolutions (1 m — 100 m) as Maliau, the change from 10 m — 100 m is
only small (> 3 pmol CO, m™2 s1)_ This is similar to both Nova Xavantina
and Lopé, although the Nova Xavantina GPP always decreases with
spatial resolution. In contrast, the Wytham and Lopé GPP are almost
identical between v = 50 m and 100 m. These three scenes show varying
amounts of horizontal variation of LAI, with Nova Xavantina showing an
LAI spread ~ 1 for half of the canopy, Wytham showing an LAI spread of
~ 0.5 m?m2. Some scenes show almost no variation of GPP with canopy
structure (Eifel, Harvard, Fig. 9). This is consistent with the results in
Section 3.4.

In the simulations for Wytham, there is a large change in the GPP
between the case where v = 20 m, and v = 1 m (Fig. 9). This could point
to a difference in behaviours captured by the simulations as the spatial
resolutions becomes finer, for example from crown scale at the coarser
resolutions, to branch scale when v = 1 m of 2 m.

Agricultural and Forest Meteorology 366 (2025) 110437

The additional simulations for Wytham Woods (Fig. 10) suggest that
the pattern of decrease in GPP between the homogenous canopy and the
finest spatial structure is consistent between the different LAI magni-
tudes. The GPP for all resolutions is significantly larger in the scenes
with higher LAI, as expected, with almost double the GPP between L =
1.0 and L = 10.0. The difference between the finest spatial structure and
the homogenous canopy is much larger in the simulations with higher
LAI (Fig. 10b, ), with a similar magnitude difference between v =1 m
an(zi v 1: 10 m in the simulations with L = 3.0 and L = 10.0 (~ 7 pmol CO4
m“s).

3.5.2. Leaf and soil optical properties

To determine whether our findings in Section 3.4 are sensitive to
optical properties of leaves and soil, we carried out two experiments
using the data from Wytham Woods at three spatial resolutions. The first
of these used higher values of leaf albedo and transmittance (both 0.2).
The second used an enhanced soil albedo of 0.3.

The simulations where the soil albedo is increased have increased
total GPP compared to simulations with the original optical properties,
denoted “JULES PFT” (Fig. 11). This is expected as the soil reflects more
radiation back towards the leaves which then absorb more, leading to
more GPP. In contrast, the simulations where the leaf albedo and
transmittance are increased have a lower GPP than the simulations using
the JULES PFT values, simply because the leaves are absorbing less
radiation.

Both simulations follow the results in section 3.4, that the canopy
total GPP is lowest when a finer resolution, and hence greater detail on
canopy structure, is used. As the simulated 6y increases (off-nadir) the
total GPP generally increases, as in Fig. 8. This is most consistent in the v
=1 m simulations. In the other resolutions, the GPP starts to decrease at
the higher 6y (45° or 60°). The simulations where soil albedo is modified
become closer to the original simulations when the sun is lower in the
sky as less radiation penetrates to ground level and hence less radiation
can be reflected back into the canopy.

3.5.3. Leaf angle distribution

To examine whether our findings in Section 3.4 would change under
different leaf angles, we complete a further experiment using Wytham
Woods at three spatial resolutions. In these simulations we implement a
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Fig. 9. The total canopy GPP for each forest canopy used here, but with the scene LAI, L = 3.0, for all spatial resolutions used in the study (Fig. 3). All 65 = 0°.
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horizontal LAD, which is the only alternative in the JULES model to the
spherical LAD.

The simulations with horizontal LAD show the scene GPP is
decreased at Wytham Woods when the finest spatial resolution is used
(Fig. 12). As in Fig. 8, the total scene GPP decreases as ¢y increases.
However, the difference in the GPP across 6y is minimal (~ 2 pmol CO4
m? s1). The homogenous scenes show little difference in canopy GPP
across 0 until §p = 60°, when there is a decrease in GPP. A similar, but
less marked pattern is seen when v = 10 m.

4. Discussion

Despite the importance of terrestrial vegetation to the carbon cycle,
there are large uncertainties in the magnitude of the global primary
productivity (GPP) flux. For climate models, one source of uncertainty in
GPP predictions, which we argue is significant, is the simplicity with
which vegetation structure is represented. Here, we introduce a meth-
odology to calculate GPP from a radiative transfer model, DART

12

(Gastellu-Etchegorry et al., 2015), which can represent the canopy at
arbitrary levels of detail given appropriate input data. Using this
methodology, we investigated the effect on modelled GPP, of incorpo-
rating varying levels of explicit canopy structure rather than commonly
used clumping factors which scale the bulk LAI of the canopy. The input
data on the spatial distribution of leaves was derived from terrestrial
laser scanning (TLS), which was translated into the leaf density per voxel
for input to DART, and then the horizontal resolution was varied from
the finest we could reliably calculate with the data collected, to a rep-
resentation like that seen in a typical climate model land surface scheme.

Modifying the horizontal voxel resolution changes the vertical pro-
file of both fAPAR and GPP within the forest canopy. We find three
archetype profiles. The most detailed TLS (1 m) leads to a GPP curve that
starts and ends at 0 pmol COy m s LAT', indicating areas of emergent
vegetation at the top of the canopy that are seen in the TLS data, and at
the bottom openness under the tree crowns themselves. The second
archetype shows values of mean GPP (and fAPAR) 0 pmol CO» m?2s?!
LAT! at the canopy top, with the highest fAPAR/GPP towards the
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Fig. 12. The total canopy GPP for Wytham Woods at three resolutions (1 m, 10 m, 100 m, Fig. 1, Table 1), with both a spherical (top panels) and horizontal (lower
panels) LAD prescribed, across five solar zenith angles, 6, = 0°, 15°, 30°, 45°, 60°, with leaf temperature, Tre,s = 25 °C and IPAR = 200 W m2.

canopy top, but not a value of zero at the canopy base. The coarsest
resolution, where leaves are randomly distributed in the horizontal
throughout the scene, leads to a profile that shows the largest GPP at the
canopy top with an exponential decay. This result is analogous to the
way photosynthesis is typically calculated in climate models. These
profiles are a result of the different extinction profiles through the
canopy as the LAI distribution changes — some profiles will start lower/
higher in the canopy as the resolution of the input scene varies.

In the cases that we examined, making voxel sizes coarser, which we
use as a proxy for decreasing structural detail in the calculation, in-
creases the total canopy GPP. Some scenes show no variability with finer
spatial resolution (e.g., Harvard), whereas others show a large vari-
ability (e.g., Maliau). These scenes that show more variability in GPP
also have large horizontal variation of LAI is high, e.g., Wytham Woods
and Maliau (Fig. 7). One notable result is the change in sensitivity to
spatial resolution in Wytham after 20 m, which could suggest a change
in processes captured, for example between crown-scale effects (e.g., 20
— 100 m) and branch scale (e.g., 1 — 2 m). This leads to a question of
whether any other scenes would show similar effects if the TLS had been
collected at an equally fine scale. Our results suggest that a lack of
realistic vegetation structure in approaches currently used to describe
radiation transfer in Earth system models will likely cause modelled GPP
to be biased high. This is also probably masked by compensating biases
elsewhere in the model, for example by adopting unrepresentative
values of photosynthetic parameters such as Vemqyx (Walker et al., 2017).

Within this work we have tested a wide range of environmental
variables (temperature, solar zenith angle, incoming radiation, and
diffuse fraction). We have also completed simulations testing whether
the decrease in GPP with a finer structure holds when we vary canopy
properties, such as LAIL, LAD, and soil and leaf albedos. The findings are
consistent across these sensitivity tests, that using a finer spatial reso-
lution of canopy structure decreases GPP.

Clearly, incorporating high spatial resolution, 3D simulations of
canopy radiative transfer into climate model calculations is not feasible,
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both from the perspective of computational expense and the need to find
input data for forests globally. Consequently, some form of simplifica-
tion or parameterisation is required. Traditionally this has been done
using so-called clumping indices, which scale the LAI inside radiative
transfer calculations to account for reduced interception of light due to
self-organisation of leaves around stems and branches. This approach
underlies the results of Braghiere et al. (2019), who used JULES, and Li
et al. (2023) using CLM. In both studies, GPP was shown to increase
almost everywhere on the land surface when clumping was introduced,
and especially so in dense forests. The explanation provided is that
additional light is transmitted through to shaded leaves lower in the
canopy (in which photosynthesis tends to be light limited) and thus
boosts GPP.

Our DART-modelled GPP has the same photosynthesis equations as
JULES and so, in principle, could reproduce this effect. However, we
show an almost ubiquitous decrease in GPP as finer structure is included
in the simulations. A reason for this could be that the bulk effect of
absorbing less light due to an increased number of gaps within the
canopy could outweigh the additional photosynthesis by shaded leaves
lower in the canopy suggested by previous work. However, we have
made no comparison against the specific parameters (e.g., Vemay) Within
these studies. Presently, our work suggests that simple clumping factors
applied to two-stream canopy radiative transfer schemes may not be
adequate tools to account for these effects in global simulations, espe-
cially in forests.

However, some areas of our study do differ to those previously
conducted. One example is that as we have not utilised a full land surface
model, we focus on instantaneous GPP, instead of temporally varying
GPP (across a day, season, or a year). Further, Braghiere et al., (2019)
and Li et al., (2023) focus on GPP at a global scale, and in this study we
have only sampled six forest plots. It may be possible, by analysing
additional plots, that we would find situation which supported the hy-
potheses presented in these papers.

More work is clearly needed to understand the full role of structure
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and how to best incorporate it into existing Earth system model setups.
In particular, this will require things such as finer resolution TLS (which
may be complex within the field and require large amounts of person-
time) across more sites covering a larger range of forest types, which
can be processed to run multiple model types for model-
intercomparisons. From this, data will need to be parameterised on
large scales, e.g. using airborne or spaceborne lidar data. Then, data will
need to be used as validation, requiring more field sites/towers and
employing earth observation data. Additionally, more complex models
that resolve better the forest canopy structure, e.g. SPARTACUS (Hogan
et al., 2018), the two-stream model outlined in Pinty et al. (2006), and
the modified two-stream model in Ni-Meisters et al. (2010).

5. Conclusions

We have introduced a methodology for calculation gross primary
productivity from the DART model which follows a common approach
used in the land surface schemes of Earth system models. We used this to
explore the sensitivity of modelled GPP to assumptions about canopy
structure inside Earth system models by creating DART scenes for six
different forests using terrestrial lidar scanning data. We ran simulations
at different spatial resolutions, which we used as a proxy for the amount
of 3D structure we were accounting for. In almost all cases running the
DART simulation at a finer spatial resolution resulted in a decrease in the
modelled GPP. In the few cases where this did not happen, the increases
in GPP were only marginal (< 2.5 %). This contrasts with several recent
papers which show the opposite behaviour. We argue that the increases
in GPP seen in these studies emerge because the turbid medium
assumption cannot adequately account for the effect of clumping on
photosynthesis. The sensitivity we observed exhibited across the six
forests varied, with some showing little change in GPP with voxel res-
olution and others showing changes up to 25 %.
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