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Abstract: Urban trees contribute to urban well-being but face challenging environments that can
reduce their lifespan and increase young tree mortality. Although many studies have used remote
sensing data to monitor the functional status of trees in rural areas, few have done so in urban
areas to assess the health or estimate the biomass of large green areas. This study assessed the
suitability of using Sentinel-2 images to characterize two urban tree functional traits—leaf chlorophyll
content (Cab) and leaf area density (LAD)—in isolated trees and tree rows. Simulated Sentinel-2
images were generated using the DART radiative transfer model, considering 16 tree-endogenous and
14 tree-exogenous parameters, with 15 vegetation indices (VIs) analyzed. Sensitivity analysis was
performed in four contrasting urban environments using local climate zone taxonomy. The accuracy
of the simulated images was validated with real Sentinel-2 images, field measurements, and ancillary
data collected for four tree species in Rennes, France. The results showed that the tree parameters
significantly influenced Sentinel-2 spectral bands, with NGBDI and OSAVI VIs being most sensitive
to Cab and LAD. The model showed high accuracy, with a mean RMSE of 0.016 for key spectral
bands. The results also highlighted the importance of considering ancillary data to capture specific
urban characteristics.

Keywords: remote sensing; radiative transfer modelling; DART; vegetation indices; 3D modelling

1. Introduction

In the context of climate change, urban trees lie at the heart of land-use planning
policies [1] as they provide many vital ecosystem services [2], including temperature reg-
ulation through shading and evapotranspiration [3], carbon storage [4] and biodiversity
preservation [5]. Thus, vegetation in urban areas has many benefits for human health and
the living environment [6]. However, the urban environment can be unsuitable for the
proper development of trees due to many stress factors [7], such as (i) the condition of tree
stands, which experience both mechanical (e.g., soil compaction, increase in their artificial
nature due to surrounding impervious materials) and chemical (e.g., soil contamination,
lack of nutrients) disturbances, (ii) the short distance to human infrastructure (e.g., perma-
nently shaded, limited growth potential), (iii) the atmosphere (e.g., temperature, gas and
aerosol concentrations) and (iv) night light pollution. Thus, while urban trees contribute
to urban well-being, they also have to cope with a highly constrained environment that
decreases their well-being. Several studies have illustrated the large consequences of these
stress factors: urban trees have a shorter mean lifespan than trees in rural areas [8], isolated
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and tree rows experience more stress than park trees [9], and young trees have a higher
mortality rate in cities [10].

In this context, the large-scale monitoring of the functional status of urban trees is a
major challenge. Field inventories of urban trees are often performed with only a few trees
and on a yearly or decennial basis, as they require large amounts of human resources and
are often time-consuming. Conversely, remote sensing can provide information about urban
vegetation at the city scale at high spatial and temporal resolutions. Over the past decade,
satellite remote sensing has been increasingly used in urban environments for vegetation-
related issues, mainly to map urban green spaces that cover large areas and classify the
species in them, and to a lesser extent for change detection, biomass estimation or health
assessment [11]. The main data sources used for urban tree characterization with remote
sensing data are LiDAR data (40%), aerial photographs (37%), ground-based photographs
and videos (39%), and satellite imagery (31%), suggesting that satellite imagery is used less
than other data sources [12]. Studies focused on characterizing trees and their condition
showed that a large spatial and temporal coverage, the fine scale of the objects studied,
and a high level of characterization were difficult to combine. For example, a large number
of phenological studies have used MODIS data to highlight the relationship between
phenology, urbanization and climate change. Although urban vegetation conditions were
monitored with a large spatial coverage on a daily basis, vegetation types or species
could not be discriminated due to the low spatial resolution of MODIS (500 m) [13–16].
Few studies have investigated the functional status of urban trees to assess their health
or estimate their biomass, focusing only on large green areas [17,18]. Studies based on
aerial/UAV hyperspectral imagery have successfully estimated the LAI, chlorophyll content
and health status of urban trees [19] and detected trees affected by pests in urban parks [20].
Research gaps remain for fine-scale tree characterization and the monitoring of vegetation’s
functional status in urban areas using open access and high-resolution data such as Sentinel-2
images. To our knowledge, only a few studies have considered the tree row scale and used
Sentinel-2 to monitor annual and intra-annual phenology [21] or species-specific responses
to drought [22].

However, many studies conducted outside urban areas have demonstrated that satel-
lite remote sensing can be used to monitor the functional status of vegetation, including the
key functional traits [23–26] that encompass a variety of physiological and morphological
variables with specific absorption features in vegetation reflectance spectra.

At the leaf scale, chlorophyll (a and b, Cab) and carotenoid (Car) pigments are indica-
tors of photosynthetic activity [27], biomass production [28] and leaf photoprotection [29].
As Cab pigments are more sensitive to changes in external conditions than Car pigments,
the leaf chlorophyll content can be selected as a suitable indicator of environmental stress
and changes in temperature and humidity, as well as pollutant concentrations in the air
and soil [30]. Equivalent water thickness (EWT) and leaf mass area (LMA) are indicators of
plant water stress [31] and biomass [32]. Whereas Cab and Car absorb mainly light in the
visible domain (VIS: 0.4–0.7 µm) [33], EWT and LMA influence mainly the near-infrared
(NIR: 0.7–1.4 µm) and short-wave infrared regions (SWIR: 1.4–2.5 µm) [33]. At the canopy
scale, LAI can be used to identify tree phenological stages [34] and their photosynthetic
potential [35] from the VIS to SWIR wavelengths (VSWIR; 0.4–2.5 µm), especially in the
NIR. In this study, we did not consider LAI (m2/m2) but instead (leaf area density (LAD,
m2/m3), because the latter is more suited to the tree scale than LAI [36].

These vegetation traits (i.e., Cab, Car, EWT, LMA and LAI) can be estimated using
satellite hyperspectral data due to their high spectral richness in the VSWIR [37]. However,
the spatial and temporal resolutions of the hyperspectral satellite data currently collected,
such as EnMAP and PRISMA, are too coarse (30 m and 27–29 days at nadir, respectively) to
study urban trees. Among the available multispectral high/very-high-spatial-resolution
satellite data (e.g., WorldView, RapidEye, Pleiades, QuickBird, PlanetScope), freely available
Sentinel-2 imagery has the advantage of having a high spatial resolution (10 m VIS/NIR
and 20 m red-edge (RE: 0.67–0.76 µm)/SWIR), a large number of spectral bands (10 bands
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at 10–20 m) and a temporal resolution adapted to monitoring the intra-annual dynamics
of vegetation [38]. Cab and LAI have been successfully estimated using Sentinel-2 data in
tropical forests [25,39], temperate forests [40] and cropland [41]. Specifically, VIs such as
STVI [42] and CCII [43], calculated from the RE and NIR bands, were used to estimate Cab,
and other VIs such as SELI have been adapted to Sentinel-2 spectral characteristics [44] to
estimate LAI. A recent study developed EWT inversion models based on Sentinel-2 images
of a mangrove forest [45]. In contrast, Sentinel-2 data cannot be used to estimate Car or LMA
in forested areas due to having a spectral resolution coarser than that of hyperspectral data.

To our knowledge, no study has used Sentinel-2 imagery to identify the functional
traits of urban trees, even for Cab or LAI, mainly due to its spatial resolution creating
mixed pixels of vegetation and urban materials. The high spatial and volumetric hetero-
geneity of urban areas, due to the presence of buildings and associated shadows [46] and
the high spectral diversity of material types and conditions [47,48], strongly influences
electromagnetic interactions and the signal received by spaceborne sensors (i.e., attenuation
due to multiple diffusion and absorption effects and amplification due to exacerbated
directional effects). The top-of-canopy reflectance measured at the pixel scale is influenced
by tree-endogenous parameters (e.g., structure, geometry, phenological stage, crown and
leaf characteristics) and tree-exogenous parameters related to the urban context in which
the tree is located (i.e., distance of the tree to the nearest building, solar angles, street
orientation and surrounding materials). Several vegetation indices have been developed
to address challenges in complex environments such as urban areas with significant at-
mospheric variations and heterogeneous surfaces (mixed pixels and diversity of optical
properties of materials). For example, the atmospheric-resistant vegetation index (ARVI)
was adapted from the NDVI by including the blue band to correct for atmospheric effects,
particularly those due to aerosols and urban pollution [49]. The OSAVI was also adapted
from the NDVI to reduce the influence of bare ground on vegetation measurements [50],
which is essential in urban environments where vegetation is often sparse and the ground
is composed of several types of mineral surfaces and vegetation understory.

In this context, the main objective of this study was to explore the suitability of using
Sentinel-2 to assess the functional traits of urban trees, thus addressing the challenge of mixed
pixels with an original approach combining LCZ modelling and the use of a 3D radiative
transfer code able to disentangle both the spectral and spatial contributions of materials
in urban scenes. We chose to perform a sensitivity analysis by means of Sentinel-2 image
simulations and quantify the influence of tree-exogenous and tree-endogenous parameters
on Sentinel-2 spectral bands and vegetation indices in four different urban contexts (i.e., for
four LCZs) using Sobol’ indices. Sensitivity analysis with radiative transfer modelling is a
powerful tool that can determine whether remote sensing reflectance values are able to capture
subtle spectral variations due to specific vegetation traits [51–54]. Subsequently, we evaluated
the accuracy of the simulated images in comparison to the real Sentinel-2 images. The results
will highlight which vegetation functional trait is accessible in which best conditions.

To simulate Sentinel-2 images, we used the DART radiative transfer model [55], which
was developed at CESBIO (https://dart.omp.eu/#/ accessed on 1 September 2024) and
validated through the RAdiation transfer Model Intercomparison initiative (RAMI) [56].
Many urban studies have used DART due to its ability to represent the complexity of a
3-dimensional (3D) space [57]. To model 3D scenes, we selected and adapted the taxonomy
of local climate zones (LCZs) to encompass a wide variety of urban contexts [58]. This
taxonomy, introduced in 2012, was originally focused on urban climates and heat islands,
but is increasingly used as a reference framework for studying urban vegetation [59,60].

2. Materials and Methods
2.1. Methodological Framework

We assessed the suitability of Sentinel-2 to characterize the functional traits of urban
trees using Sentinel-2 images simulated with DART based on two scenarios—isolated trees
(SC1) and tree rows (SC2)—for four urban environments using LCZs (Figure 1).

https://dart.omp.eu/#/
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with which the model simulated the real data based on five cloud-free real Sentinel-2
images and field measurements of Cab and LAD collected for four species in 2021 in
Rennes, France.

Section 2.2 explains how the scenarios were defined and modelled with DART. The
same workflow was applied to both scenarios to generate several simulated top-of-canopy
reflectance Sentinel-2 images as a function of multiple parameters, including tree-endogenous
parameters for tree functional traits and tree-exogenous parameters for tree environments.

Section 2.3 describes how the final LUT was created using the simulated images at
a 1 m resolution according to the Sentinel-2 spectral characteristics and spatial windows
with four configurations of mixed pixels according to the tree location (tree-centered and
-shifted extracting windows) within the Sentinel-2 pixel at a 10 m resolution. The final LUT
included DART input parameters, spectral bands and VIs selected for their sensitivity to
the vegetation traits used for monitoring tree conditions.

Section 2.4 details the steps of the sensitivity analysis performed using Sobol’ indices
for both scenarios to assess the relative influence of selected parameters for tree functional
traits and for environments on Sentinel-2-simulated spectral bands and VIs. Section 2.5
compares the simulated and real data based on a cross-table analysis.

2.2. Experimental Design for DART Modelling
2.2.1. Urban Scene and Tree Modelling Strategies

The 3D urban scenes that included trees were defined using the LCZ taxonomy. Four
LCZ types were selected among the most dominant LCZ cover types encountered in
European cities with more than 100,000 inhabitants (Figure 2): LCZ 2 (Compact Midrise),
LCZ 5 (Open Midrise), LCZ 6 (Open Low-rise) and LCZ 8 (Large Low-rise).
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Figure 2. Distribution of local climate zones (LCZs) (as a percentage of surface area) in European
Union cities with more than 100,000 inhabitants based on the European LCZ map [61] and adminis-
trative boundaries of the cities from EUROSTAT (© EuroGeographics © FAO (UN) © TurkStat). The
thumbnails come from Stewart and Oke [58].

LCZ 9 (Sparsely built) describes areas with a low building density (15%), low height
(6.5 m), and prevalence of pervious ground. Although this LCZ accounts for 24% of
urban areas (Figure 2), it was discarded since its characteristics are very close to those of
LCZ 6, which has a higher building density (30%). Given the Sentinel-2 spatial resolution,
we preferentially selected LCZ 6 to better quantify the effects of an impervious ground
type, shading and the proximity of trees to buildings on the reflectance values. Conversely,
LCZ 2, which describes narrow urban canyons and accounts for 2.5% of urban areas
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(Figure 2), was selected because this LCZ was very different from the other three selected
LCZs. In this way, the four selected LCZs covered four contrasting environments, taking
into account the diversity of urban landscapes and layouts.

Four LCZ parameters were used to build contrasting urban scenes (Table 1, Figure 3):

Table 1. Parameters used to generate mock-ups of the four local climate zones (LCZ).

Parameter LCZ 2 LCZ 5 LCZ 6 LCZ 8

Height of roughness
elements [m] 18 18 6.5 6.5

Aspect ratio 1.375 0.525 0.525 0.200
Building surface

fraction [%] 55 30 30 40

Impervious ground
surface fraction [%] 40 40 35 45

Pervious ground
surface fraction [%] 5 30 35 15Remote Sens. 2024, 16, x FOR PEER REVIEW 7 of 40 

 

 

 
Figure 3. Three-dimensional urban scenes defined for the four local climate zones (LCZ) for scenar-
ios SC1 (zenithal and perspective views) and SC2 (perspective view). 

The 3D mock-ups of the LCZs and tree morphologies were generated using an R 
code, and the final 3D objects created (.obj format) were used in DART. 

2.2.2. DART Modelling 
DART is a radiation transfer model that simulates canopy reflectance with light in-

teractions and multiple scattering effects within a 3D scene, including the topography and 
atmosphere [57,63,64]. DART includes the model PROSPECT [65], which is used to model 
leaf reflectance and transmittance. We used DART version 5.8.10v1259. 

Although DART includes many parameters to simulate Sentinel-2 images, we de-
scribed 32 of them (Table 2 and Appendix A). These main parameters were tree-endoge-
nous (11) or tree-exogenous (21), which have a direct or indirect effect on tree reflectance, 
respectively. While some parameters (16 for SC1 and 18 for SC2) were fixed, others (16 for 
SC1 and 14 for SC2) varied according to predefined values/ranges and distributions. We 
considered these variable parameters in the sensitivity analysis. The min and max bounds 
for the leaf traits were determined with reference to the literature to encompass a wide 
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Height of roughness elements, which is the mean height of the buildings;
Aspect ratio, calculated as the height of roughness elements divided by the width of

the urban canyon (street);
Building surface fraction, which is the percentage of the ground surface occupied

by buildings;
Impervious ground surface fraction, which is the pervious ground surface fraction ratio.
We focused on deciduous trees, as they are found most often in major European cities,

and specifically on isolated trees and tree rows, as they have been rarely studied using
satellite remote sensing imagery. The tree modelling strategy was defined as follows:

Only deciduous tree species, which dominated the open access tree databases for eight
European cities (i.e., Paris, Rennes, Toulouse, Lyon, Dublin, Amsterdam, Barcelona and
Turin), were considered to limit the number of simulations;

The same reference tree was defined for both scenarios, in which certain structural
dimensions were set to constants: tree height (15 m), crown height (11 m), crown diameter
(10 m) and trunk diameter (0.4 m). These values were based on a statistical analysis of the
tree row database of the Lyon metropolitan area, France (https://data.grandlyon.com/
jeux-de-donnees/arbres-alignement-metropole-lyon/info, accessed on 1 September 2024).
See Appendix A for details regarding the input tree characteristics. The reference tree
was also modelled using an ellipsoid crown and a cylindrical trunk with branches, as in
previous studies [62].

For SC2, rows of five trees were selected, and two profiles with specific tree functional
traits were created to consider row heterogeneity. The central tree and the two trees at the
ends of the row had the same first-profile characteristics for tree-endogenous parameters,
while the other two trees had the same second profile (Figure 3).

The 3D mock-ups of the LCZs and tree morphologies were generated using an R code,
and the final 3D objects created (.obj format) were used in DART.

2.2.2. DART Modelling

DART is a radiation transfer model that simulates canopy reflectance with light
interactions and multiple scattering effects within a 3D scene, including the topography
and atmosphere [57,63,64]. DART includes the model PROSPECT [65], which is used to
model leaf reflectance and transmittance. We used DART version 5.8.10v1259.

Although DART includes many parameters to simulate Sentinel-2 images, we de-
scribed 32 of them (Table 2 and Appendix A). These main parameters were tree-endogenous
(11) or tree-exogenous (21), which have a direct or indirect effect on tree reflectance, re-
spectively. While some parameters (16 for SC1 and 18 for SC2) were fixed, others (16 for
SC1 and 14 for SC2) varied according to predefined values/ranges and distributions. We
considered these variable parameters in the sensitivity analysis. The min and max bounds
for the leaf traits were determined with reference to the literature to encompass a wide
range of physiological statuses within the limitations of the PROSPECT model [66–68].
Given the wide range of urban materials and the variability in their optical properties, a
selection was made among the most prevalent materials in European cities. These materials
were assumed to have Lambertian spectral behavior as a first approximation [69], given
the low spatial resolution of Sentinel-2.

A table of DART input parameters was created for the variable parameters (Table 2).
Ultimately, 3000 simulations were performed per LCZ for both scenarios. Thus, 3000 points
with coordinates [X1, . . ., Xp] were generated for each scenario, where p is the number of
parameters, so that the experimental design covered the p-dimensional space as well as
possible. The experimental design was performed using Latin hypercube sampling with
the Python library OpenTurns [70].

https://data.grandlyon.com/jeux-de-donnees/arbres-alignement-metropole-lyon/info
https://data.grandlyon.com/jeux-de-donnees/arbres-alignement-metropole-lyon/info
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Table 2. The main DART parameters used in this study by section of the DART graphical user
interface, including their category (exogenous or endogenous), type ((F)ixed or (V)ariable for both
scenarios, or V (SC1), which is variable for scenario SC1 and fixed for scenario SC2), value (if F) or
range (if V), and SC1 and/or SC2 configuration.

DART Section Parameter Name Category Type Values and Range

Global settings Light propagation mode exogenous F Bi-directional (DART-Lux)

Sensor settings

Spectral bands exogenous F According to Sentinel-2
sensor

Zenithal angle exogenous F 2.8 [◦]
Azimuth angle exogenous F 182 [◦]

Spatial resolution exogenous F 1 [m]

Direction input
parameter

Hour exogenous F 11:07 UTC
Day exogenous F Day 15 of each month

Month exogenous V From March to November

Atmosphere
Atmosphere model exogenous F USSTD76

Aerosol properties exogenous F Urban Type
Aerosol optical depth = 1

Scene optical properties

Reflection model exogenous F Lambertian
Roof exogenous V See Appendix A
Wall exogenous V See Appendix A

Impervious ground exogenous V See Appendix A
Pervious ground exogenous V See Appendix A

Earth scene

Dimensions exogenous F 100 m × 100 [m]
Latitude exogenous F 48.1◦N

Longitude exogenous F 1.68◦W
Temperature Exogenous F 300 [◦K]

Tree planting
conditions

Distance to nearest
building exogenous V LCZ2 and LCZ6: 5.0–6.5 [m]

LCZ5 and LCZ8: 6–16 [m]
Tree exposure exogenous V Shady side or sunny side

Street orientation 1 exogenous V 0, 45, 90 and 135 [◦]

Tree

Geometric parameters endogenous F See Table A1
Leaf angle distribution

(ldist) endogenous V Plagiophile and planophile

Leaf area density (LAD) endogenous V 0.1 and 1.2 [m2/m3]

Leaf

Clumping factor endogenous V (SC1) 0–50 [%]
Structure coefficient (N) endogenous V 1.1–2.3 [arbitrary unit]

Leaf chlorophylls content
(Cab) endogenous V 5–60 [µg/cm2]

Carotenoid content (Car) endogenous V 2.5–25 [µg/cm2]
Brown pigment endogenous F 0 [arbitrary unit]

Anthocyanin endogenous F 0 [µg/cm2]
Equivalent water thickness endogenous V (SC1) 0.004–0.024 [cm]

Dry matter content endogenous V 0.002–0.014 [g/cm2]
1 The street orientation was set at an anti-clockwise angle: 0◦ = west/east, 45◦ = south-west/north-east,
90◦ = north/south and 135◦ = south-east/north-west.

The DART outputs were 100 × 100 pixel images. They were configured to match
Sentinel-2’s spectral and geometric (view angles) characteristics. Only the 10 m (VIS and
PIR) and 20 m (RE and SWIR) bands were simulated. Central wavelengths and bandwidths
were defined according to the characteristics of the MSI sensor. The zenithal and azimuthal
angles were set to the mean Sentinel-2 view angles: 3◦ (with zenith = 0◦) and 180◦ (with
north = 0◦), respectively. Sentinel-2 images were first simulated at a 1 m resolution and
then aggregated at 10 and 20 m.
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2.3. Generating LUT from Simulated Sentinel-2 Images
2.3.1. Extracting Spectral Features

We extracted spectral features per pixel using four pairs of extraction windows of
10 × 10 (Figure 4) and 20 × 20 m, each resolution with one tree-centred window for SC1
and SC2, and three windows shifted by 5 m at 0◦, 45◦ or 90◦, respectively, relative to the
centre of the tree canopy in the direction of the tree row for SC2. The 20 × 20 m windows
were configured so that their lower left quarter was the 10 × 10 m window.
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Figure 4. Examples of the four windows used to extract spectral features at a 10 m resolution.
Delta (∆) equals the offset between the window’s centre and the tree’s centroid, and theta (θ) equals
the offset angle between the window’s centre and the row axis relative to the tree’s centroid. The
central tree and the two trees at the ends of the row had the same first-profile characteristics for
tree-endogenous parameters (A), while the other two trees had the same second profile (B).

We used the extraction window method to consider the heterogeneity (mixed pixels of
vegetation and urban materials) and geolocation uncertainty of Sentinel-2 pixels. As each
tree was randomly located within each pixel, the probability of having pure vegetation
pixels was low. Moreover, the Sentinel-2 absolute geolocation error was assumed to be
less than 6 m, and the co-registration error over several dates was assumed to be less than
5 m with 95% confidence [71]. In addition, two tree profiles can be considered using this
window approach: the target tree profile (A) and the neighbour tree profile (B).

The pixel values of the simulated images were then extracted for each pair window
area and averaged. A LUT was created with DART input parameters and S2 spectral
features for the four window types, four LCZs and two scenarios.

2.3.2. Vegetation Indices Calculation

Three categories of VIs were calculated from the LUTs: simple, normalised or complex.
Based on the literature, we selected VIs that had the strongest correlations with the LAI
and chlorophyll content (Table 3).
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Table 3. The vegetation indices used in this study, which were calculated from visible bands only
(VIS) or all bands (multispectral (MS)).

Category Name Equation (with Band Names) Band Spatial
Resolution Reference

Simple Difference
vegetation index DVI = B08

B04 MS 10 m [72]

Normalized

Green Leaf Index GLI = 2×B03−B04−B02
2×B03+B04+B02 VIS 10 m [73]

Normalized
green–blue

difference index
NGBDI = B03−B02

B03+B02 VIS 10 m [74]

Normalized
green–red

difference index
NGRDI = B03−B04

B03+B04 VIS 10 m [75]

Red–Green–Blue
vegetation Index RGBVI = B032−(B02×B04)

B032+(B02×B04)
VIS 10 m [76]

Atmospheric
resistant

vegetation index
ARVI = (B08−(B04−1×(B02−B04)))

(B08+(B04−1×(B02−B04)))
MS 10 m [49]

Normalized
Vegetation Index NDVI = B08−B04

B08+B04 MS 10 m [77]

Red-edge NDVI NDVIRE = B08−B05
B08+B05 MS 20 m [78]

Sentinel-2 LAI
Index SELI = B8A−B05

B8A+B05 MS 20 m [44]

Complex

Sentinel-2
Triangular

vegetation index
STVI (See reference) MS 20 m [42]

Modified
Chlorophyll

Absorption in
Reflectance Index 2

MCARI2 (See reference) MS 10 m [79]

Transformed
Chlorophyll
Absorption

Reflectance Index

TCARI = 3 ×
[(B05 − B04)− 0.2 × (B05 − B03)× (B05/B04)] MS 20 m [80]

Optimized
Soil-Adjusted

vegetation index

OSAVI = (1 + 0.16)×
(B08 − B04)/(B08 + B04 + 0.16)

MS 10 m [50]

Canopy
chlorophyll

inversion index
CCII = TCARI

OSAVI MS 20 m [80,81]

2.4. Sensitivity Analysis

We performed sensitivity analysis using Sobol’ indices (SIs) to assess the sensitivity
of the DART outputs (i.e., spectral bands and VIs) to changes in the input parameters
(Table 2). The Sobol’ method is a global sensitivity analysis based on functional variance
decomposition that produces sensitivity indices and measures the relative influence of each
parameter. Unlike other types of sensitivity indices, such as the Hilbert–Schmidt indepen-
dence criterion or Fourrier or Morris indices, SIs can measure the effects of interactions
between input parameters [82], which are large when the latter are interdependent. This
was the case for three parameters in the present study—orientation, distance to the nearest
building and exposure—which influence the percentage of shadow in the pixel.
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Sobol’ indices are estimated using a large number of simulations. In this study, the
number of simulations was limited, as they were performed using a complex physical
model (DART). Thus, it was necessary to first create metamodels to calculate the SIs. We
used Gaussian process regression to create several multivariate metamodels based on a
Matern 5/2 kernel. One metamodel was created from the input parameters for each output
parameter (i.e., spectral band or VI), and the metamodel performances were assessed using
a 70–30% training–testing split of the data and the Q2 metric. All metamodels having
Q2 > 0.9 [83] SIs were calculated using Saltelli’s algorithm [84] with the Python library
OpenTurns [70].

2.5. Comparing Simulated and Real Data

We created a real dataset from S2 images, field data and ancillary data for four
study sites.

2.5.1. Real Dataset

The four study sites were located in Rennes, in north-western France (48.1◦N, 1.68◦W)
(Figure 5). Rennes is a medium-sized city of 222,485 inhabitants, with a population density
of 4414 people/km2 [85] and an oceanic climate. Each site corresponded to a mono-species
tree row.

The real dataset included five cloudless Sentinel-2 images (tile T30UWU) that were
acquired on the dates closest to the field measurement dates and downloaded from the
THEIA platform (https://catalogue.theia-land.fr, accessed on 1 September 2024). Because
field measurements were performed on 2 and 23 June, 21 July, 16 August and 2 September
2021, Sentinel-2 images were acquired for 5 and 15 June, 20 July, 14 August and 5 September
2021. The mean interval between the date of Sentinel-2 image acquisition and field mea-
surements was 3.6 days. We co-registered the Sentinel-2 images with sub-pixel accuracy
using a reference image with the Python library Arosics [86]. The Sentinel-2 reference
image was georeferenced using visually identified control points on the orthophotograph
of the Rennes metropolitan area in 2021. We then calculated VIs. Seven field campaigns
were performed during the 2021 growing season. A total of 117 trees were monitored
in four tree rows composed of the following deciduous species: Platanus acerifolia (PL)
(29 trees), Acer platanoides (AC) (29 trees), Quercus rubra (QR) (30 trees) and Fraxinus excelsior
(FR) (29 trees) (Figure 5). For each tree, leaf Cab was measured using a leaf clip (FORCE
A, Dualex, Orsay, France). LAD was measured using a canopy analyzer (LAI-2200, LiCor,
Lincoln, NE, USA), based on [87]; for each tree in the 4 cardinal directions, the 4 LAD
values were then summed to obtain one value per tree, for each date. Data are available at
https://zenodo.org/records/12751353 (accessed on 1 September 2024) and the measure-
ment protocols for Cab and LAD values are explained in [88]. The real dataset included the
following ancillary data (spatial vector layers):

Building extent (source: Etalab land registry, Direction générale des finances
publiques, 2021);

Tree crown delineation (with tree crowns delimited manually using an orthophoto-
graph of the Rennes metropolitan area in 2021);

Street linearization (key ‘highways’ and ‘primary’ and ‘secondary’ values were selected
using OpenStreetMap [89].

https://catalogue.theia-land.fr
https://zenodo.org/records/12751353
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Figure 5. Location of the study sites. (a) Location of Rennes in France; (b) location of the four sites in
Rennes; and sites of (c) Quercus rubra (QR), (d) Platanus acerifolia (PL), (e) Acer platanoides (AC)
and (f) Fraxinus excelsior (FR). All photographs come from Google Maps 2021 3D view, except for
(b) (2021 orthophotograph of the Rennes metropolitan area).

2.5.2. Extracting Pixel Values

A spatial reference grid corresponding to the Sentinel-2 matrix at a 10 m resolution
(S2grid) and the tree crown delineation layer were used to classify the Sentinel-2 images.
This spatial intersection yielded the number of trees, the identifier(s) of these trees and the
percentage of the area occupied by each tree in each pixel.

One of the four window types was then assigned to each pixel based on the number
of trees and the theoretical distribution of the canopy cover in the four windows (Table 4),
as follows:
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Table 4. Theoretical distribution of the percentages of canopy cover between trees A and B (Figure 6)
in the four window types.

Window Type Tree A Tree B Total No. of Trees

1 78.0% - 78% 1
2 39.0% 39.0% 78% 2
3 49.5% 18.0% 67.5% 2
4 39.0% - 39% 1

Remote Sens. 2024, 16, x FOR PEER REVIEW 13 of 40 
 

 

When the pixel contained two trees, the percentage of each tree in the total tree area 
in the pixel was calculated. When it was similar for both trees (40–60%), window 2 was 
assigned. When it differed (one < 40% and the other > 60%), window 3 was assigned. 

Table 4. Theoretical distribution of the percentages of canopy cover between trees A and B (Figure 
6) in the four window types. 

Window Type Tree A  Tree B  Total No. of Trees 
1 78.0% - 78% 1 
2 39.0% 39.0% 78% 2 
3 49.5% 18.0% 67.5% 2 
4 39.0% - 39% 1 

We extracted 150 pixels that covered the 117 trees selected, as some of the trees were 
covered by several pixels. These pixels were classified by the type of window they had 
been assigned (Figure 6): 39 to window 1 (26%), 3 to window 2 (2%), 22 to window 3 (15%) 
and 86 to window 4 (57%). 

 
Figure 6. Examples of the four window types under real conditions. The white lines correspond to 
crown delineation, the red dotted grid corresponds to the Sentinel-2 grid at a 10 m resolution, and 
the central pixel of each thumbnail is the one classified. Images come from an orthophotograph of 
the Rennes metropolitan area in 2021. 

Street orientation was calculated using the ‘street linearization’ layer, and the street 
angles were reclassified to the closest value of the LUT orientation parameter (i.e., 0°, 45°, 
90° or 135°). The distance of trees to the nearest building was calculated from the centroid 
of each pixel to the nearest building using the ‘building extent’ layer. Exposure was cal-
culated in several steps: 

Identify the street segment (SA) nearest to each pixel centroid (P); 
Calculate the line perpendicular (L) to SA that passes through P; 
Define two intersection points (IP1 and IP2) between L and the building limits on 

both sides of the street; 
Calculate the distance between P and IP1, and P and IP2; 
Compare these distances according to street orientation and the solar azimuthal an-

gle to determine whether the point lies on the sunny or shady side of the street. For exam-
ple, in the case of a west–east street orientation, when the P-IP1 distance is superior to the 
P-IP2 distance, P is closer to the north building, which is on the sunny side of the street. 

2.5.3. Cross-Table Analysis 
A new LUT (S2LUT) based on real data was generated from the field data, ancillary 

data and Sentinel-2 images. To compare S2LUT and the simulated LUTs for SC2, all SC2 
LUTs were merged into a single LUT (DARTLUT). S2LUT and DARTLUT were compared 
using the parameters common to both: 

Figure 6. Examples of the four window types under real conditions. The white lines correspond to
crown delineation, the red dotted grid corresponds to the Sentinel-2 grid at a 10 m resolution, and
the central pixel of each thumbnail is the one classified. Images come from an orthophotograph of
the Rennes metropolitan area in 2021.

When the pixel contained a single tree, we set a threshold of 58.5% canopy cover,
which was the mean canopy cover of windows 1 (78%) and 4 (39%). When more than 58.5%
of the pixel was covered, window 1 was assigned; if not, window 4 was assigned;

When the pixel contained two trees, the percentage of each tree in the total tree area
in the pixel was calculated. When it was similar for both trees (40–60%), window 2 was
assigned. When it differed (one < 40% and the other > 60%), window 3 was assigned.

We extracted 150 pixels that covered the 117 trees selected, as some of the trees were
covered by several pixels. These pixels were classified by the type of window they had
been assigned (Figure 6): 39 to window 1 (26%), 3 to window 2 (2%), 22 to window 3 (15%)
and 86 to window 4 (57%).

Street orientation was calculated using the ‘street linearization’ layer, and the street
angles were reclassified to the closest value of the LUT orientation parameter (i.e., 0◦,
45◦, 90◦ or 135◦). The distance of trees to the nearest building was calculated from the
centroid of each pixel to the nearest building using the ‘building extent’ layer. Exposure
was calculated in several steps:

Identify the street segment (SA) nearest to each pixel centroid (P);
Calculate the line perpendicular (L) to SA that passes through P;
Define two intersection points (IP1 and IP2) between L and the building limits on both

sides of the street;
Calculate the distance between P and IP1, and P and IP2;
Compare these distances according to street orientation and the solar azimuthal angle

to determine whether the point lies on the sunny or shady side of the street. For example,
in the case of a west–east street orientation, when the P-IP1 distance is superior to the P-IP2
distance, P is closer to the north building, which is on the sunny side of the street.

2.5.3. Cross-Table Analysis

A new LUT (S2LUT) based on real data was generated from the field data, ancillary
data and Sentinel-2 images. To compare S2LUT and the simulated LUTs for SC2, all SC2
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LUTs were merged into a single LUT (DARTLUT). S2LUT and DARTLUT were compared
using the parameters common to both:

two continuous quantitative parameters: Cab and LAD (θ1 and θ2, respectively);
six qualitative or discrete quantitative parameters: LCZ type (i.e., 2, 5, 6 or 8), window

type (i.e., 1–4), street orientation (i.e., 0◦, 45◦, 90◦ or 135◦), tree-building distance (i.e., 6, 8,
10, 12, 14 or 16 m), exposure (sunny side or shady side) and date (month 3–10) (set as θ3, θ4,
θ5, θ6, θ7 and θ8, respectively).

Specifically, for each S2LUT entity, we searched DARTLUT for all parameters in
common. For quantitative parameters, we applied a search tolerance of ±2 µg/cm2 for
Cab and ±0.1 m2/m3 for LAD, whereas for qualitative parameters, we sought exact values.
This filtering yielded DART VI and reflectance values to compare to corresponding S2 VI
and reflectance values. We then used two matching methods to compare the reflectance
and VIs simulated by DART to those obtained using S2 images: this resulted in the median
of the 10% or 50% closest values. The root-mean-square error (RMSE) and the Pearson
correlation coefficient (r) were used to compare the VI values. RMSE and r were computed
according, respectively, to Equations (1) and (2), where VS2 corresponds to the value of
the reflectance or VI in the S2LUT, VDART corresponds to the value of the reflectance or VI
in the DARTLUT, and n corresponds to the number of pixels in the S2LUT and matched
DARTLUT pixels.

RMSE(VS2, VDART) =

√
1
n ∑n

i=1(VDARTi − VS2i)
2 (1)

r(VS2, VDART) =
∑n

i=1
(
VS2i − VS2

)
×
(
VDARTi − VDART

)√
∑n

i=1
(
VS2i − VS2

)2 × ∑n
i=1

(
VDARTi − VDART

)2
(2)

3. Results
3.1. Sensitivity Analysis of the Simulated Isolated-Tree Scenario (SC1)
3.1.1. Spectral Bands

The sensitivity analysis of scenario SC1 revealed the strong influence of the tree-exogenous
parameters in all LCZs on the Sentinel-2 spectral bands at a 20 m resolution, whereas the tree-
endogenous parameters had nearly no influence (mean relative influence < 1%) regardless of
the spectral band (Figure 7). However, the relative influences and spectral distributions
of tree-exogenous parameters varied among the LCZs. Considering the tree-exogenous
material parameters, roof materials had a larger influence when the street was narrow,
as in LCZ2 (ca. 70–75%), whereas their influence decreased and that of ground materials
(both impervious and pervious) increased in LCZs that were more open and had larger
streets (LCZ2 > LCZ6 > LCZ5/LCZ8). Roof and ground materials remained those with
the largest influences at a 20 m resolution. Pervious materials (i.e., grass) had nearly no
influence in LCZ2 and LCZ8, but did in LCZ5 and LCZ6, especially on band B05 (relative
influence of 25% and 50%, respectively). Regarding the tree-exogenous context parameters,
the simulated Sentinel-2 reflectance was more sensitive to them in LCZ5, especially to
exposure, which sometimes exceeded 25% for B8A, street orientation, which sometimes
reached 18% for B11 and B12, and sun angles, which ranged from 5 to 10% among the
spectral bands. The same results were observed in LCZ6 and LCZ8, but with smaller
relative influences. The relative influence of street orientation was relatively large in all
LCZs, especially LCZ2 and LCZ5. The distance to the nearest building had little influence,
from 0% in LCZ2 to 3–4% in LCZ5, depending on the spectral band.
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In addition, the mean relative influence of tree-endogenous parameters on the S2
spectral bands at a 10 m resolution in all LCZs was much greater than those of the spectral
bands at a 20 m resolution (34%, 77%, 43% and 42% on B02, B03, B04 and B08, respectively)
(Figure 7). The tree-endogenous parameters that influenced B02 were mainly Car and LAD
(mean of 9% and 22%, respectively). B03 was the spectral band influenced most by Cab,
which had a relative influence of 73%, 62%, 68% and 61% in LCZ2, LCZ5, LCZ6 and LCZ8,
respectively. B04 was influenced by both Cab and LAD. The relative influence of LAD
varied among the LCZs, ranging from 18% in LCZ6 to 37% in LCZ2. LMA influenced B08
in LCZ6 and LCZ8 (40% and 28%, respectively). However, tree-exogenous parameters
also influenced the reflectance. Ground materials strongly influenced the reflectance of
B02-B04, while roof materials did not influence it. More diverse influences were observed
for B08, with sun angles having a larger influence (i.e., 6.5–15.0% among the LCZs) and
smaller influence than the other context parameters, depending on the LCZ. Regardless of
the resolution or LCZ, wall materials had a negligible influence among the tree-exogenous
parameters, as did clumping, LAD, structure and EWT among the tree-endogenous param-
eters. Overall, only LAD and Cab had a relative influence on reflectance greater than 20%
for at least two spectral bands. To a lesser extent, Car and LMA influenced one spectral
band each—B02 and B08, respectively—with a mean relative influence of less than 8.5%
and 20%, respectively.

3.1.2. Vegetation Indices

The sensitivity analysis of scenario SC1 also revealed that the VIs were more sensitive
to tree-endogenous parameters than the spectral bands were, and more so at 10 m (relative
influences of 55–75%) than at 20 m (10–40%) (Figure 8). The two VIs with the largest
tree-endogenous influences were NGBDI and OSAVI at 10 m, and CCII and TCARI at 20 m,
while the VIs with the smallest influences were DVI and NGRDI at 10 m, and NDVIRE and
SELI at 20 m.
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The VIs calculated at 20 m had the same trend as the spectral bands, with the tree-
exogenous parameters having a larger influence at a 20 m resolution than at a 10 m
resolution, especially for ground and roof materials (both 55–81%). Likewise, their relative
influence varied among the LCZs: in LCZ2, VIs were influenced most by roof materials,
whereas in LCZ5, they were influenced most by context parameters such as distance to the
nearest building and street orientation. However, TCARI and CII were highly sensitive to
one tree-endogenous parameter: Cab. None of the VIs were very sensitive to LAD (mean
relative influence of 5%).

At a 10 m resolution, the accuracy of the VIs was assessed by grouping them into
three categories—normalized indices with only visible bands, normalized indices with
all bands, and complex multispectral infrared indices—with DVI showing the smallest
tree-endogenous relative influence (Table 4, Figure 8). The mean relative influence of the
tree-endogenous parameters on the four normalized indices with only visible bands was
78% for NGBDI, 64% for RGBVI, 52% for GLI and 45% for NGRDI. While NGBDI was
the only one slightly sensitive to Car, all VIs were sensitive to both LAD and Cab, and
mainly to the latter. NGBDI had the largest mean relative influence of Cab (60%), regardless
of the LCZ, unlike the three other normalized VIs, which had only visible bands that
were sensitive to the pervious ground percentage, as seen when comparing the relative
influences in LCZ2 and LCZ6 (Table 1). The mean relative influence of tree-endogenous
parameters on the two normalized indices for all bands was 63% for ARVI and 61% for
NDVI. Specifically, Cab and LAD had a relative influence of 40% and 20%, respectively,
on ARVI, and 27% and 27%, respectively, on NDVI. These two VIs were also sensitive to
the pervious ground percentage, which caused the relative influence of Cab on ARVI in
LCZ2 to LCZ6 to decrease from 55% to 28%, respectively, and its influence on the NDVI to
decrease from 40% to 20%, respectively. The mean relative influence of tree-endogenous
parameters on the two complex indices with all bands varied the most. While both were
the most sensitive to LAD (35% relative influence), their sensitivity to Cab and LMA
differed, with Cab and LMA having a mean relative influence on MCARI2 of 3.5% and 14%,
respectively, and an influence on OSAVI of 9% and 25%, respectively. MCARI2 was the
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only VI that was sensitive to LMA. MCARI2 and OSAVI were also sensitive to the pervious
ground percentage.

In summary, NGBDI had the highest sensitivity to Cab, ARVI and NDVI had high
sensitivity to Cab and LAD, MCARI2 and OSAVI had the highest sensitivity to LAD
(particularly in LCZ6), and TCARI and CCII had little sensitivity to soil material variability,
although these last two VIs were generated from 20 m bands.

3.2. Sensitivity Analysis of the Simulated Tree Row Scenario (SC2)

The sensitivity analysis of scenario SC2 was performed for the four window types
by considering the central tree of the row as the target tree and the neighboring tree
as the neighboring tree. The tree-endogenous parameters were thus assessed according
to whether they concerned the target tree or neighboring tree (Trees A and B, Figure 4)
(Figure 9).
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The sensitivity analysis by window type for SC2 highlighted that the relative influ-
ences of the VIs differed among the windows. The relative influences of tree-endogenous
parameters for window 1 were slightly larger for SC2 (from 39% for TCARI to 84% for
NGBDI) (Figure 9) than for SC1 (from 39% for TCARI to 77% for NGBDI) (Figure 8). The
effect of the neighboring tree was assessed by comparing the mean relative influence of
all parameters in all LCZs in SC2 (Figure 9) to that of all parameters in all LCZs in SC1
(Figure 8).

Comparing the mean relative influence of tree-endogenous parameters for window
1 (one centred tree) and window 4 (one non-centred tree), which had 78% and 39% canopy
cover, respectively, showed a decrease that was proportional to that of canopy cover, ranging
from −60 percentage points for ARVI to −31 percentage points for TCARI (Figure 10). Logically,
the tree-exogenous material parameters had larger relative influences for window 4 than for
window 1. In particular, window 4 in LCZ2 was strongly influenced by roof materials, as a
pixel offset perpendicular to the tree row with a short distance to the nearest building was
more likely to generate a larger relative influence of roof materials. The relative influence of
tree-exogenous parameters for window 4 was strongly influenced by the pervious ground
percentage in LCZ6 and LCZ5 and impervious ground percentage in LCZ8. Contextual
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parameters also had a notable influence on the VIs for window 4, mainly in LCZ2, LCZ5
and LCZ8, in part due to the large number of buildings and tree shadows (Figure 10).
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The effect of the neighboring trees on the mean relative influence of tree-endogenous
parameters was observed for window 2, which contained an equal percentage of two
trees, and to a lesser extent for window 3, which contained unequal percentages of two
trees. For window 2, the relative influence of the target tree was nearly equal to that of
the neighboring tree, as both trees had the same canopy cover in the pixel (39% per tree).
For example, the relative influence of Cab on NGBDI in LCZ5 was 28% and 30% for the
target and neighboring tree, respectively. Although windows 1 and 2 had the same total
canopy cover (78%), tree-endogenous parameters had a larger influence for window 1 than
for window 2. For most VIs, this difference was larger in LCZ5 and LCZ6 (Figure 10),
which had the largest pervious ground percentage. This result highlighted that even if two
trees have the same canopy cover in a pixel, the relative influence of their tree-endogenous
parameters on VIs can differ, depending on the LCZ type. For window 3, the relative
influence of tree-endogenous parameters also included that of the neighboring tree (2–8%),
and the orientation was strengthened, especially in LCZ2.

The sensitivity analysis of scenario SC2 revealed that the VI most sensitive to Cab and
LAD depended on the LCZ (Figure 10). For example, in LCZ2, NGBDI, RGBVI and ARVI
showed high sensitivity to total Cab (i.e., for both target and neighbouring trees) (52%,
38.5% and 45%, respectively), while MCARI2 and OSAVI were the most sensitive to LAD
(32% and 27%, respectively). Similar sensitivity trends were observed for these five VIs in
the other LCZs.

However, tree-endogenous parameters could have a relatively small influence, espe-
cially for windows 3 and 4 (mixed pixels) in LCZ6. For example, the relative influence of
Cab on ARVI for window 4 and in LCZ6 was only 6% due to the influence of the pervious
ground percentage (underlying grass vegetation) on most VIs. In contrast, the relative
influence of Cab on NGBDI for window 4 and in LCZ6 was 40%, as NGBDI was influenced
less by the pervious ground percentage than the other VIs were.

Based on the overall accuracy, six VIs generated from the 10 m resolution bands
were considered for further analysis, including NGBDI and RGBVI for Cab, and MCARI2
and OSAVI for LAD. ARVI and NDVI were also considered given their overall accuracy
associated with tree-endogenous parameters, and because NDVI is one of the VIs most
used and best known for studying vegetation using Sentinel-2 images.

3.3. Comparison of Simulated and Real Data

The 50% and 10% matching methods indicated that the simulated and real spectral
bands differed little overall (RMSE = 0.030 and 0.016, respectively). However, the median
RMSE for all species combined obtained with the 10% matching method varied from 0.011
for window 4 to 0.034 for window 2 (Figure 11, Appendix B), and also varied for a given
window type among species. For example, for window 3, the median RMSE ranged from
0.02 for QR to 0.05 for PL. Moreover, certain species had a wide interquartile range, such as
QR for window 1 (0.02) and PL for window 3 (0.05).

The 50% matching method showed slightly more scattered point clouds than those
obtained with the 10% matching method for all species, windows and VIs, with a decrease
in the overall r values of −0.20 (Figures 11 and A3).

Here, we present a comparison of the simulated and real VIs only for the 10% matching
method, considering tree species, Cab and LAD, successively. See Appendix B for the results
obtained with the 10% and the 50% matching method (Appendix B: Tables A2–A5).

The correlation between simulated and real VIs for the tree species illustrated that
their point clouds varied among the window types (Figure 12). For window 1, ARVI
and NDVI were moderately to strongly correlated (r = 0.40–0.85), with a scattered pattern
due to DART over-estimates, especially for the NDVI of PL (r = 0.53) compared to that of
AC, FR and QR (r = 0.79, 0.99 and 0.85, respectively) (Table A2). RGBVI was even more
scattered, with many DART over-estimates. In contrast, NGBDI had a moderate correlation
(r = 0.55–0.85) but a scattered pattern due to DART under-estimates.
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For window 2, the VI values were less correlated and were widely scattered for all
VIs, with r ranging from 0.05 for RGBVI to 0.28 for NDVI (Figure 12). DART greatly under-
estimated NGBDI and greatly over-estimated RGBVI, MCARI2 and OSAVI. However, some
species had a stronger correlation, such as AC, with 0.52 and 0.57 for ARVI and RGBVI,
respectively, and FR, with 0.61 and 0.58 for OSAVI and MCARI2, respectively. Window 3
also showed substantial scattering, but with slightly stronger correlations for all species
than those for window 2. Window 4 had the strongest correlations and smallest RSME
between the simulated and real VIs (i.e., r > 0.96 and RMSE < 0.04). The VI values were
narrowly distributed along the 1:1 line, particularly for NDVI and ARVI (r = 0.25–0.90).

The correlation between simulated and real VIs as a function of Cab and LAI varied
(Figures 13 and 14. For windows 1 and 4, the pixels corresponding to trees with a high Cab
(>36 µg/cm2) and LAD (>0.8) lay more closely along the 1:1 line, while deviations from
it corresponded to pixels with a lower Cab (<28 µg/cm2) and LAD (>0.8). For Cab, this
was particularly true for NGBDI, ARVI and NDVI, unlike for RGBVI, whose points with a
high Cab were more scattered. In general, the higher the chlorophyll content of the tree
in the pixel, the more accurate were the DART-simulated VI values. For LAD, this was
particularly true for MCARI and OSAVI.

The results obtained using the five Sentinel-2 dates from 6 June (DOY = 156) to
5 September (DOY = 248) 2021 did not show that solar illumination had an influence (i.e.,
sun angles, shadows). The metrics calculated for all windows on each DOY were similar
to those calculated for all windows and all DOYs and that for all VIs (Tables A4 and A5),
except for the image of 5 September, which had negative correlations for window 2.
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Figure 13. Scatter plots of real and simulated Sentinel-2 vegetation indices by type of extraction
window according to the 10% matching method. For each point, the measured chlorophyll content of
the tree(s) corresponding to the pixel is shown.

In summary, considering all species and windows (environmental conditions), the
strongest correlations between simulated and real data were found for window 4 (one tree
with low canopy cover) and window 1 (one centered tree). For window 4, the correlations
were strong for all four species (r > 0.98). The strongest correlations were observed for
window 1 for ARVI, for FR (r = 0.99 and RMSE = 0.01), followed by AC (r = 0.86 and
RMSE = 0.05), QR (r = 0.87 and RMSE = 0.07) and PL (r = 0.63 and RMSE = 0.12).
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4. Discussion
4.1. Modelling Assumptions and Choice of LCZs

The experimental design for simulating Sentinel-2 data using DART and LCZs was
based on several assumptions and used simplified reference data on urban trees, which led
to certain limitations that may explain the differences observed between the simulated and
real data. Specifically, these differences could be explained by the tree-endogenous and
tree-exogenous parameters chosen, as well as the use of the LCZ taxonomy.

4.1.1. Tree-Endogenous Parameters

The geometric characteristics of trees were determined based on a reference database
at a height of 15 m and a diameter of 10 m. These dimensions sometimes differed from
those of the real trees studied, depending on the species. The median height of the AC,
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QR and FR of real trees ranged from 13.5 to 14.0 m, while that of PL was 6.5 m; the height
was up to 22 m for certain PL trees. Similarly, the median crown diameter of real trees also
varied, from 10 m for QR and FR to 11.5–12.0 m for PL and AC. Moreover, the crown shape
of simulated trees was a perfect circle, whereas that on the Sentinel-2 images was more
irregular. The median circularity ( 4πCrownarea

Crownperimeter
2 ) of simulated trees was 1 (which corresponds

to a circle), whereas that of real trees was 0.55 for PL and close to 0.70 for AC, FR and
QR. In the simulations, the crown volume was represented by an ellipsoid. Among the
four tree species studied, the crowns of QR and AC corresponded to an ellipsoid, while
those of PL and FR were more V-shaped. These differences in geometric characteristics
observed between the simulated and real trees influenced tree radiation interception, and
thus the first-order influence of top-of-canopy reflection and the second-order influence of
the reflection of transmission through the tree crown (i.e., light-path lengths depend on the
crown shape) [90] and background reflection. Tree structure also determined the percentage
of woody elements in the crown, as branch shape, length and density can strongly influence
reflectance [67,91,92], especially during periods of low LAI. In addition, the structure of
urban trees also depended strongly on the type of pruning and the branching habit.

For most VIs, we observed that the simulated data were accurate for FR, whose
geometry was more similar to that of the simulated reference tree, and that they were less
accurate for PL, whose geometry differed greatly from that of the simulated reference tree.

4.1.2. Tree-Exogenous Parameters

The urban environment contains a wide variety of materials. The spectral library used
in the experimental design (i.e., roof, wall, mineral soil and plant soil materials), although
non-exhaustive, varied greatly. However, two parameters were not considered. The first
was the diversity and height of underlying vegetation: while grass areas usually consist
of a mixture of green and dry grass that can vary in composition and structure, only two
contrasting spectra were used in the simulations; this was instead of a gradient of spectral
mixes with specific phenological dynamics. The second parameter was the diversity of
mineral materials: only one mineral ground type was selected for each simulation, whereas
that in urban spaces can be heterogeneous, even at a 10 m resolution. In addition, the
results showed that walls had a small influence on reflectance, as the building models
were simple and did not include windows, which have a specular reflection, unlike the
Lambertian materials used in the simulations. In certain configurations, windows can have
a non-negligible effect on the radiation balance at the street scale [93]. We also assumed
that the atmosphere was unpolluted, with a low optical thickness, whereas in reality it
can be polluted near trees at the scale of an urban canyon, which can strongly influence
short-wavelength spectral bands and influence the calculation of certain VIs based on B02
(blue wavelengths).

The images were simulated with fixed gas and aerosol properties (optical, chemical,
thermal and geometric). However, at the city scale and depending on climate, these conditions
can vary greatly in time and space, influencing the reflectance values of Sentinel-2 images [94].
In this study, their influence on Sentinel-2 images was not quantified, assuming that
the atmospheric correction was performed optimally. Future research could include the
variations in aerosol abundance and atmospheric water vapor content, for instance, to
quantify the impact of pollution and atmospheric moisture, respectively, and to expand the
results to cities located in tropical and desertic areas or those with strong industrial activity.

4.1.3. The LCZ Approach

LCZs were used as a framework to represent four contrasting 3D urban scenes. The
geometric characteristics of buildings (i.e., volume, height and layout) determine how
shadows are projected. The percentages of mineral ground and grass, which varied among
the LCZs, also strongly influenced the reflectance and VIs. LCZ2 is characterized by
narrow streets with high buildings, so the most influential tree-exogenous parameters
are contextual parameters (i.e., orientation, exposure, distance and solar angles) and roof
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materials, which had a large influence on the reflectance and VI values. While LCZ5
is characterized by high buildings with wider streets, the influence of shading is still
important, but depends more on the position of trees in relation to buildings. In contrast to
these two LCZs, in LCZ6 and LCZ8, the influence of buildings is less important than that
of ground vegetation and ground materials. While LCZ maps are now widely available,
they can be used for Sentinel-2 data processing, taking into account the specificity of each
LCZ. For example, shading or vegetation understory effects could be reduced in LCZs 2
and 5, and in LCZ6, respectively, which is important for time series consistency for urban
tree monitoring.

We generated 100 × 100 m 3D urban scenes at a 1 m resolution, as the automatic LCZ
calculation method used most provides data at a 100 m resolution [95]. Hence, although
LCZ is usually considered as a local approach [59], it remains coarser than Sentinel-2’s
spatial resolution. The LCZ classification was used to provide a framework for constructing
pseudo-realistic urban scenes. However, the approach chosen for modeling the urban
environment is discrete, whereas the urban environment is continuous. At the scale of
a 100 × 100 m scene, buildings can be highly variable in size and materials, limiting the
use of LCZs at fine scales. Using a digital twin that includes buildings, street features,
topography and materials would enable researchers to assess the physical, structural and
optical properties of urban scenes and more accurately determine the mixture within a
Sentinel-2 pixel. Thus, the building layout in the LCZ directly influences the mixture in a
pixel. This effect was obvious for the 20 m bands in LCZ2, in which roof materials equaled
nearly 80% of the total influence, because the street was narrow and roofs covered most of
the pixel.

In addition, the LCZ approach does not allow the layout or location of trees to be
specified within 3D scenes. Although we assessed two types of tree layout in the two
scenarios and four contextual variable parameters, these 3D scenes represented only some
of the tree layouts actually encountered in a city, such as double tree rows and non-linear
tree rows.

4.2. Sensitivity Analysis Based on Simulated Data
4.2.1. VI Performances to Characterize Functional Traits of Trees

The sensitivity analysis showed similar results for isolated trees (SC1) and tree rows
(window 1 for SC2). In other words, neighboring trees have a negligible indirect effect when
the pixel is centered on the target tree. It also demonstrated that Cab and LAD were the
tree-endogenous parameters that influenced Sentinel-2 spectral bands and VIs the most. To
a lesser extent, Car and LMA, respectively, influenced B02 reflectance and its derived index
NGBDI, and B08 reflectance and its derived indices (especially MCARI2). The results of the
sensitivity analysis for the VIS and NIR bands at a 10 m spatial resolution are consistent with
those obtained in a study focusing on a homogeneous canopy simulated with PROSAIL [96].
The latter showed that Car was dependent on B02, Cab almost exclusively on VIS bands,
and LAI and LMA on NIR bands. However, our results diverged with respect to the
influence of vegetation traits on bands at a 20 m spatial resolution (RE and SWIR), due
to the sub-pixel heterogeneity in urban areas. For example, our results showed that EWT
did not affect SWIR bands, which are predominantly influenced by ground and building
roof materials.

NGBDI and ARVI were among the most accurate indices and influenced the most
by Cab. However, the high accuracy of NGBDI raises concerns regarding the use of band
B02 in an urban environment due to its sensitivity to aerosols [72]: a small change in
reflectance can change the index greatly due to the status of the atmosphere compared to
Cab. This could explain the differences observed between the simulated and real NGBDI
values. The results also showed a particular pattern of sensitivity for MCARI2, with a
strong influence of LAD and negligible influence of Cab. This pattern is consistent with
the theoretical assumptions used to calculate MCARI2, which was included to maintain
maximum sensitivity to LAI while decreasing the influence of variability in chlorophyll [97].
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The correlations between the DART-simulated and real VI values were good. However,
the comparison raises several questions about the field dataset used. Cab ranged from
11 to 45, but a saturation effect may have occurred when it exceeded 45, which may
have weakened the correlation. Moreover, DART simulates LAD, but the corresponding
parameter measured in the field was actually the plant area density (PAD) (i.e., including
both leaves and branches). Consequently, we can deduce that over-estimated real values
(PAD field measurements) were used when compared with DART LAD values.

One of the most important results revealed by the sensitivity analysis was the large
influence of the grass ground percentage on the reflectance and VIs (except for NGBDI), as
illustrated in LCZ6, which had the largest grass ground percentage (50%). This sensitivity
could limit tree studies. For example, grass ground had a larger influence for window 3
than for window 4, which showed that the reflectance and VIs were influenced more by the
dynamics of the underlying grass than by those of the tree. In this case, data on the grass
at a high spatial resolution may help assess the sensed signal, because trees and grass can
have a similar spectral shape but different temporal dynamics [98].

4.2.2. Influence of the Radiative Transfer Model Chosen

Sensitivity analysis is often used with radiative transfer models. The sensitivity of
Sentinel-2 images to vegetation traits has been studied using PROSAIL, which is a 2D/2.5D
radiative transfer model, for homogenous canopies [42,96,99,100]; meanwhile, INFORM or
DART have been used for more complex and rougher canopies [52,101]. As most studies
have focused on tree-endogenous parameters, few have considered vegetation-exogenous
parameters such as the solar angle or soil moisture. For tree-endogenous parameters, the
sensitivity patterns of spectral bands in the present study were similar to those in the
literature: B02 was the only one that was sensitive to Car, B03 was the most sensitive to
Cab, B04 was the most sensitive to Cab and LAI, and B08 was the most sensitive to LMA.
Cab and LAD also influenced VIs such as NDVI.

One major advantage of this study was that it considered both endogenous and ex-
ogenous parameters using DART. In a previous study, a sensitivity analysis that compared
DART and PROSAIL showed that DART outputs were more sensitive to one vegetation-
exogenous parameter—the solar angle—than PROSAIL outputs [101]. This demonstrated
the importance of representing 3D scenes to consider the effects of light interception and
shadows, which are strong in heterogeneous urban areas. The present study assessed
eight tree-exogenous parameters in the sensitivity analysis; its results demonstrated that
tree-exogenous parameters usually had more influence on spectral bands and VIs than
tree-endogenous parameters did.

Including tree-exogenous parameters in the sensitivity analysis, combined with the
LCZ and extraction window approach, highlighted the importance of two key elements
that influence spectral bands and VIs: a tree’s planting conditions and a pixel’s composition
(i.e., percentages of vegetation and various materials). Thus, ancillary data should be used
along with Sentinel-2 images to capture the heterogeneity in urban areas. For example, one
can use the tree crown extent to calculate the canopy cover and the number of trees per
pixel, the extent of underlying vegetation (to estimate the percentage of grass per pixel)
and the types of ground materials; this can also be used to create a digital surface model
that quantifies the canopy height to calculate the percentage of shadow cast per pixel on a
given date.

4.3. The Extraction-Window Method for Capturing Pixel Heterogeneity in Urban Areas

The results highlighted the difficulty of studying tree functional traits when the objects
of interest (i.e., urban trees) have the same area as the pixel. Specifically, the creation of
a relationship of scale among field measurements at the leaf scale, field measurements
extrapolated to the canopy scale and pixel values at a coarser scale is challenging [102]. The
window approach merges the two most common approaches (object-based or pixel-based
approach) used to extract pixel values [103]. While the object-based method summarizes
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data and can reduce information and/or induce noise, the pixel-based method assumes that
the pixel is pure and that the object of interest covers it entirely, which is not necessarily true.
For urban trees, values should not be aggregated, as the scenes are heterogeneous, and given
the small size of the objects of interest and the potential offsets during orthorectification,
doing so is unlikely to yield pure pixels. The window method provides an initial way to
address these difficulties. It preserves image values without interpolation or aggregation,
but still considers a pixel’s heterogeneity and associated uncertainty.

We used the extraction window method, which assigns window types to pixels based
on the spatial coverage of tree crowns. We determined the uncertainty caused by the
extraction conditions and the influence of the parameters on monitoring and estimation
as a function of window type. The results highlighted the good accuracy of the DART-
simulated Sentinel-2 values, especially for windows 1 and 4, which contained only a single
tree. The accuracy was lower for windows 2 and 3, perhaps because the characteristics of
two trees did not have additive effects; for example, Cab and LAD showed a non-additive
effect at the scale of two tree crowns.

While the extraction window method allowed us to consider four different pixel types
according to their percentage of canopy cover and number of trees, ancillary data could
be used to mitigate the issue of mixed pixels in a continuous and more comprehensive
way. Specifically, ancillary data can be used to characterize pixels both quantitatively (e.g.,
proportion of cover types or materials) and qualitatively (type of cover or material). For
example, the canopy cover per pixel can be extracted from vector data (as in this study)
or from canopy height models, which are now increasingly available at very high spatial
resolutions and on a large scale [104,105]. The proportion of shadows per pixel, resulting
from the exposure of parameters, the distance between trees and buildings, and street
orientation, can be determined from the combined use of a digital surface model and
geospatial modelling tools such as the potential incoming solar radiation tool available in
SAGA [106]). These pixel characteristics can be used to filter a set of pixels corresponding
to specific conditions (e.g., pixels with high canopy cover and without shadows), or can be
integrated as input features in vegetation trait estimation models.

5. Conclusions

This study, which focused on assessing the suitability of Sentinel-2 images for charac-
terizing two functional traits (Cab and LAD) of urban trees, highlighted the strong influ-
ence of tree-exogenous and tree-endogenous parameters on Sentinel-2 spectral bands at a
20 m and 10 m resolution, respectively, whether the trees were considered individually or
in rows. It also identified the VIs that were most sensitive to Cab and LAD among envi-
ronments or pixel configurations. The comparison of DART-simulated and real Sentinel-2
data, which also included field measurements and ancillary data, showed good accuracy
both for spectral bands and certain VIs, which highlighted the value of ancillary data
to better capture specific urban characteristics, such as canopy cover, the percentage of
underlying vegetation and ground materials. This study identifies three main perspectives.
The first perspective focuses on the precision of physical modelling for the sensitivity
analysis. Several aspects remain to be investigated, such as the more realistic modelling
of trees and a more comprehensive consideration of atmospheric and aerosol variability.
The second perspective involves the development of a model for estimating the Cab and
LAI of urban trees based on the inversion of the DART model and Sentinel-2 imagery,
considering, as input data, the VIs most influenced by LAI and Cab (highlighted in this
study) and the tree-exogenous parameters (underlying vegetation, shading, materials)
derived from auxiliary data. The third perspective is concerned with the temporal analysis
of VIs, Cab and LAI parameters, which could reveal relationships between tree species and
the factors associated with urbanization, such as urban heat islands or soil imperviousness.
Addressing these issues could lead to a deeper understanding of the interactions between
endogenous tree parameters, the urban environment and satellite imagery, and thus to an
improvement in urban tree monitoring using remote sensing data.
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Appendix A. Detailed Description of DART Input Parameters

Appendix A.1. Tree-Exogenous Parameters

Appendix A.1.1. Sensor Settings, Direction Input Parameter and Atmosphere

The illumination of the scene is important, as it determines the distance of the shadow
cast by the buildings (and the energy balance of the scene). These conditions change
throughout the year, characterized by a change in the solar incidence angles (zenith and
azimuth). To reproduce this change, the date can be set in DART (which will determine
the solar angles for a given latitude and longitude) and then changed. We considered
dates from 15 March to 15 November, which coincides with the vegetative period of the
trees. Concerning parameters for the atmosphere, urban areas have a specific atmosphere
because the concentration of housing and industry produces large amounts of emissions
that influence the composition of the atmosphere and aerosols. Images acquired in urban
areas are therefore influenced more by absorption and scattering, mainly in the visible
and near-infrared wavelengths. The DART model can use the USSTD76 atmospheric
model [108] to reproduce the atmospheric influence on the signal. The optical properties of
aerosols can also be set; this study used an urban aerosol with a constant multiplier of 1 for
the optical depth of aerosols. The temperature of the elements in the scene has been set
at 300◦K.

Appendix A.1.2. Spectral Library

One characteristic of the urban environment is the variety of materials, most of which
are human-made or mineral, such as rough stone (e.g., sandstone, limestone), granite,
asphalt, cement, concrete, brick, shingle, slate, red tile, and glass, or even metals, such as
steel and zinc. Each material has specific spectral signatures due to its intrinsic physical
and chemical composition that will influence the land surface radiation balance in the
scene, as well as the reflectance of the pixel analyzed. Due to the geometric configuration
of the four LCZs selected and the simplified 3D representations of the buildings, and to
reproduce plausible contexts that represent a broad range of materials, four classes were
considered: roofs, walls, impermeable ground and permeable ground. Each of these classes
was assigned potential reflectance spectra from a DART spectral library with different
levels of detail. A total of 18 spectra were retained (Figure A1). The four types of surfaces
were modelled as Lambertian surfaces.

https://zenodo.org/records/12751353
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reflectance value [%] as a function of wavelength [µm]. The vertical bands correspond to the central
wavelength and width of Sentinel-2 spectral bands.

Appendix A.1.3. Earth Scene and Tree Planting Context

The scene was set in Rennes, France, to match the real Sentinel-2 data. The scene
dimensions were set to 100 × 100 m based on the scale of LCZs, and to ensure that electro-
magnetic interactions in the tree’s environment could actually occur. The conditions under
which a tree is planted are a key factor in its development. It is important to distinguish
two elements: the absolute planting conditions, which include the type of ground (e.g., soil,
grass, human-made materials) at the base of the tree, and the environmental conditions
(e.g., presence of buildings, street). The former can be classified as restricted (a ca. 1 m2

square of bare soil or grass surrounded by impermeable materials), linear (trees planted on
a strip of bare soil or grass surrounded by impermeable materials) or open (trees located
on extended grass or in a park) [109]. In the simulations, these conditions were reflected by
the ratio of permeable to impermeable ground defined with the LCZs (Table 1). The latter
can be described using three parameters: the distance from the tree to the nearest building,
the street orientation and the exposure (planted on the sunny or shady side of the street).
These three parameters are likely to strongly influence how shade will impact the tree.
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Appendix A.2. Tree-Endogenous Parameters

Appendix A.2.1. Tree Structural Parameters

Tree structural parameters were determined by analyzing the tree row database of
the Lyon metropolitan area, which is one of the most complete databases for France in
OpenData (https://data.grandlyon.com/jeux-de-donnees/arbres-alignement-metropole-
lyon/info, accessed on 1 September 2024). The database contains 50,000 records with
the following geometric variables: crown height, crown diameter, total height and trunk
diameter. To build a reference profile, the database was limited to the five most common
genera, namely Tilia, Acer, Platanus, Fraxinus, and Quercus, which agrees with urban tree
databases for other European cities, and to crown diameters of 8–12 m. With these limits,
mean values were calculated for tree structural parameters (Table A1). The tree was further
modelled with an ellipsoid crown and a cylindrical trunk without branches.

Table A1. Structural parameters of the tree modelled in DART.

Parameter Value [m]

Tree height 15
Trunk height under the crown 4

Trunk height in the crown 6
Trunk diameter 0.4
Crown diameter 10

Three parameters were variable: leaf area density (LAD), the percentage of crown
holes and the leaf angle distribution. The leaf area index (LAI) was calculated as the total
leaf area of a canopy per unit area of ground, which is suitable for a tree canopy with a
homogeneous height such as that of dense forests. For a single tree, LAI can be defined using
the LAD, which equals the total leaf area per unit volume of canopy (i.e., the tree crown) in
m2/m3. Next, a clumping factor indicates the degree of spatial aggregation of leaves in
the canopy. DART can calculate the percentage of crown volume occupied by leaves. If
100% of the crown volume is occupied, the LAD is homogeneous at the crown scale and
the clumping factor equals 0, but if only 50% of the crown volume is occupied, the LAD
is not homogeneous at the crown scale, and leaves are artificially aggregated for a given
initial LAD. We used a crown hole percentage of 0–50% as a proxy to simulate the clumping
factor. Finally, the leaf angle distribution refers to the statistical distribution of the angular
orientation of leaves at the scale of a tree (e.g., planophilic, plagiophilic, extremophilic,
uniform). Several methods exist to estimate it, including several predefined mathematical
functions. From the database available in [110], which provides leaf inclination angles for
temperate and boreal broadleaf woody species, the two most common distributions (i.e.,
planophile and plagiophile) for deciduous tree species were extracted.

Appendix A.2.2. Leaf Parameters

The DART model is coupled with the PROSPECT model. In this study, the PROSPECT-
D version was used [65], as it can simulate the reflectance and transmittance spectra of a
leaf in the spectral range of 0.4–2.5 µm (Figure A2). To simulate these spectra, the model
uses seven parameters: the structure coefficient (N), chlorophyll content (Cab), carotenoid
content (Car), anthocyanin content, brown pigments, equivalent water thickness (EWT)
and dry matter (LMA). The simulated spectrum is then assigned to the optical properties
of the tree leaves in DART.

https://data.grandlyon.com/jeux-de-donnees/arbres-alignement-metropole-lyon/info
https://data.grandlyon.com/jeux-de-donnees/arbres-alignement-metropole-lyon/info
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Figure A2. Example of two leaf spectra simulated by the PROSPECT model. Spectrum 1: N = 2.3,
Cab = 60, Car = 25, EWT= 0.024 and LMA= 0.018. Spectrum 2: N = 1.7, Cab = 32.5, Car = 13.75,
EWT= 0.014 and LMA= 0.008. Spectra 1 and 2 correspond to the maximum and median values
used in the virtual experimental design, respectively. The vertical bands correspond to the central
wavelength and width of Sentinel-2 spectral bands.

Appendix B. Ancillary Tables and Figures Comparing Simulated and Real Data

Table A2. Pearson correlation coefficient (r) and root mean square error (RMSE) by vegetation index
and extraction window (as well as all windows) for each tree species and all species for the 10%
matching method.

VI SP
Window 1 Window 2 Window 3 Window 4 All Windows

RMSE r RMSE r RMSE r RMSE r RMSE r

NDVI

AC 0.05 0.79 0.07 0.44 0.10 0.36 0.02 0.99 0.05 0.9
FR 0.01 0.99 0.12 0.51 0.14 0.27 0.02 0.99 0.1 0.62
PL 0.11 0.53 0.14 −0.22 0.17 −0.07 0.01 1 0.08 0.81
QR 0.06 0.85 0.04 −0.07 0.09 0.25 0.02 0.98 0.05 0.86

ALL 0.08 0.82 0.10 0.28 0.13 0.17 0.02 0.99 0.07 0.84

ARVI

AC 0.05 0.86 0.09 0.52 0.13 0.36 0.02 0.98 0.06 0.89
FR 0.01 0.99 0.15 0.38 0.16 0.37 0.02 0.98 0.11 0.63
PL 0.12 0.63 0.18 −0.20 0.18 0.15 0.02 0.99 0.09 0.81
QR 0.07 0.87 0.04 0.82 0.12 0.34 0.02 0.98 0.06 0.86

ALL 0.09 0.84 0.12 0.23 0.15 0.27 0.02 0.99 0.08 0.84

NGBDI

AC 0.08 0.69 0.19 0.26 0.10 0.54 0.03 0.94 0.08 0.71
FR 0.04 0.92 0.14 0.2 0.06 0.57 0.01 0.99 0.06 0.70
PL 0.10 0.42 0.17 0.01 0.10 −0.12 0.03 0.95 0.08 0.67
QR 0.07 0.55 0.06 0.68 0.08 0.57 0.02 0.97 0.05 0.8

ALL 0.09 0.57 0.16 0.11 0.08 0.4 0.02 0.96 0.072 0.7
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Table A2. Cont.

VI SP
Window 1 Window 2 Window 3 Window 4 All Windows

RMSE r RMSE r RMSE r RMSE r RMSE r

RGBVI

AC 0.2 0.55 0.29 0.57 0.2 0.26 0.04 0.95 0.14 0.71
FR 0.06 0.85 0.2 0.21 0.1 0.5 0.01 1 0.1 0.73
PL 0.22 0.07 0.28 −0.45 0.16 −0.26 0.04 0.96 0.15 0.59
QR 0.19 0.31 0.07 0.59 0.16 0.56 0.02 0.99 0.12 0.69

ALL 0.19 0.3 0.25 0.05 0.15 0.24 0.03 0.97 0.13 0.67

OSAVI

AC 0.12 0.52 0.24 0.27 0.16 0.15 0.02 0.99 0.11 0.83
FR 0.03 0.96 0.15 0.61 0.2 0.29 0.02 0.99 0.13 0.73
PL 0.23 0.34 0.27 −0.28 0.23 0 0.04 0.99 0.17 0.78
QR 0.17 0.64 0.06 0.39 0.15 0.24 0.04 0.97 0.11 0.76

ALL 0.19 0.69 0.21 0.18 0.19 0.24 0.04 0.99 0.13 0.8

MCARI

AC 0.12 0.31 0.24 0.23 0.12 0.11 0.03 0.97 0.10 0.7
FR 0.04 0.84 0.10 0.58 0.10 0.4 0.01 1 0.07 0.79
PL 0.17 0.20 0.25 −0.39 0.12 0 0.04 0.97 0.12 0.67
QR 0.15 0.53 0.04 0.53 0.09 0.32 0.02 0.98 0.09 0.68

ALL 0.15 0.57 0.2 −0.02 0.11 0.28 0.03 0.98 0.10 0.7

Table A3. Pearson correlation coefficient (r) and root mean square error (RMSE) by vegetation index
and extraction window (as well as all windows) for each tree species and all species for the 50%
matching method.

VI SP
Window 1 Window 2 Window 3 Window 4 All Windows

RMSE r RMSE r RMSE r RMSE r RMSE r

NDVI

AC 0.07 0.66 0.08 0.31 0.11 0.23 0.06 0.81 0.07 0.74
FR 0.02 0.91 0.12 0.48 0.17 0.27 0.09 0.86 0.12 0.6
PL 0.15 0.12 0.14 −0.22 0.17 −0.05 0.06 0.93 0.12 0.66
QR 0.09 0.71 0.04 0.35 0.11 0.33 0.1 0.82 0.10 0.59

ALL 0.12 0.65 0.10 0.23 0.15 0.1 0.07 0.88 0.10 0.66

ARVI

AC 0.08 0.71 0.10 0.37 0.15 0.24 0.08 0.79 0.09 0.72
FR 0.03 0.90 0.15 0.36 0.19 0.34 0.11 0.8 0.14 0.58
PL 0.17 0.27 0.18 −0.2 0.19 0.09 0.07 0.91 0.13 0.65
QR 0.11 0.70 0.04 0.86 0.14 0.39 0.11 0.79 0.11 0.58

ALL 0.13 0.68 0.13 0.19 0.17 0.18 0.09 0.86 0.12 0.66

NGBDI

AC 0.14 0.46 0.2 0.27 0.11 0.47 0.07 0.72 0.11 0.57
FR 0.09 0.70 0.14 0.23 0.07 0.49 0.04 0.83 0.08 0.58
PL 0.18 0.24 0.17 0.01 0.11 −0.18 0.08 0.75 0.13 0.41
QR 0.14 0.10 0.06 0.63 0.09 0.47 0.04 0.87 0.09 0.52

ALL 0.16 0.24 0.17 0.08 0.09 0.3 0.06 0.76 0.10 0.48

RGBVI

AC 0.27 0.44 0.31 0.51 0.23 0.29 0.09 0.77 0.17 0.59
FR 0.13 0.57 0.21 0.24 0.12 0.42 0.06 0.87 0.12 0.63
PL 0.30 0.09 0.29 −0.47 0.17 −0.32 0.09 0.77 0.21 0.41
QR 0.27 0.04 0.08 0.48 0.17 0.48 0.06 0.89 0.17 0.48

ALL 0.28 0.12 0.27 0 0.17 0.16 0.08 0.8 0.18 0.49

OSAVI

AC 0.16 0.22 0.24 0.28 0.18 0.05 0.08 0.87 0.13 0.69
FR 0.06 0.81 0.15 0.58 0.23 0.25 0.14 0.88 0.17 0.66
PL 0.31 0.18 0.27 −0.31 0.23 −0.06 0.11 0.92 0.22 0.65
QR 0.22 0.44 0.06 0.35 0.17 0.18 0.15 0.80 0.17 0.49

ALL 0.25 0.54 0.21 0.15 0.21 0.14 0.11 0.88 0.18 0.63

MCARI

AC 0.17 0.35 0.24 0.33 0.14 −0.01 0.05 0.86 0.12 0.57
FR 0.06 0.70 0.10 0.59 0.12 0.29 0.06 0.91 0.09 0.68
PL 0.23 0.16 0.26 −0.40 0.12 −0.06 0.07 0.87 0.16 0.52
QR 0.20 0.21 0.04 0.32 0.09 0.31 0.07 0.89 0.13 0.42

ALL 0.20 0.37 0.20 0.01 0.12 0.15 0.06 0.88 0.13 0.52
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Table A4. Pearson correlation coefficient (r) and root mean square error (RMSE) by vegetation index
and extraction window (as well as all windows) as a function of the day of the year in 2021 (DOY) (as
well as all DOYs) for the 10% matching method.

VI DOY
Window 1 Window 2 Window 3 Window 4 All Windows

RMSE r RMSE r RMSE r RMSE r RMSE r

NDVI

156 0.07 0.87 0.07 0.53 0.12 0.24 0.02 0.99 0.06 0.88
166 0.09 0.79 0.08 0.43 0.16 0 0.02 0.99 0.08 0.83
201 0.10 0.82 0.12 0.28 0.13 −0.03 0.02 0.99 0.08 0.83
226 0.09 0.82 0.10 0.31 0.14 0.18 0.02 0.99 0.07 0.83
248 0.07 0.81 0.11 −0.16 0.10 0.37 0.01 0.99 0.06 0.86

ALL 0.08 0.82 0.10 0.28 0.13 0.17 0.02 0.99 0.07 0.84

ARVI

156 0.08 0.88 0.08 0.53 0.14 0.43 0.02 0.99 0.07 0.86
166 0.09 0.83 0.09 0.39 0.17 0.17 0.02 0.99 0.08 0.83
201 0.11 0.83 0.15 0.22 0.16 0.09 0.02 0.99 0.09 0.81
226 0.09 0.85 0.13 0.27 0.16 0.20 0.02 0.99 0.09 0.82
248 0.07 0.87 0.15 −0.29 0.11 0.52 0.02 0.99 0.07 0.88

ALL 0.09 0.84 0.12 0.23 0.15 0.27 0.02 0.99 0.08 0.84

NGBDI

156 0.08 0.66 0.15 −0.09 0.09 0.32 0.02 0.97 0.07 0.73
166 0.08 0.73 0.13 0.26 0.09 0.08 0.02 0.97 0.06 0.77
201 0.10 0.41 0.17 0.12 0.06 0.42 0.03 0.94 0.08 0.63
226 0.09 0.36 0.18 −0.12 0.09 0.32 0.02 0.94 0.08 0.65
248 0.08 0.30 0.17 −0.11 0.08 0.32 0.02 0.95 0.07 0.64
ALL 0.09 0.57 0.16 0.11 0.08 0.40 0.02 0.96 0.072 0.7

RGBVI

156 0.19 0.33 0.21 0.12 0.15 0.10 0.03 0.98 0.13 0.71
166 0.18 0.40 0.22 −0.01 0.13 0.31 0.03 0.97 0.12 0.71
201 0.21 0.19 0.26 0.12 0.14 0.03 0.04 0.94 0.14 0.6
226 0.21 0.20 0.28 −0.11 0.18 0.13 0.03 0.97 0.15 0.63
248 0.18 0.20 0.3 −0.37 0.14 0.13 0.03 0.96 0.13 0.61
ALL 0.19 0.30 0.25 0.05 0.15 0.24 0.03 0.97 0.13 0.67

OSAVI

156 0.15 0.79 0.13 0.51 0.18 0.43 0.03 0.99 0.11 0.85
166 0.18 0.67 0.15 0.35 0.24 0.08 0.04 0.99 0.13 0.8
201 0.22 0.68 0.24 0.07 0.17 0.11 0.04 0.99 0.14 0.79
226 0.21 0.70 0.26 0.42 0.2 0.16 0.04 0.98 0.15 0.77
248 0.18 0.61 0.24 −0.70 0.14 0.28 0.03 0.99 0.12 0.81

ALL 0.19 0.69 0.21 0.18 0.19 0.24 0.04 0.99 0.13 0.8

MCARI

156 0.12 0.68 0.14 0.32 0.10 0.33 0.02 0.99 0.08 0.78
166 0.13 0.59 0.14 0.33 0.13 0.13 0.03 0.98 0.09 0.73
201 0.16 0.59 0.21 −0.20 0.08 0.40 0.03 0.97 0.11 0.68
226 0.17 0.55 0.25 0 0.13 0.13 0.03 0.97 0.12 0.66
248 0.16 0.45 0.22 −0.76 0.07 0.31 0.03 0.96 0.10 0.68

ALL 0.15 0.57 0.2 −0.02 0.11 0.28 0.03 0.98 0.10 0.7

Table A5. Pearson correlation coefficient (r) and root mean square error (RMSE) by vegetation index
and extraction window (as well as all windows) as a function of the day of the year in 2021 (DOY) (as
well as all DOYs) for the 50% matching method.

VI DOY
Window 1 Window 2 Window 3 Window 4 All Windows

RMSE r RMSE r RMSE r RMSE r RMSE r

NDVI

156 0.11 0.72 0.07 0.46 0.14 0.23 0.07 0.9 0.09 0.72
166 0.11 0.65 0.09 0.27 0.17 −0.06 0.08 0.87 0.10 0.67
201 0.14 0.60 0.13 0.23 0.14 −0.03 0.07 0.9 0.11 0.64
226 0.12 0.70 0.11 0.3 0.15 0.10 0.07 0.88 0.10 0.64
248 0.11 0.66 0.11 −0.32 0.13 0.18 0.07 0.86 0.09 0.66

ALL 0.12 0.65 0.1 0.23 0.15 0.10 0.07 0.88 0.10 0.66
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Table A5. Cont.

VI DOY
Window 1 Window 2 Window 3 Window 4 All Windows

RMSE r RMSE r RMSE r RMSE r RMSE r

ARVI

156 0.12 0.75 0.09 0.54 0.16 0.36 0.09 0.86 0.11 0.7
166 0.13 0.67 0.1 0.26 0.19 0.06 0.08 0.86 0.11 0.67
201 0.16 0.64 0.16 0.13 0.17 0.06 0.08 0.89 0.12 0.64
226 0.14 0.69 0.13 0.27 0.19 0.07 0.08 0.89 0.12 0.64
248 0.11 0.70 0.16 −0.34 0.15 0.35 0.10 0.80 0.11 0.64

ALL 0.13 0.68 0.13 0.19 0.17 0.18 0.09 0.86 0.12 0.66

NGBDI

156 0.15 0.41 0.16 −0.19 0.09 0.22 0.06 0.81 0.11 0.54
166 0.14 0.31 0.14 0.12 0.09 0.02 0.06 0.87 0.10 0.52
201 0.17 0.10 0.17 0.10 0.08 0.23 0.07 0.57 0.12 0.36
226 0.16 −0.08 0.18 −0.12 0.1 0.23 0.07 0.64 0.11 0.43
248 0.15 0.09 0.17 −0.07 0.09 0.20 0.06 0.66 0.10 0.44

ALL 0.16 0.24 0.17 0.08 0.09 0.30 0.06 0.76 0.10 0.48

RGBVI

156 0.27 0.27 0.24 0.04 0.17 0.02 0.08 0.86 0.17 0.55
166 0.25 0.06 0.25 −0.32 0.14 0.19 0.08 0.85 0.16 0.52
201 0.30 0.09 0.27 0.10 0.15 0.02 0.09 0.62 0.19 0.41
226 0.29 −0.12 0.28 −0.07 0.21 0.09 0.08 0.77 0.19 0.47
248 0.26 0.2 0.3 −0.36 0.16 0.10 0.08 0.73 0.17 0.43

ALL 0.28 0.12 0.27 0 0.17 0.16 0.08 0.80 0.18 0.49

OSAVI

156 0.20 0.68 0.13 0.47 0.20 0.32 0.12 0.91 0.16 0.70
166 0.23 0.54 0.16 0.25 0.25 0 0.12 0.87 0.18 0.62
201 0.28 0.53 0.25 0.03 0.20 −0.07 0.12 0.87 0.19 0.59
226 0.28 0.56 0.26 0.42 0.23 0.06 0.11 0.88 0.20 0.6
248 0.25 0.45 0.24 −0.72 0.15 0.14 0.09 0.88 0.16 0.64

ALL 0.25 0.54 0.21 0.15 0.21 0.14 0.11 0.88 0.18 0.63

MCARI

156 0.17 0.49 0.15 0.34 0.12 0.15 0.06 0.91 0.12 0.59
166 0.18 0.39 0.15 0.26 0.13 0.11 0.06 0.9 0.12 0.55
201 0.22 0.34 0.21 −0.21 0.10 0.18 0.07 0.85 0.14 0.47
226 0.22 0.33 0.26 0.10 0.15 0.01 0.07 0.86 0.15 0.48
248 0.21 0.34 0.23 −0.77 0.09 0.14 0.06 0.81 0.13 0.51

ALL 0.20 0.37 0.20 0.01 0.12 0.15 0.06 0.88 0.13 0.52
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