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through forest canopies are useful tools for examining the connections between
the shortwave radiation environment and the productivity and biodiversity of the

forest floor. We report a comprehensive evaluation of two approaches simulating
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1 | INTRODUCTION

microclimate, which in turn impacts species richness and func-
tional diversity (De Pauw et al.,, 2021) as well as forest hydro-
Solar radiation under forest canopies influences understo- logical processes (Ellis et al., 2011; Musselman et al., 2015). In

rey growth conditions and photosynthesis. It also affects the addition to the quantity of solar radiation, its spectral distribution

Aarne Hovi and Razena Janoutova—joint first authorship.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2024 The Author(s). Methods in Ecology and Evolution published by John Wiley & Sons Ltd on behalf of British Ecological Society.

Methods Ecol Evol. 2024;15:1859-1872. wileyonlinelibrary.com/journal/mee3 1859


www.wileyonlinelibrary.com/journal/mee3
mailto:
https://orcid.org/0000-0002-4384-5279
mailto:
https://orcid.org/0000-0003-1830-7556
https://orcid.org/0000-0002-1271-8103
https://orcid.org/0000-0002-7794-3918
https://orcid.org/0000-0002-6645-8837
https://orcid.org/0000-0003-0594-6252
https://orcid.org/0009-0004-1017-9160
https://orcid.org/0000-0002-6568-3258
http://creativecommons.org/licenses/by/4.0/
mailto:aarne.hovi@aalto.fi
mailto:janoutova.r@czechglobe.cz
http://crossmark.crossref.org/dialog/?doi=10.1111%2F2041-210X.14402&domain=pdf&date_stamp=2024-08-22

1860

HOVI ET AL.

Methods in Ecology and Evolution EEEZ%?E?VML
is also modulated by plant canopies (Hertel et al., 2011; Hovi &
Rautiainen, 2020; Smith, 1982). The spectral characteristics of
transmitted solar radiation act as signals that plants use to de-
tect and respond to competition (Ballaré & Austin, 2019), and that
potentially also affect their phenology (Brelsford et al., 2019).
Moreover, the interpretation of remote sensing data requires ac-
curate knowledge of the spectral irradiance at the point seen by
the remote sensing instrument (Damm et al., 2015). Hence, un-
derstanding the spectral transmittance characteristics of forest
canopies is important for applications ranging from forest ecology
to optical remote sensing.

In situ measurements with spectrometers (Hartikainen
et al., 2020; Hertel et al., 2011; Hovi & Rautiainen, 2020) provide
information on how forest canopy spectral transmittance depends
on factors such as the canopy structure and tree species compo-
sition. Simulations of spectral transmittance with physical models
of radiation transfer (Kiikenbrink et al., 2021), are useful in under-
standing the physical mechanisms and extending the interpretations
beyond pointwise measurements. Although canopy spectral trans-
mittance is routinely outputted by several radiation transfer mod-
els, the RAdiation transfer Model Intercomparison exercise (RAMI)
(Widlowski et al., 2011, 2015) showed large discrepancies in canopy
transmittance simulated by different models. Comparison of models
with empirical measurements can help to identify which parameter-
izations produce results closest to reality. Studies that have com-
pared simulated canopy transmittance to empirical observations
are usually limited to broadband quantities in the visible or photo-
synthetically active wavelength region (e.g. Majasalmi et al., 2014,
Ni et al., 1997). For spectral properties of transmitted radiation, we
found only a single study that compared simulated single tree trans-
mittance with empirical observations (Kiikenbrink et al., 2019). Thus,
although spectral properties of solar radiation transmitted by forest
canopies have been measured and simulated, direct comprehen-
sive comparisons of measurements with models have rarely been
performed.

In this study, we (i) assess the performance of two approaches
for modelling the spectral properties of solar radiation transmitted
through forest canopies by comparing them to a unique set of in situ
measurements conducted in temperate and boreal forests, and (ii)
evaluate their differences and limitations from a practical point of
view. The approaches are (i) radiative transfer modelling in scenes
composed of turbid individual tree crowns (‘turbid-medium crown’),
and (ii) photon recollision probability theory (‘p-theory’). Models em-
ploying these approaches can be parameterized with typical in situ
forest inventory and canopy gap fraction measurements, or using ex-
isting forest databases. The turbid-medium crown approach requires
information on individual tree positions and crown dimensions.
Although it makes simplifying assumptions about the within-crown
spatial distribution of foliage, it represents a detailed parameteriza-
tion in many land surface models (Ni-Meister et al., 2010). The p-
theory approach is a computationally efficient alternative in which
the canopy structure can be described solely based on canopy gap
fractions.

2 | MATERIALS AND METHODS
2.1 | Definition of canopy spectral transmittance

Given that the spectral irradiance at the top-of-canopy (bottom-of-
atmosphere) is known from measurements or models, spectral ir-
radiance at a given point below the forest canopy can be predicted
from the canopy spectral transmittance. We define spectral trans-
mittance here as the spectral irradiance at a horizontal plane below
the canopy at 1.5m height, divided by the corresponding irradiance
above the canopy. It includes radiation transmitted through the
canopy with and without scattering (i.e. diffuse and direct transmit-
tance), and also the radiation reflected by the forest floor, which is

then scattered downwards by the canopy.

2.2 | Measurements of canopy spectral
transmittance

Canopy spectral transmittance was measured in 21 plots located
in four study sites in Finland, Estonia and the Czech Republic. The
sites at Hyytidla (HY; 61°51'N, 24°18'E), Jarvselja (JS; 58°17'N,
27°19'E), Bily K¥iz (BK; 49°30’N, 18°32’E) and Lanzhot (LZ;
48°41'N, 16°57'E) represent boreal conifer-dominated, hemi-
boreal mixed, temperate coniferous mountain and temperate
broadleaved forests, respectively (Table S1). The measurements
were conducted under clear-sky conditions in the summers of 2019
and 2020 (June to September), between 9:10 AM and 5:26 PM
local time, when the solar elevation varied between 29° and 50°.
The measurements in each plot took 13 min-25min, comprising a
total of 49 canopy spectral transmittance measurements at 1.5m
height, in a grid of 7x 7 measurements with 5m distance between
measurements (i.e. covering an area of 30mx30m) (Figure S1).
We used ASD FieldSpec3 and FieldSpec4 spectrometers coupled
with ASD diffuser-type cosine receptors (model A124505). One
of the spectrometers was located in an open area and was taking
measurements every 15s, while the other spectrometer was oper-
ated in the forest. The spectrometers were radiometrically inter-
calibrated at the beginning and end of each measurement session
(every session comprising measurements of one or several plots).
The maximum duration of a session was 3h 20min. The canopy
transmittance was calculated as the ratio of the raw spectrom-
eter reading taken in the forest to that interpolated from the two
temporally closest reference measurements, that is, those taken
immediately before and after the canopy transmittance meas-
urement. The data processing details are described in Hovi and
Rautiainen (2020).

The spectrometers delivered data at 350-2500nm, but we re-
moved spectral regions that were noisy due to radiation absorption
by atmospheric water vapour (1350-1450 nm and 1800-1980nm) or
by the technical limitations of the cosine receptors (2200-2500 nm).
We use the plot-level averages and standard deviations of the trans-
mittance spectra in our analyses.
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2.3 | Modelling of canopy spectral transmittance

We tested turbid-medium crown and p-theory approaches for mod-
elling the canopy spectral transmittance. Both approaches require
information on the canopy structure (i.e. structural parameters) and
on the spectral properties of the canopy elements and the forest
floor (i.e. spectral parameters). The main difference lies in how the
canopy structure is parameterized. In the turbid-medium crown ap-
proach, individual tree crowns are represented as geometric shapes
that are filled with turbid media representing foliage and woody el-
ements. In the p-theory approach, the canopy structure is param-
eterized based on canopy gap fractions. Hence, it requires only few
input parameters and is, due to its relative simplicity, computation-
ally highly efficient.

We used functions in the Discrete Anisotropic Radiative Transfer
(DART) model version 5100 v1344 to model the turbid-medium
crowns and its flux tracking mode to simulate the forest canopy
spectral transmittance. The DART modelling (Gastellu-Etchegorry
et al., 2015, 2016; Malenovsky et al., 2021) was used as a reference
approach, as it has been validated in the RAMI exercise and agreed
well with other 3D radiative transfer models (Widlowski et al., 2013,
2015). For the p-theory approach, we utilized the PARAS model
(Rautiainen & Stenberg, 2005), employing its version reported by
Hovi et al. (2022). For simplicity, we use the model names, DART-FT
and PARAS, in reporting our results. However, we note that the
results should be interpreted as a comparison between modelling
approaches rather than between two specific models, because the
DART model can also be parameterized in other ways than using
turbid-medium crowns.

We simulated canopy spectral transmittance with both models at
the central wavelengths of the Sentinel-2A MSI satellite instrument's
bands at 493, 560, 665, 704, 741, 783, 865, 1614 and 2202 nm. For
each plot, we conducted the simulations at the solar position match-
ing the midpoint of the canopy spectral transmittance measure-
ments. The wavelength-dependent diffuse and direct fractions of
solar irradiance at the top-of-canopy were used to characterize the
radiation conditions in both models, and were calculated using the
default discrete-ordinates method in the libRadtran radiative trans-
fer library version 2.0.4 (Emde et al., 2016; Mayer & Kylling, 2005).
The atmospheric parameters (aerosol optical depth and water va-
pour) were obtained from the Copernicus Atmospheric Monitoring
Service (CAMS) global reanalysis product EAC4 (Inness et al., 2019),
downloaded from the Copernicus web page (CAMS, 2023).

2.4 | Modelinput data

241 | Canopy structural inputs

Forest inventory measurements were conducted in each plot within
a 25mx25m area (Figure S1). Species and diameter at breast height

(DBH, 1.3m) were recorded for trees that exceeded a predefined
diameter limit: 8cm for mature forest (height >16m) and 5cm
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elsewhere. Positions of the trees were determined by recording the
azimuth and distance of the tree in relation to the plot centre.

We used terrestrial laser scanning (TLS) data to obtain the height
and crown dimensions of trees. TLS data were acquired on every
other measurement point on the same grid of the canopy spectral
transmittance measurements, resulting in 16 measurements cov-
ering an area of 30mx30m (Figure S1). The individual scans were
co-registered to form a single point cloud per plot. The TLS data
acquisition and preprocessing are described in Schraik et al. (2023).
We used a decimated point cloud with an average point spacing of
2cm, enabling fast and easy processing. The field-measured tree po-
sitions were linked with TLS data, allowing us to manually measure
treetop positions and crown dimensions (tree height, length of tree
crown and maximum crown diameter in east-west and north-south
directions) from TLS data. The manual measurement could not be
performed for trees badly occluded by their neighbours, mainly
small trees in suppressed canopy layers. Their crown dimensions
were predicted using plot- and species-specific regression models,
where DBH was the predictor variable. Finally, we used the TLS data
to detect and measure trees that were not present in the forest in-
ventory data, mainly due to imprecisions in field delineation of the
25mx25m area. We predicted DBH for these trees using regression
models where crown diameter was the predictor. As a result, we had
a complete map of trees within the 25mx 25 m forest inventory area.

We used hemispherical photographs for calculating the effective
and clumping-corrected plant area index (PAl ¢, and PAI) and canopy
interception of solar radiation required for the model simulations.
Hemispherical photographs were acquired under diffuse illumi-
nation conditions at the same 16 positions as the TLS acquisitions
(Figure S1). We used a Nikon D5000 camera with a geometrically
calibrated Sigma EX 4.5 mm f/2.8 DC HSM Circular Fisheye lens. The
camera was placed at 1.5m height and accurately levelled to point
upwards. The blue band of the photographs was binarized using a
thresholding algorithm that maximizes the brightness difference be-
tween canopy and sky pixels (Nobis & Hunziker, 2005). The photog-
raphy and image processing are detailed in Hovi et al. (2022).

2.4.2 | Spectralinputs

The spectral input used in the models (i.e. spectra of foliage, woody
elements and forest floor) were adopted from the forest reflectance
modelling conducted by Hovi et al. (2022), who also describe spec-
tral measurements and processing details. Below, we provide an
overview of the utilized spectra.

Leaf and needle directional-hemispherical reflectance and trans-
mittance spectra were measured in our study sites using integrat-
ing spheres coupled with spectrometers. Representative average
foliage spectra were calculated per tree species of each study site
by giving appropriate weights to the top-of-canopy and bottom-of-
canopy foliage, and additionally to the current-year and older needle
age cohorts in conifers. Some minority species were not measured:

For these species, we used the average of all conifers or the average
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of all broadleaved species in the site or in the geographically closest
site. We used a shoot as the basic foliage element for conifers in both
PARAS and DART-FT models. We calculated shoot albedo ((ush, re-
flectance + transmittance) from needle albedo (v,) as o , = (1 - p) x @,/
(1-pw,) (Rautiainen et al., 2012), where p is photon recollision prob-
ability calculated as p=1-4,, and g, is the shoot clumping coeffi-
cient (assumed to be 0.6 for all conifers). Shoot transmittance (T,,)
was calculated from needle transmittance (T,) with an empirical
equation T, =(-0.553/4,,+1.553)x T, (Rautiainen et al., 2018), and
shoot reflectance (R,,) was obtained as R, =w_, - T,,. For broadleaf
species, we used the leaf reflectance and transmittance without any
modifications.

Woody element spectra were obtained from two sources. Stem
bark hemispherical-directional reflectance factor (HDRF) spec-
tra, measured with a spectral camera in Finland and Estonia (Juola
et al., 2022a, 2022b), were used for wavelengths up to 1000nm.
All major tree genera present in our study plots were included in
these measurements. Ideally, the models would require as input the
hemispherically integrated reflectance. However, bark spectral mea-
surements are rare, and these measurements were the best available
for our study sites and species. For wavelengths above 1000 nm, we
used data from other published sources: pine, spruce and birch stem
bark spectra were taken from Lang et al. (2002), while the aspen
stem bark spectrum from Spencer and Rock (1999) was used for all
other broadleaved species. Spectral continuity was ensured by mul-
tiplying these spectra with a scaling factor, so that the reflectance
at 1000nm matched with the measurements of Juola et al. (2022a,
2022b) at the same wavelength. Stem bark reflectance spectra
were used as proxies of reflectance spectra of all woody elements
(stems, branches and twigs) in both PARAS and DART-FT models.
Transmittance of woody elements was assumed to be zero.

Forest floor hemispherical-conical reflectance factors were ob-
tained as an average of 15 in situ measurements conducted along
an 11-m long transect at the centre of each forest plot (Figure S1).
The measurements were conducted in diffuse illumination condi-
tions, using a field spectrometer with a bare fibre-optic cable (25°
field-of-view) as the detector. Plot-level average reflectance factors
were used to represent forest floor spectral properties in the PARAS
and DART-FT models. To harmonize the data and to ensure that the
simulation results were not affected by noise present in the input
spectra, all spectra were interpolated into a resolution of 1nm and
smoothed with a Savitzky-Golay filter (Savitzky & Golay, 1964).
The 1-nm bands that correspond to the central wavelengths of
the selected Sentinel-2 MSI bands (Section 2.3) were used in the

simulations.

2.5 | Model parameterization and simulations
2.5:1 | Turbid-medium crown approach (DART-FT)

We generated 3D models of the forest plots (Figure S2), based on
measurements of individual trees representing the 25mx25m area

of forest inventory. We used the option ‘exact locations + exact di-
mensions’ in DART-FT, as explained below.

Tree stems were modelled as solid objects composed of paral-
lelepipeds. Tree height and DBH were taken from the forest inven-
tory and TLS measurements, and stem reflectance from the in situ
spectral measurements. The forest floor was modelled as a solid, flat
surface, with its reflectance measured in situ. Both stems and forest
floor surfaces were assumed to be Lambertian. Tree crowns were
created from two half-ellipsoids representing the upper and lower
crown parts (Figure S3), respectively, with crown positions and di-
mensions retrieved from the TLS measurements (Section 2.4.1). The
tree canopy was composed of a regular grid of 0.5mx0.5mx0.5m
voxels that were filled with a turbid medium, if belonging to a tree
crown. The turbid medium contained two types of scattering ele-
ments: woody elements (branches and twigs) and foliage (leaves
for broadleaf trees and shoots for conifers). Each element type in
a voxel was characterized by its orientation, area volume density
[m?m™%] and optical properties.

The azimuthal orientation of all elements was assumed to be
random, whereas zenith angle distributions of the foliage were
modelled with species-specific beta distributions parameterized by
measurements of leaf and shoot angles reported in the literature
(Table S2). We assumed that the woody elements had the same ze-
nith angle distributions as the foliage. The plant (foliage + woody
elements) area volume density (PAVD) was assumed to be constant
across all canopy voxels within a plot. To obtain PAVD, we designed
an inversion routine that was operated outside of DART-FT and took
as input a 3D scene representation similar to that used in DART-FT.
All canopy elements were assumed to be optically black (non-
scattering), and ray tracing was applied to estimate canopy gap frac-
tions and to simulate hemispherical photos. We iteratively searched
for an optimal PAI so that the PAI_ values (calculated based on can-
opy gap fractions) matched between the simulated and real hemi-
spherical photos. PAl was used in DART-FT to calculate PAVD, which
was further divided into foliage and woody area volume densities
according to species-specific woody to total plant area fractions. We
applied woody to total plant area fractions from Hovi et al. (2022):
0.32 for pine, 0.30 for spruce and 0.12 for broadleaved species.
If a voxel belonged to two trees of different species (overlapping
crowns), 50% of the PAVD was assigned to one species and 50%
to the other. For the optical properties of the canopy elements, we
used the foliage and woody element reflectance and transmittance
spectra (Section 2.4.2). All elements were assumed to be Lambertian
surfaces.

We used cyclic boundary conditions in our DART-FT simula-
tions, that is, whenever a photon escaped the scene from its side,
it re-entered the scene from the opposite side. The DART-FT out-
put was a 3D radiative budget file per simulated wavelength, which
stores the radiation fluxes entering and leaving each voxel. From
the 3D radiative budget values, we calculated spatially explicit es-
timates of canopy spectral transmittance. For each voxel at 1.5m
height, the transmittance was calculated as the downward flux en-
tering the voxel from above divided by the downward flux at the
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corresponding voxel at top-of-canopy. The average and standard
deviation of spectral transmittance were then obtained from the

spatially explicit values.

2.5.2 | Photon recollision probability theory
(PARAS)

The calculation of canopy spectral transmittance (T) in the PARAS
model was given by Hovi et al. (2022) as

TBS

T=Trry

1)
where T is the canopy transmittance when the forest floor is optically
black, R;; is the forest floor reflectance, and R is the reflectance of the
canopy for radiation that is entering the canopy from below (i.e. re-
flected by the forest floor). The denominator (1-R;R,) models multiple
scattering between the forest floor and the canopy. The wavelength-
dependence is ignored in the equations for simplicity. The terms R; and

Ty, are calculated as

Tgs = (1 — o) +ipwc(1 — Q),and (2)

Rs = ipacQ, (3)

where i is the canopy interception of incoming radiation (comprising
direct and diffuse components), i, is the canopy interception of diffuse
radiation, Q is the reflectance to scattering ratio of the canopy and .

is the canopy scattering coefficient, calculated as

_ (1-p)wg

“C= T e 4)

where p is photon recollision probability and w; is the plant element
albedo. The canopy elements are assumed to be angularly isotro-
pic scatterers in PARAS. We calculated Q according to Méttus and
Stenberg (2008) as

1-—
+ 3 TP
2 1-pqoe

Q= (5)

N =

where q is a scattering asymmetry parameter. The formula for g was
defined in Stenberg et al. (2013) as g=1-exp(-0.1684 x LAl). It was
derived using Monte Carlo ray tracing in six forest stands under diffuse
illumination conditions. By comparing the predictions obtained from
Equation (5) against Q values calculated from DART-FT's output, we
found that the formula for g resulted in biased Q values in our dataset.
Consequently, we recalibrated the equation for g using DART-FT sim-
ulations as q=1-exp(-0.3671xPAl ) (*=0.85, root-mean-square-
error (RMSE)=0.065). Note that this was the only intercalibration of
the models that was performed.

The structural parameters for PARAS are canopy interception of
incoming radiation (i), canopy interception of diffuse radiation (ip)
and the photon recollision probability (p). The i, was calculated as the
weighted sum of canopy interception of direct solar radiation (ig) and
ip, Where the diffuse and direct fractions of incoming solar irradiance
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are used as weights. The values of i and i in a given solar geometry
were calculated from the binary hemispherical photographs. The i
was obtained by integrating the canopy interception over the hemi-
sphere. For calculation of i, we used pixels corresponding to the
actual sun-zenith angle +2.5°. We further divided each image into
5° azimuth segments. The value of i was then calculated for each
segment in each binary image, resulting in a total of 1152 segments
per plot (16 images - 72 azimuth segments per image). We calculated
1152 canopy transmittance spectra for each study plot, correspond-
ing to the ig values. This allowed us to estimate both the mean and
standard deviation of canopy transmittance. The other parameters
(ip, p and @), were assumed to be spatially invariant within a plot. We
calculated p, using a formula from Stenberg (2007) as p=1-i,/PAl.
PAIl was calculated from the hemispherical photos and corrected for
clumping at levels larger than a shoot using the method of Lang and
Xiang (1986). We did not use the same PAl as for the DART-FT model,
because we wanted to test the use of the PARAS model without de-
tailed 3D structural information from TLS data. The plant element
albedo (w;) was calculated as a weighted average of species-specific
foliage and woody element albedos (Section 2.4.2). The forest floor
was assumed to be a Lambertian surface with the reflectance mea-

sured in situ.

3 | RESULTS

3.1 | Comparison of simulated and measured
canopy transmittance spectra

Visual evaluation of the simulated transmittance spectra indicated
that the models were able to reproduce the general spectral trans-
mittance characteristics of the 21 forest stands represented by our
study plots (Figure 1). These include (i) large between-stand varia-
tion in the transmittance at all wavelengths, mainly due to the vary-
ing PAl and canopy gap fractions (Figure S4), and (ii) the increase in
the mean transmittance from red to near-infrared (NIR) wavelengths
being greater for broadleaved than for coniferous forests (Figure 1).
Quantitative evaluation of the models revealed that the model
errors were the smallest in the visible (blue, green and red), red-edge
1 (RE1) and shortwave-infrared 2 (SWIR2) bands (Figure 2; Table 1).
The RMSE of the PARAS and DART-FT models in these bands, when
compared to measurements, varied between 0.042 and 0.052 (38%-
49%) for broadleaved and between 0.031 and 0.038 (21%-26%) for
conifer forests (Table 1). The mean difference between simulated
and measured transmittance was 0.025-0.035 for broadleaved and
0.003-0.021 for conifers (Table 1), indicating that the transmittance
was slightly overestimated by both models. The difference was
mainly caused by a couple of plots where both models clearly over-
estimated the transmittance (e.g. plot no. 5, 6, 15 and 20, Figure 1).
The transmittance values simulated by the two models in the visible,
RE1 and SWIR2 bands were very strongly correlated (r*=0.99).
Slightly larger model errors (in absolute terms) were observed
in the RE2, RE3 and NIR bands (Figure 2; Table 1). In these bands,
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FIGURE 1 Mean and standard deviation (std) of canopy transmittance spectra in 21 forest plots simulated with DART-FT and PARAS
models in comparison with in situ measurements. The plots are ordered by (i) the dominant tree type (broadleaved or coniferous,
represented by the blue and green colours), and (ii) by the site from north to south (HY =Hyytiala, JS=Jarvselja, BK=Bily K¥iZ and
LZ=Lanzhot). Effective plant area index (PAl ) is given for each plot.

DART-FT and PARAS models performed similarly in conifer forests, for PARAS, and the respective RMSE values were 0.051-0.057
where the mean difference between the simulated and measured (28%) and 0.047-0.058 (26%-28%) (Table 1). In broadleaved for-
transmittance was 0.031-0.032 for DART-FT and 0.028-0.036 ests, DART-FT outperformed PARAS: the mean difference was
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0.021-0.039 for DART-FT and 0.058-0.061 for PARAS, and the
respective RMSE values were 0.060-0.062 (22%-29%) and 0.079-
0.081 (29%-37%) (Table 1). The correlation between the simulated
transmittance by the two models in the RE2, RE3 and NIR bands
was slightly weaker than in the other bands; yet the coefficient
of determination was high (r220.97) and the differences between
models in the broadleaved forests were prevailingly systematic
(Figure 2).

In addition to spectral transmittance at individual bands, we also
investigated the red-to-NIR transmittance ratio (often referred to as

red-to-far-red ratio in ecological studies) as an indicator of spectral
quality of radiation under the forest canopies. The red-to-NIR ratio
depended on canopy density and also differed between broadleaved
and conifer canopies of the same density (same PAl). These depen-
dencies were reproduced by the models (Figure 3).

We also evaluated the capability of the models in reproducing
spatial variation (within-stand standard deviation) of canopy trans-
mittance. The standard deviation of the measured transmittance
was the largest for sparse stands (small PAI), which was reproduced
by both models (Figures 1 and 4).
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3.2 | Sensitivity analyses

To explain the model performance differences between the visible
and other wavelengths, we repeated the simulations by setting the
reflectance and transmittance of all canopy elements and the reflec-
tance of forest floor to zero. The contribution of scattering (by the
canopy and forest floor) to the canopy transmittance was then quan-
tified by comparing the results to those obtained with the default
parameterization in Section 3.1. The average contribution of scat-
tering to canopy transmittance was the smallest in the visible region
(2%-13% in relative terms, 0.003-0.019 in absolute transmittance
units), slightly larger in RE1 and SWIR2 bands (8%-29% relative,
0.013-0.048 absolute) and the largest in the NIR region (30%-62%
relative, 0.087-0.204 absolute) (Table S3). Thus, the contribution
of scattering to canopy transmittance is small in the visible region,
and the errors in canopy gap fraction estimates are the main source
of simulated to measured transmittance differences in this spectral
region.

To further explain whether the slightly larger model overestima-
tion of canopy transmittance in the red-edge and NIR, compared to
the visible region, could be explained by inaccuracies in the input
spectra, we conducted sensitivity analyses, where (i) the reflectance
properties of woody elements were replaced by those of foliage, and
(i) the reflectance and transmittance of all canopy elements were
decreased by 10%. The latter represents our estimate for maximum
measurement and sampling uncertainties in the NIR canopy element
spectra. A significant increase in canopy transmittance, and corre-
sponding decrease in model performance in the NIR, was found to

be associated with replacement of the woody elements by foliage
(Table 2). On the other hand, the decrease of reflectance and trans-
mittance of canopy elements by 10% improved the model agree-
ment with in situ measurements (Table 2).

4 | DISCUSSION

Our first objective was to evaluate the performance of the two mod-
elling approaches against in situ measurements. We observed very
strong correlations between simulated and measured canopy spec-
tral transmittance. The model errors for plot-level mean transmit-
tance were small (RMSE up to 0.052) in the visible, RE1 and SWIR2
bands (Table 1), where scattering has a small contribution to the
canopy transmittance (Table S3). This indicates that the canopy gap
fraction data, that is, hemispherical photos used as input for both
modelling approaches, were reasonably accurate. There were only
a few plots, where somewhat larger errors in canopy gap fractions,
and thus notable differences between simulated and measured
transmittance, were observed (Figure 1). These errors could have
been caused by inaccuracies in the image binarization, or by dif-
ferences between the canopy gap fraction estimates (which repre-
sented an average over all azimuth directions) and the actual canopy
gap fraction in the direction of the sun. Since past studies have fo-
cused mainly on the validation of models for canopy transmittance
in the visible or photosynthetically active wavelength region (e.g.
Majasalmi et al., 2014; Ni et al., 1997), the most novel findings in
our study are related to the performance of the models at longer
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coniferous-dominated in green colour. The symbols indicate the simulated (with DART-FT or PARAS models) and measured transmittance values.

wavelengths (i.e. NIR and SWIR bands), and reproducing the spec- transmittance with decreasing canopy density. Our results are in line
tral dependence of the canopy transmittance. We observed that with the findings of Kiikenbrink et al. (2019), who compared DART

the model errors were the largest in the NIR and red-edge regions. model simulations to in situ measurements of the irradiance field
However, the errors were not notably large and could be explained under a single tree and demonstrated the capability of the DART
by uncertainties in the input spectra. Hence, the general spectral model in reproducing the spatial and spectral variability in the ra-
behaviour, such as the measured differences in the red-to-NIR trans- diation transmitted by the tree crown. The capability of the models
mittance ratio between tree species (Figure 3), was successfully re- to reproduce the spatial variability is a very promising finding, as
produced by both models. the spatial variability of the below-canopy radiation regime has an

We also demonstrated that both models were able to reproduce influence on, for example, species richness (De Pauw et al., 2021;
the increase of within-stand spatial variability of canopy spectral Helbach et al., 2022) and productivity (Rosati et al., 2020) of forest
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TABLE 2 Statistics quantifying the differences between simulated and field-measured canopy spectral transmittance (DART-FT-measured, PARAS-measured), and between the two models

(PARAS-DART-FT) in the near-infrared spectral band when the spectral input of the models were changed.

Relative RMSE (%)

RMSE

Mean difference

PARAS- PARAS- DART-FT-  PARAS- PARAS- DART-FT-  PARAS- PARAS- DART-FT- PARAS- PARAS-

DART-FT-

measured DART-FT  measured measured DART-FT measured measured DART-FT measured measured DART-FT

measured

Scenario

Broadleaved

0.84 0.90 0.95 0.078 0.134 0.056 0.100 0.147 0.069 37 54 20

Replace woody elements by

foliage

0.048 0.021 21 18

0.057

0.84 0.89 1.00 -0.001 -0.003 -0.013

Decrease element albedos

by 10%

Conifers

0.104 0.029 45 51 10

0.093

0.94 0.99 0.081 0.094 0.013

0.94

Replace woody elements by

foliage

0.046 0.031 24 22 11

0.050

0.94 0.94 0.96 0.021 0.008 -0.002

Decrease element albedos

by 10%
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floor vegetation. The spatial variability of canopy transmittance de-
pends on the scale of the model simulations, that is, the voxel size
in DART-FT and the segment size of the hemispherical photos in
PARAS. The influence of these parameters on the simulations con-
stitutes a future research topic.

The second objective was to compare the two model-
ling approaches to each other. From a practical viewpoint, it
is beneficial that the computationally efficient and easy-to-
parameterize PARAS is similar in performance compared to the
turbid-medium crown approach of DART-FT. A good agreement
between both models was observed in the conifer forest group.
In broadleaved forests, where DART-FT slightly outperformed
PARAS, the between-model differences were not notably large
either. The PARAS model simulations have previously been
compared against empirical data of forest reflectance factors
(Hovi et al., 2022; Rautiainen & Stenberg, 2005), transmittance
of photosynthetically active radiation (Majasalmi et al., 2014)
and broadband albedo (Kuusinen et al., 2014). Our findings con-
firm p-theory as a promising tool capable of simulating spec-
tral transmittance of forest canopies almost as accurately as
more complex radiative transfer modelling with turbid-medium
crowns.

Although our data covered a wide range of canopy structures
from temperate to boreal forests, further studies should investi-
gate the generalizability and transferability of our findings to forest
types of other biomes and to more extreme illumination conditions
(overcast sky and/or more extreme solar angles). The radiation re-
gime of forest canopies is important for the productivity and biodi-
versity of the forest floor vegetation; yet it is undergoing changes
due to climate-induced disturbances in forest canopy structure (de
Frenne, 2023). From this perspective, the physically based simula-
tion tools developed in this study can complement empirical radi-
ation measurements (Hartikainen et al., 2020; Hertel et al., 2011;
Hovi & Rautiainen, 2020) that are difficult to conduct for large areas
or extensive periods of time. These tools can help us to study the
interlinkages between radiation regime and forest floor productiv-
ity and biodiversity. Finally, the canopy transmittance contributes to
remotely sensed signals, and thus its accurate simulation is essential
for correct interpretations of optical remote sensing observations

of forests.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1: Summary of forest canopy structure variables and tree
species proportions in the study plots.

Table S2: Tree species present in the study plots, and leaf angle
distributions used for them in the DART-FT model.

Table S3: Mean change in canopy spectral transmittance simulated
with DART-FT and PARAS models when the reflectance and
transmittance of the canopy elements and forest floor were set to
zero.

Figure S1: Layout of the measurement grids in a plot.

Figure S2: Overview of the 3D forest scenes used for canopy
transmittance simulations in DART.

Figure S3: lllustration of tree parameterization in the DART model
using an ellipsoid composed of two half-ellipsoids, which represent
the upper and lower parts of the crown.

Figure S4: Dependence of forest canopy spectral transmittance at

nine spectral bands on the effective plant area index (PAI ).
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