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ABSTRACT: Cities develop a specific climate related to their morphology and the materials that constitute them. The ad-
dition of vegetation in urban areas induces cooling and shading effects that can modify local climate and thermal comfort
conditions. The Town Energy Balance (TEB) urban canopy model offers several configurations for a more or less fine-
tuned consideration of natural covers and associated physical processes in the urban environment. This study aims to evalu-
ate the sensitivity of TEB to the representation of vegetation and the resolution of the chosen databases in the simulation
of microclimatic variables, at the scale of a heterogeneous urban neighborhood located in Toulouse, France. First, the ef-
fect of the improved description of the vegetation input to the model is highlighted by comparing the results obtained with
a readily available national database and then with a very-high-resolution satellite-derived vegetation database. Second,
the two vegetation parameterizations, with or without explicit tree stratum, that are available in the TEB model are evalu-
ated and compared. Measurements carried out on specific routes and stop points in a neighborhood of Toulouse allowed
microclimatic variables to be evaluated. Results show that refining the vegetation database can somehow improve the
modeling of air temperature. As a result of enhancing the vegetation description in the model, that is, physical processes as-
sociated with the presence of trees in urban canyons, the air temperature, but also the wind and the thermal comfort index,
are better simulated. These results are encouraging for the use of TEB as a decision support tool for urban planning
purposes.

KEYWORDS: Databases; Model evaluation/performance; Urban meteorology; Vegetation–atmosphere interactions

1. Introduction

Urban areas are characterized by a complex morphology
and are predominantly composed of artificial materials. This
modifies the radiative, energetic, hydrological, and turbulent
exchanges between the surface and the atmosphere in com-
parison with natural environments (Cleugh and Oke 1986;
Mills 2008). Consequently, urban microclimate is different from
the one of the surrounding countryside (Grimmond 2007) and
leads in particular to the phenomenon of urban heat island
(UHI; Oke 1988). Reintroducing vegetation and pervious surfa-
ces in urban areas, however, can counterbalance this effect. It
will have an inhibiting effect on UHI (Shashua-Bar et al. 2010)
by reducing air temperature and therefore thermal comfort
(Coutts et al. 2015; Armson et al. 2012). This effect is mainly
due to the modification of exchange of energy through evapora-
tion of soil water and the evapotranspiration of plants, the pro-
vision of shade and aerolic effects on the influence of airflow.
The air is locally cooled (Qiu et al. 2013). The combined effect
of low vegetation and trees found in urban parks is on average
0.948C during the day, according to Bowler et al.’s (2010) meta-
analysis. Depending on local conditions, this cooling tendency
can be advected to adjoining streets (Upmanis et al. 1998) and
influence surrounding areas. At the same time, some numerical

studies have shown that the addition of watered vegetation in a
city can significantly help cool the air in the streets (de Munck
et al. 2018; Lee et al. 2016; Wang et al. 2018; Meili et al. 2021)
and improve the thermal comfort of people (Joshi and Joshi
2015). All this suggests that the answer to the warming problem
of cities lies partly in the greening of urban space. It is therefore
of paramount importance to model the role of vegetation in ur-
ban canopy models (UCMs) as realistically as possible. This will
help to better understand the present and future microclimate
of cities and prevent the possible risks incurred by their inhabi-
tants (high temperatures, thermal discomfort).

With the need of modeling tools for planning scenarios the
majority of urban climate models take into consideration the
effects of vegetation. It allows for a more realistic simulation
of the energy balance (Grimmond et al. 2010, 2011) and mi-
croclimate (Shashua-Bar and Hoffman 2000; Shashua-Bar
et al. 2010) at street level. In the scientific community, there
are currently different levels of refinement to integrate vege-
tation in UCMs. The simplest level is to use a tile approach
that treats natural and artificial covers separately using spe-
cific surface schemes (Lemonsu et al. 2004). In other models,
vegetation can also be directly integrated in the urban canyon
(Lemonsu et al. 2012; Lee and Park 2008; Lee and Baik 2011;
Wang et al. 2012, 2021; Meili et al. 2020), which makes it pos-
sible to represent the radiative, energetic, and dynamic inter-
actions between the artificial surfaces, the vegetation, and the air
of the canyon. By defining more precisely vegetation characteris-
tics, it then takes into account the evolution of water content in
the subsurface layer and latent and sensible heat flux associated
with vegetation. The most complex parameterizations consist in
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the representation of trees inside urban canyons. It was imple-
mented by Lee and Park (2008), Lee and Baik (2011) for the
first time. Their tree-lined urban canyon model explicitly repre-
sents tree crowns. Tree crown is characterized by the fraction of
its surface that overlooks those on the ground, a thickness, and a
leaf area density (LAD). However, this parameterization has
been integrated in a single layer urban canopy model, contrary
to the model Building Effect Parameterization with Trees
(BEP-Tree) next developed by Krayenhoff et al. (2014, 2015,
2020) and Mussetti et al. (2020) that includes radiative effects
such as shade, albedo, emissivity, storage of energy, and momen-
tum drag of trees on wind flow in a multilayer canyon model.
Ryu et al. (2015), meanwhile, chose to define streets trees in a
single-layer model but add, to the last processes, hydrological ef-
fects with root water uptake. Recently the multilayer urban can-
opy model Town Energy Balance (TEB), historically developed
by Masson (2000), has been refined, notably to model street
trees (TEB-Tree, Redon et al. 2017, 2020). This new parameteri-
zation, inspired by Lee and Park’s (2008) approach, allows for
the modeling at the same time of radiative, dynamic effects, and
evapotranspiration rates of trees inside urban canyons. It also of-
fers the possibility to define different types of tree vegetation
(deciduous, evergreen, etc.) characterized notably by their leaf
area index (LAI), their albedo, and their emissivity.

The literature highlights the improvement of processes as-
sociated with vegetation in UCMs essential to carry out more
accurate impact and adaptation studies in urban heteroge-
neous environments and their contribution to simulate micro-
climatic conditions. These improvements necessarily lead to a
need for more precise data to describe the vegetation cover of
cities, but the question of the availability or accuracy of such
input data is rarely studied. Moreover, it is not always easy to
provide, in reality, the spatial extent of the vegetation, the dif-
ferent strata and systems present (lawns, trees, building vege-
tated envelopes, etc.), their dimensions, and the species that
make them up vary greatly from one city to another but also
within each city. In practice, few databases already exist that
provide this level of details. Administrative databases avail-
able so far generally only provide rough estimates of vege-
tated surfaces with rarely a distinction in strata, let alone
species names/types. Whereas the simple tile approach
could be satisfied with standard land-cover classifications
such as Coordination of Information on the Environment
(CORINE) Land Cover (Bossard et al. 2000; Buttner et al.
2004) on Europe or ECOCLIMAP (Faroux et al. 2013) on a
global scale, more complex approaches, implying better
mapping and characterization of vegetation, consequently
require the development of precise vegetation databases
(Masson et al. 2020). Remote sensing techniques combined
with image processing, that allow large areas to be proc-
essed, are perfectly adapted to the collection of urban vege-
tation data.

In this context of diversity of parameterizations and data-
bases for urban vegetation, it is important to understand the
respective contributions of the more detailed parameteriza-
tions and databases to a better simulation of the urban micro-
climate. However, no study to date has attempted to answer
this question using the contribution of such a high-resolution

database and the latest tree vegetation parameterization in-
cluded in the TEB model. To help provide some answers, we
have chosen the scale of an urban neighborhood to evaluate
and compare the performances of the urban canopy model
TEB to simulate the microclimate locally, using two input da-
tabases of different precision and two levels of refinement to
model urban vegetation (without or with consideration of tree
strata). To do this, it was first necessary to build two databases
describing the land cover of the study area, one with the preci-
sion usually available, the other more realistic with the details
of the herbaceous and tree-lined strata. Then, by combining
different databases and urban vegetation parameterizations,
we evaluated the model’s sensitivity to simulate the microcli-
mate and the thermal comfort of the study area according to
their respective levels of detail.

After a general overview of the model TEB and the specif-
icities of its ground and high vegetation parameterizations in
section 2, the vegetation databases produced for the sensitiv-
ity analysis are described in section 3. A presentation of the
simulation configurations set up for the application of the model
to a case study in Toulouse, France, follows in section 4. All re-
sults are presented and discussed in section 5. A first part is dedi-
cated to the evaluation and comparison of vegetation databases.
Then simulation results are presented and compared with obser-
vations, exploring air temperature at a neighborhood scale, then
microclimatic parameters in different urban landscapes, and fi-
nally thermal comfort index. Conclusions and perspectives are
given in section 6.

2. Modeling urban vegetation with TEB

Based on a parametric approach, the TEB model is able to
model in a simplified way the fine-scale physical processes in
the urban canopy, while sustaining the numerical ability to
model urban climate at the scale of the entire city. It accounts
for the interactions between urban surfaces and the surround-
ing air. This multilayer canopy model represents the different
elements (road, building walls and roofs) of an average street
canyon considered to be of infinite length.

a. Physical processes

To take into account the interactions between the vegeta-
tion in cities and the built environment, Lemonsu et al.
(2012) integrated urban ground-based vegetation in the
street canyon. This TEB-Veg parameterization allows for
street canyon widths closer to reality, while imposing more
realistic meteorological forcings to vegetation, that is, the
shadow effects from walls, the impact of built surfaces on
street-canyon wind speed, air temperature and humidity.
Based on the Interactions between Soil, Biosphere, and
Atmosphere (ISBA) model (Boone et al. 1999; Decharme
et al. 2011), TEB-Veg has the ability to differentiate differ-
ent types of urban vegetation via different biophysical char-
acteristics (LAI, stomatal resistance, albedo, emissivity,
etc.). Although the ISBA model differentiates between bare
soil, herbaceous vegetation, and tree vegetation in terms of
input data, the descriptive and physiological parameters as-
sociated with each type are then averaged over each grid
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cell of the modeling domain to describe a composite soil-plant
compartment. This approach is called bigleaf. In TEB-Veg,
this compartment is considered inside the canyon at ground
level without vertical extent.

To improve the description of vegetation strata, Redon
et al. (2017, 2020) subsequently added, with the TEB-Tree pa-
rameterization, a separate layer for tree foliage: the foliage
strata, which overlaps the ground fractions occupied by low
vegetation or asphalt, is characterized by a coverage fraction,
a mean height, and a vertical extent.

1) RADIATIVE BALANCE

TEB-Veg already accounts for the obstruction effect of
buildings on incident radiation for natural covers and the mul-
tiple radiative reflections inside the canyon between walls,
road, and ground-based natural covers. The tree layer imple-
mented in TEB-Tree now impacts the interception, absorp-
tion, and transmission of the incoming solar and infrared
radiation at the top of the urban canopy layer (Fig. 1). It
comes into play in the complex radiative interactions between
all the elements of the canyon. Especially, trees can shade fa-
cades, roads, and gardens, and are an additional source of in-
frared emission.

2) TURBULENT EXCHANGES

The evolution of microclimatic variables (temperature, hu-
midity, and wind) is modeled according to several vertical lev-
els that make discrete the air layer from the ground to the top
of the urban canopy layer using the TEB-Surface Boundary
Layer (SBL) parameterization (Hamdi and Masson 2008;
Masson and Seity 2009). From Yamada (1982), it accounts for
the contributions of the ground-based surfaces, the walls, and
the roof for the computation of sensible and latent heat fluxes
and drag effects. TEB-Veg takes into account the drag force
due to buildings only (Lemonsu et al. 2012), whereas TEB-
Tree now adds the drag force of the trees through a drag coef-
ficient depending on leaf density profile, which impacts the
airflow in the street canyon (Redon et al. 2020). While TEB-
Veg assumes that turbulent fluxes from the natural canopy

compartment come from the ground, TEB-Tree includes a
vertical redistribution of the turbulent fluxes between ground-
based natural covers and tree-foliage layer to better simulate
their potential impacts on the vertical profile of microclimatic
variables.

3) UNIVERSAL THERMAL CLIMATE INDEX

TEB computes the universal thermal climate index (UTCI)
for the outdoor environment, which is a human-body comfort
index defined by Bröde et al. (2012). UTCI depends on air
temperature, humidity, wind speed conditions, and mean radi-
ant temperature (Kwok et al. 2019) within the canyon. The
latter is calculated from the ensemble of the radiation sources
received by the person, including incoming shortwave radia-
tion (direct and diffuse), radiation reflected on the walls and
the ground, longwave radiation from the atmosphere, and in-
frared emissions from all the canyon surfaces. In TEB-Tree,
the calculation of UTCI is adapted so as to consider the im-
pact of the tree foliage layer on mean radiant temperature
(Redon et al. 2020).

For more details on the physical processes and evaluation
described in TEB-Veg see Lemonsu et al. (2012), for radiative
effects of trees of TEB-Tree see Redon et al. (2017) and for
energetic and dynamic effects Redon et al. (2020).

b. TEB input parameters related to natural covers

In addition to the standard urban parameters required by
TEB including land-use fractions, geometric parameters, and
radiative and thermal properties for buildings and road, specific
parameters are required for modeling soil and vegetation.

For TEB-Veg version that describes natural covers by a
composite compartment on the ground, the land-cover frac-
tions are defined without overlapping of strata. The ground-
based surface of the canyon consists of a combination of road,
bare soil, and low and high vegetation. For an urban grid cell,
the sum of cover fractions of these elements added to the frac-
tion of buildings equals 100%. The prescribed input data also
define the albedo and emissivity of each nature element inde-
pendently, as well as leaf area index, stomatal resistance, and

FIG. 1. Description of canyon configuration and main radiative processes with (a) TEB-Veg and (b) TEB-Tree parameterizations: incom-
ing solar radiation and infrared radiation are represented by the solid yellow lines and the red lines, respectively.
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root profile separately for low and high vegetation, and tree
height. These parameters are then aggregated for the compos-
ite compartment.

For TEB-Tree, since trees are no longer on the ground but
constitute a supplementary stratum, the cover fractions are
expressed differently. The canyon ground consists of road,
bare soil, and low vegetation. The cumulative fraction of these
covers added to building fraction is 100%, whereas the tree
cover fraction is independent. The parameters are aggregated
only for the ground-based compartment composed of the
bare soil and low vegetation. Trees are defined by their own
parameters including their total height and height of trunks,
which allows TEB to compute the vertical extent and LAI
profile of tree crowns. The physical characteristics and eco-
physiological properties of trees considered are featured in
Table 1 with descriptive parameters of the urban canyon.

3. Creation of a suitable database for modeling natural
areas in cities

This section presents the methodology developed to pro-
vide a database sufficiently precise for TEB. The challenge is
to establish a methodology that can be replicated and applied
to most cities owning an urban database, even if it is different
from the one used in this study.

a. Land-use mapping with BD TOPO data

One of the mission of the French National Institute of Geo-
graphical and Forest Information (IGN) is to draw up a carto-
graphic inventory of the landscape elements that make up the

French territory. We chose to work from their BD TOPO
map database, which has the advantages of being available for
all French cities, relatively exhaustive, regularly updated, and
free to access for research applications. It provides sufficient
information to derive a cartography of urban parameters that
are requested for urban modeling purposes: the urban artifi-
cial surfaces such as buildings (with their heights) and roads
as well as vegetation and water surfaces. A processing of this
database is necessary to meet the model needs. Details of this
processing are available in appendix A.

A postprocessing is required to map urban areas (includ-
ing vegetation) and derive input parameters for TEB in the
right format. First, a width is assigned to road and railway
linear data in order to convert them into surface, and then
to ensure the consistency with vectorial layers. The different
surface layers are then merged into a single land-cover layer
without any overlapping, by prioritizing them according to
the level of confidence in each layer: 1) buildings (greater
reliability), 2) water surfaces (mostly under other typologies
encountered, e.g., under a bridge), 3) vegetation (vector
layer, considered more trustworthy than linear associated
with a buffer), 4) bare soil (i.e., railways and unpaved paths,
most uncertain data), and 5) asphalt (estimated from the
width associated with each road linear). The remaining unde-
fined areas are associated with ground-based asphalt surfaces
(i.e., car parks and roads) based on verification with aerial photo-
graph. The final result is a 1-m-spatial-resolution land-use map
called thereafter “TOPO.” These treatments have been deliber-
ately designed to have a simple and reproducible method for land-
use classificationwith a freeGIS software (QGIS, version 2.14).

TABLE 1. Main descriptive parameters of the urban canyon in the TEB model, including specific data for natural covers.
Parameters are prescribed by users except for those indicated with an asterisk, which are generally derived from vegetation types and
empirical relationships.

Parameters Symbol Unit

Land-cover fractions
Cover fraction of buildings BLD }

Cover fraction of ground-based impervious covers ROAD }

Cover fraction of ground-based natural covers GARDEN }

Cover fraction of bare soil NVEG }

Cover fraction of low vegetation LVEG }

Cover fraction of high vegetation HVEG }

Canyon geometric parameters
Mean building height hBLD m
Wall plan area ratio rW }

Canyon aspect ratio hBLD/W 5 0.5rW/(1 2 BLD) }

Specific data for natural covers
Type of low and high (tree) vegetation VTYPLVEG; VTYPHVEG }

Height of trees hTREE m
Height of trunks hTRUNK m
Albedo of soil, low, and high vegetation* aNVEG; aLVEG; aHVEG }

Emissivity of soil, low, and high vegetation* «NVEG; «LVEG; «HVEG }

LAI of low and high vegetation LAILVEG; LAIHVEG m2 m22

LAD of high vegetation* LADHVEG m2 m23

Min stomatal resistance of low and high vegetation* RSminLVEG; RSminHVEG s m21

Root fraction profile of low and high vegetation* FrootLVEG; FrootHVEG }
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b. Contribution of very-high-resolution vegetation data

The BD TOPO database is of very high quality to map
buildings, paved surfaces, and water. Nevertheless, it reveals a
lack of accuracy with respect to urban vegetation. It tends to
underestimate its coverage, especially in residential areas
where vegetation of private spaces is often not mapped
(Crombette 2016). Therefore, an alternative method is inves-
tigated to produce a more accurate mapping of urban vegeta-
tion, both in terms of spatial coverage and distinction of the
different strata. A very-high-resolution vegetation database
with a 0.5 m spatial resolution is used. The one is derived
from Pléiades optical satellite images by Crombette et al.
(2014) at very high resolution in multispectral mode (2.7 m)
and in panchromatic mode (0.7 m) taken in May 2012 resampled
at 0.5 m (https://earth.esa.int/web/eoportal/satellite-missions/p/
pleiades). Low vegetation (grass) and high vegetation (shrubs
and trees) were distinguished by applying a threshold on the
NDVI map, initially produced from infrared and near-infrared
Pléiades images. These two new layers of vegetation are substi-
tute to the previous BD TOPO vegetation layer before applying
the same method as previously for prioritizing and merging sur-
faces layers (section 3a). This second land-use map is called
PLEI herein.

c. From land-cover databases to input parameters for
the model

From the two 0.5-m-spatial-resolution land-cover classifica-
tions that were derived, two sets of input parameters for the Sur-
face Externalisée (SURFEX) land modeling system (Masson
et al. 2013) are computed according to a modeling grid chosen at
the resolution of 100 m. In SURFEX, each land-cover type
is treated by different models, such as TEB for urban covers
and ISBA for natural covers (including urban vegetation;
see section 2).

1) LAND COVER

First, the respective fractions of land covers within each
100 m3 100 m grid mesh of the study area (Fig. 2) are computed
according to the number of pixels occupied by each type of land
cover considered (buildings, asphalt, bare soil, low vegetation,
high vegetation, and water). However, at this stage, there is yet
no distinction between the natural and the urban vegetation.

2) DISTINCTION BETWEEN URBAN AND NATURAL

VEGETATION

Second, a statistical test was conceived and run to distin-
guish the urban vegetation (that is part of and influenced by
the urban landscape) from the natural vegetation. Both types
of vegetation will later be treated by specific surface schemes:
urban vegetation by TEB, whereas natural vegetation by the
ISBA model. The vegetation of grid meshes was classified
into three categories according to the ratio of the building
cover fraction to the unbuilt cover fraction (i.e., bare soil, low
and high vegetation, and water surfaces) of the mesh and
user-defined thresholds (Fig. 3): (i) the vegetation is totally
natural when there is no building in the grid cell, that is,

ratio 5 0%; (ii) vegetation is considered part of the urban en-
vironment when the buildings cover more than 2% of the grid
cell, that is, ratio . 2%; (iii) for the intermediate case, the
vegetation is separated into a proportion of urban vegetation
defined as twice the fraction of buildings in the mesh, that is,
ratio # 2%, the remaining fraction being prescribed as natu-
ral vegetation without interaction with built-up covers. The
TOWN fraction for each grid cell then corresponds to the
fraction of impervious surfaces and urban vegetation.

3) TREE VEGETATION MORPHOLOGICAL PARAMETERS

The tree characteristics are not available at the resolution of
the vegetation strata. Based on expert knowledge of the neigh-
borhood studied tree heights are simply prescribed to 10 m or as
high as the mean height of the buildings of the mesh if buildings
are less than 10 m high. Trunk’s heights are prescribed to be one-
third of tree heights. Tree crowns are assumed to have the shape
of a cylinder and a vertical extension of two-thirds of the tree.

4. Evaluation framework for model sensitivity

a. Experimental data

Within the context of the Evaluation Multidisciplinaire et Re-
qualification Environnementale des Quartiers (EUREQUA)
research project (Haouès-Jouve et al. 2022), an experimental
campaign took place in the neighborhood Tabar-Papus-la
Fourguette-Bordelongue (Fig. 2) in the southeast of Toulouse.
It is distinguished by a varied urban fabric: detached private
houses with gardens (HWG), 5-story buildings and two high-
rise buildings of 14 stories with little vegetation (LBD), as well
as high-rise buildings (HBD) of different heights surrounded by
green spaces with trees. This landscape heterogeneity is likely
to induce microclimatic variations between these different types
of urban fabrics. This is one reason why it was chosen as a case
study. During the experiment, mobile measurements at 2 m of
microclimatic parameters were collected by walking along a
predefined route (Haouès-Jouve et al. 2022). More specifi-
cally, an intensive observation period (IOP) of three consec-
utive days took place from 17 to 19 June 2014 with
instrumented routes every 3 h. The data recorded consist of
air temperature, relative humidity, wind speed, and gray-
globe temperature [see the description of the mobile system
in Lemonsu et al. (2019)] in order to calculate mean radiant
temperature and UTCI. Nine stop points provided longer
measurements of microclimatic variables. Their locations
and characteristics are shown in Fig. 4.

For each instrumented route, a spatial adaptation was ap-
plied in order to project and aggregate all the records on the
same averaged and idealized route composed of georeferenced
and equidistant points of 20 m, which allows a direct compari-
son of all routes together. A time correction was also made in
order to remove the synoptic-scale temporal evolution of tem-
perature along each route and recalibrate the records in accor-
dance with the departure time of each route (Le Bras 2015).
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b. Common base for all simulation configurations

The three days of the IOP are simulated with the MesoNH
nonhydrostatic atmospheric model (Lafore et al. 1998) coupled
to the SURFEX land surface modeling system including TEB.
To go down to the horizontal resolution of 100 m on the neigh-
borhood studied, a configuration involving three nested grids is
used in two-way mode (Fig. 5): Grid 1 runs over an area of 216
km 3 216 km in the southeast of France with a spatial resolu-
tion of 600 m (domain 1). This domain is initialized and forced
at its lateral boundaries by large-scale meteorological conditions
provided by the reanalyses of the weather forecast model
AROME (Météo-France). Grid 2 zooms on the agglomeration
of Toulouse at a resolution of 200 m covering 32 km 3 32 km
(domain 2). Grid 3 finally runs on the studied area (domain 3;
3 km 3 3 km) at the spatial resolution of 100 m. Appendix C
contains the spatial definition of the surface parameters.

c. Specific simulation configurations for urban vegetation

For the grid with the highest horizontal resolution (domain 3),
three specific configurations (summarized in Table 2) were
set up to evaluate the impact of more or less realistic de-
scription of urban vegetation with regard to input data
precision and level of refinement of the parameterizations.
The reference configuration (Veg-TOPO) relies on the stan-
dard configuration usually applied to model urban spaces
with vegetation, that is, the TEB-Veg parameterization
(Lemonsu et al. 2012) and the TOPO database to define in-
put parameters. The second configuration (Veg-PLEI) still
uses the TEB-Veg parameterization but with the PLEI data-
base and the third one (Veg-TREE) uses the new version of
TEB (Redon et al. 2017, 2020) combined with PLEI. There-
fore, the comparison of Veg-TOPO with Veg-PLEI first makes
it possible to evaluate the benefit of more precise vegetation

FIG. 2. Map representing the limits of the neighborhood studied in Toulouse: the red-outlined square represents
the modeled study area, the orange-outlined one indicates the evaluation area for the land-cover databases computed.
The white dotted line distinguishes the homogeneous neighborhoods of the evaluation area, as defined in sections 4a
and 5b(3).
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description to prescribe model input data. The comparison of
Veg-PLEI with Veg-TREE then makes it possible to investi-
gate the gain potential brought by a refined parameterization
of vegetation strata with regard to physical processes.

5. Results and discussion

a. Evaluation of developed databases on a case study

The methodology developed in section 3 is applied to char-
acterize the land use of the study area.

As part of the French National Research Agency project
EUREQUA (Haouès-Jouve et al. 2022), a land-use map was
produced for this neighborhood, but on a smaller area
(Fig. 2). This cartography was based on the BD TOPO of the
IGN and on a manual digitization of the bare soil and vegeta-
tion zones distinguishing the herbaceous, shrub and tree
layers (referred to herein as REAL). It is considered here as
the ground truth for the evaluation of the two maps TOPO
and PLEI produced for the studied neighborhood, on the
area they have in common (Fig. 6). The respective land-cover
percentages of each type of surface over the evaluation area
are compared in Table 3. Note that for comparing the three
maps together, the different vegetation layers available in
REAL and PLEI are merged into a single layer to match
TOPO categories. The cover fractions of buildings and water

FIG. 4. Photograph of the studied neighborhood (evaluation area; Fig. 2) in Toulouse with routes and nine stop points:
pale blue points indicate the route chosen for the instrumented mobile measurements. For each stop point, pie charts
show the land-cover fraction of buildings in purple, high vegetation in dark green, low vegetation in light green, bare soil
in yellow, and asphalt in gray. The number on the pie charts is the mean building height of buildings of the grid mesh.

FIG. 3. Flowchart describing the conditions under which vegeta-
tion is classified as urban (in TOWN fraction) or natural (in
NATURE fraction) vegetation.
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of TOPO and PLEI are very close to those of REAL since
they are all derived from the same BD TOPO source. PLEI
allows for a better description of the total vegetation coverage
of the area than TOPO, with respective percentages of 35.1%
and 11.2% as compared with 39.3% in REAL. Bare soil areas
are largely underestimated by both TOPO and PLEI by up to
7.0% because they are not initially mapped in BD TOPO,
like in most databases around the world. In this methodology,
only unpaved paths are included in the bare soil layer. By
method design, the undersampling of vegetated and urban
soil areas results in an underestimation of asphalt ground-
based surfaces since any undefined areas is equated to this
cover type: they represent a total fraction of 71.5% for
TOPO, 47.6% for PLEI, as compared with 34.8% for REAL.

In addition, TOPO and PLEI are compared pixel by pixel
with REAL through a confusion matrix (Table 3), which
counts, for each database produced and each class, the num-
ber of misclassified pixels and the classes to which they are
mistakenly assigned.

The classification quality of each database is evaluated us-
ing the kappa coefficient, that is, the ratio between the error
associated with the classification performed and the error as-
sociated with a random classification. According to the kappa
thresholds established by Landis and Koch (1977), PLEI
shows a good consistency with REAL (kappa 5 0.64), with a
significant improvement relative to TOPO (kappa 5 0.36)
due to a better mapping of vegetation. However, a bias per-
sists because bare soil areas are significantly underestimated
and misclassified in majority as asphalt. The overall accuracy
translates the proportion of ground truth that is mapped cor-
rectly. Not surprisingly, TOPO shows a reasonable overall

accuracy of about 56% while PLEI reaches 75%. If class-
by-class results are analyzed, buildings are well mapped since
they are based on data from the BD TOPO of the IGN what-
ever the method with an accuracy of 87.6% and 87.4% for
TOPO and PLEI, respectively. The most significant difference
between TOPO and PLEI lies in the vegetation class since
the data sources are not the same. The accuracy is only 22.4%
for TOPO, which greatly underestimates vegetation cover
and consequently overestimates impervious ground surfaces.
The accuracy is much better for PLEI (73.9%) even if an un-
derestimation persists. In conclusion, PLEI, makes it possible
to significantly improve the mapping of vegetation (both
strata combined) relative to the initial TOPO database. More-
over, it presents the advantage of being able to be produced
automatically on any study area on which this type of satellite
images is available.

To evaluate the performance of PLEI to distinguish low
and high vegetation strata, a second pixel-by-pixel compari-
son with REAL is undertaken by keeping all land-cover
classes (Table 4). The agreement of PLEI with ground-truth
is moderate with a kappa coefficient of 0.51 and an overall
accuracy of 63%. This results come from an overestimation
of high vegetation coverage by the NDVI-based method ap-
plied to Pléiades imagery, which tends to classify shrub veg-
etation as high vegetation (Crombette 2016). Consequently,
the user’s accuracy for low vegetation is only of 17.4%. The
accuracy for high vegetation remains good with 71.5%. In
addition, the foliage of trees seen from satellite imagery
may mask road surfaces, which can explain why road is bet-
ter represented by TOPO according to the user’s accuracy
(Table 3).

TABLE 2. Specific simulation configurations for urban vegetation and the domain-3 model at 100-m resolution.

Configurations Parameterization Database Characteristics

Veg-TOPO TEB-Veg TOPO Reference simulation
Veg-PLEI TEB-Veg PLEI Improved vegetation database relative to reference
Tree-PLEI TEB-Tree PLEI Improved vegetation database and modeling of vegetation strata

FIG. 5. Simulation nesting, as given by maps of the three nested domains of simulation represented by their town fraction (impervious sur-
faces and urban vegetation): the (a) southeast of France, (b) city of Toulouse, and (c) neighborhood studied (study area; see Fig. 4).
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b. Evaluation of simulated microclimate variables

The data of instrumented routes make it possible to charac-
terize the very-fine-scale variations in microclimatic variables
at street level. The sensitivity of model performances was first
investigated for the study area by the comparison of the air
temperature observed along the instrumented routes and sim-
ulated (within domain 3 of Fig. 5), and then at specific stop-
ping points of the routes that are representative of different
urban landscapes that are more or less vegetated. Before that,
the evaluation of the simulated synoptic conditions showed a
good agreement with the meteorological variables recorded
by surface stations (within domain 2 of Fig. 5; for more de-
tails, see appendix B).

1) TEMPERATURE VARIABILITY ALONG THE ROUTES

Two levels of model performance analysis are proposed
here: 1) the results of the experiments are first compared with
the observations in terms of temperature standard deviation
for each instrumented route in order to evaluate the abilities

of the model to reproduce a realistic level of spatial variability
of temperature across the study area; 2) the experiments are
then compared on the basis of the RMSE and MBE calcu-
lated for each instrumented route in order to evaluate the
overall performance of the model in simulating air tempera-
tures along the route.

The temperature records along the 19 instrumented routes
are presented in Fig. 7a including 7 night routes made be-
tween 2100 and 0600 local time and 12 day routes made be-
tween 0900 and 1800 local time. Two main regimes stand out
for nighttime (bottom subset) and daytime (top subset) mea-
surement periods. The temperature variability during a same
route is clearly higher during the day than during the night
(respectively on average 3.28 and 1.98C).

Figure 7b presents the standard deviation (SD) of observed
and simulated air temperatures for each route. Variability of
observations for each routes, associated with SD, is well rep-
resented by the model but is higher (median of 0.58C) than
the one simulated with the three configurations (median be-
tween 0.28 and 0.38C). Tree-PLEI simulates more spatial

FIG. 6. Land-cover maps of the evaluation area (Fig. 2): (a) REAL, (b) TOPO, and (c) PLEI.

TABLE 3. Confusion matrix for TOPO and PLEI compared with REAL (ground truth), indicating the number of pixels associated
with each class. The respective percentages of land use are indicated in italics next to each typology. For TOPO vs REAL, the
overall accuracy 5 56.65% and the kappa coefficient 5 0.36. For PLEI vs REAL, the overall accuracy 5 75.49% and the kappa
coefficient 5 0.64.

REAL

Buildings Asphalt Water Bare soil Vegetation
Proportions 17.75% 34.85% 0.06% 8.01% 39.33%

Producer
accuracy

TOPO
Buildings 16.50% 524 420 9300 0 8996 14 001 94.20%
Asphalt 71.50% 70 833 1 088 404 1824 244 336 1 006 662 45.10%
Water 0.05% 0 0 0 0.00 1679 0.00%
Bare soil 0.75% 35 17 529 0 567 6823 2.30%
Vegetation 11.20% 3604 60 381 146 16 105 297 855 78.80%

User accuracy 87.60% 92.60% 0.00% 0.20% 22.40%

PLEI
Buildings 16.50% 523 647 9594 0 9086 14 384 94.10%
Asphalt 47.92% 57 614 1 041 752 1439 188 307 327 405 64.4%
Water 0.05% 0 0 0 0 1807 0.00%
Bare soil 0.43% 31 11 352 0 306 2565 2.10%
Vegetation 35.10% 17 600 112 916 531 72 305 980 859 82.80%

User accuracy 87.40% 88.60% 0.00% 0.10% 73.90%
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variability than the other two configurations, leading to stan-
dard deviations in better agreement with those observed.

In addition, Figs. 7c and 7d represent respectively the mean
bias error (MBE) and the root-mean-square error (RMSE) of
the temperatures of the routes simulated with the three con-
figurations. These statistical scores confirm the best perfor-
mance of Tree-PLEI, which displays the lowest errors (1.058C

median MBE and 0.38C for median RMSE). The underesti-
mation of the mean temperature by Tree-PLEI suggests that
the model does not capture well enough on this scale the sud-
den and significant warming of the air due to incoming radia-
tion at this time of the day, because it is a very localized
phenomenon. When compared, Veg-TOPO shows a larger
overestimation than the two other simulations, with higher

FIG. 7. Evaluation of the representativeness of the 2-m mean air temperature simulated during the 19 instrumented routes: (a) evolution
of the temperature observed over time for each route, (b) boxplot of air temperature standard deviation for observations and each simula-
tion configuration, (c) boxplot of temperature RMSE for each route and each simulation configuration, and (d) boxplot of temperature
MBE for each route and each simulation configuration.

TABLE 4. Confusion matrix for PLEI compared with REAL (ground truth), indicating the number of pixels associated with each
class, including two vegetation strata. The respective percentages of land use are indicated in italics next to each typology.
The overall accuracy 5 63.17%, and the kappa coefficient 5 0.51.

REAL

Buildings Asphalt Water Bare soil
High

vegetation
Low

vegetation
Proportions 17.75% 34.85% 0.06% 8.01% 18.35% 20.98%

Producer
accuracy

PLEI
Buildings 16.50% 523 647 9594 0 9086 4006 10 378 94.10%
Asphalt 47.92% 57 614 1 041 752 1439 188 307 157 895 169 510 64.40%
Water 0.05% 0 0 0 0 1762 45 0.00%
Bare soil 0.43% 31 11 352 0 306 1634 931 2.10%
High vegetation 30.72% 17 488 109 985 531 61 772 442 623 403 981 42.70%
Low vegetation 4.38% 112 2931 0 10 533 11 468 122 787 83.10%

User accuracy 87.40% 88.60% 0.00% 0.10% 71.50% 17.40%
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RMSEs ranging from 0.78 to 2.38C and higher MBEs between
21.18 and 2.38C. Veg-PLEI is more homogeneous and shows
better scores than Veg-TOPO, with median MBE of 0.58C
and RMSE of 1.18C, but does not achieve the best simulation
score. This illustrates the good overall performances of the
model.

2) COMPARISON OF MICROCLIMATE FOR TWO

DIFFERENT URBAN LANDSCAPES

Nine stops of about 2 min (referred to as STOP 1–9) were
made along instrumented routes (see locations in Fig. 4) to
obtain more stable and therefore more reliable measure-
ments, especially for wind and comfort indices. Here, STOP 6
and STOP 9 are chosen for a detailed analysis because they
both have interesting particularities related to urban land-
scape (Fig. 4; Table 5). For the seven other stop points evalu-
ated, scores are compiled in appendix D. They are both
surrounded by a significant coverage of vegetation, composed
of both low vegetation and trees, which allows for the contri-
bution of databases and more precise parameterizations to be
appreciated. They are nonetheless located in built environ-
ments with different morphologies, which makes it possible to
study the impact of urban vegetation in contrasting urban en-
vironments. STOP 6 is surrounded by high-rise buildings, re-
sulting in building heights and density larger than around the
other stops (average height of 18.25 m). STOP 9 is located in
the heart of a residential area composed of detached houses
with lower buildings (average height of 5.65 m) and private
gardens.

With TOPO, both STOP 6 and STOP 9 have very little veg-
etation, either low or high vegetation, and their fractions of
sealed surfaces are close (Table 5). With PLEI, high and low
vegetation are more important, thus reducing the road frac-
tions (Fig. 8). STOP 6 is constituted with more bare soil than
STOP 9. The differences in high vegetation (HVEG) fraction
are significant, hence these two stops seem suitable to compare
the impact of taking into account the vegetation (description
and modeling) on the simulation results. The microclimatic pa-
rameters evaluated are air temperature, wind speed, specific
humidity and UTCI. The comparison of time series is

presented in Fig. 9 and completed by the statistical scores in
Table 6. Figures 9a and 9b show that the air temperature is
systematically overestimated by Veg-TOPO with an MBE
around 0.508C and a RMSE of 1.328C on average for both
stops and maximum biases at midday exceeding 28C. This de-
fect is the result of a strong overestimation of the cover frac-
tions of impervious ground-based surfaces in the input
database (see Table 5). They warm and store heat more effi-
ciently than natural covers, and warm ambient air by turbulent
exchanges. Veg-PLEI reduces the diurnal temperatures
through a better characterization of natural (and therefore as-
phalt) covers. Simulated temperatures are consequently in bet-
ter agreement with observations although, especially for
maximum temperatures. The parameterization of street trees
used in Tree-PLEI is close to Veg-PLEI but still provides the
best results for both stop points (Table 6) with MBE less than
60.198C for STOP 6 and RMSE not exceeding 1.238C for
STOP 9. The improvement is mainly noted during daytime
hours when effect of vegetation on air temperature through
evapotranspiration and shadowing is major. The extra cooling
simulated with Tree-PLEI is more marked at STOP 9, for
which the tree coverage within the street canyon reaches 45%.
Despite this general cooling trend, the simulated minimum
temperatures remain overestimated even with Tree-PLEI
(Fig. 9).

The temporal variations of wind speed (Figs. 9c,d), which is
very low during the entire IOP, are hard to capture by the
model whatever the configuration resulting in R correlation
coefficients lower than 0.24 for both stop points and all simu-
lations because the measured wind speeds are low and varia-
tions are somehow random. Besides variations, wind speed
intensity is overestimated on average by Veg-TOPO and
Veg-PLEI with biases around 10.70 m s21 (Table 6). Both

TABLE 5. Surface parameters associated with model grid
meshes of STOP 6 and STOP 9. The ground fractions sum to
100%, with high vegetation overlapping the ground.

STOP 6 STOP 9

TOPO PLEI TOPO PLEI

Low vegetation fraction (%) 7 11 2 34
Bare soil fraction (%) 2 19 0 0
Building fraction (%) 19 19 25 25
Asphalt fraction (%) 72 51 73 41
High vegetation (%) 6 26 6 34
Building height (m) 18.25 18.25 5.65 5.65
Canyon aspect ratio (}) 0.50 0.50 0.35 0.35
Height of trees (m) } 10.0 } 5.6
Height of trunks (m) } 3.3 } 1.9

FIG. 8. Schematic representation of cover-type fractions and can-
yon morphology applied in TEB for both (top) Veg-TOPO and
(bottom) Veg-PLEI configurations for the two studied locations at
(left) STOP 6 and (right) STOP 9.
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Veg-TOPO and Veg-PLEI simulate a wind speed diurnal cy-
cle more marked than in observations with daily maximum
between 1 and 2 m s21, whereas wind speed measurements
are lower than 0.5 m s21. For STOP 9, Veg-TOPO and Veg-
PLEI simulate higher maximum wind speed than for STOP 6
(1.7 vs 1.2 m s21, respectively), whereas measurements are

comparable. This result may be explained by the highest
building height of STOP 6, which already causes a slowing
down of the airflow due to taller buildings. Tree-PLEI better
performs at simulating wind speed at both stop points, with
biases that are significantly smaller relative to Veg-TOPO
and Veg-PLEI of 0.30 m s21 for STOP 6 and 0.50 m s21 for

FIG. 9. Microclimatic variables at 2 m for (left) STOP 6 and (right) STOP 9: (a),(b) temperature;
(c),(d) specific humidity; (e),(f) wind speed; and (g),(h) UTCI.
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STOP 9. The diurnal magnitude in wind speed is much
weaker due to the implementation of the drag effect of urban
trees (Redon et al. 2020), which slows down the airflow within
the canyon.

Figures 9e and 9f and Table 6 show that, whatever the con-
figuration, TEB struggles to reproduce the daily cycle of the
specific humidity, which is more complex than that of temper-
ature. R Pearson coefficients are lower than 0.5 although the
correlation seems marginally better at STOP 9 than at STOP 6.
Nonetheless, Veg-TOPO and Veg-PLEI simulate specific hu-
midities with orders of magnitude closer to those observed than
Tree-PLEI with similar MBE and RMSE values of respectively
20.14 and 0.06 g kg21 against an MBE of 0.30 g kg21 and a
RMSE of 0.85 g kg21 on average for both stops for Tree-PLEI.
These results show that the model correctly represents the or-
der of magnitude of specific humidity at this scale. However, an
improvement of the water transfers between vegetation, soil, and
urban canopy, by integrating urban hydrology processes in the
model could improve the dynamics of simulated specific humidity.

The thermal comfort is evaluated through the UTCI that is
diagnosed in the model and derived from measurements
(Figs. 9g,h). As for the previous micrometeorological varia-
bles, little difference is observed between STOP 6 and 9 for
the measurement-based UTCI. In comparison, the UTCI sim-
ulated by Tree-PLEI is closer to observations than those sim-
ulated by Veg-TOPO and Veg-PLEI. This is observed in a
more pronounced way at stop 9 (Fig. 9h), although it is appli-
cable to both stops. For STOP 6, this leads to a more realistic
UTCI simulated by Tree-PLEI, with a lower MBE (1.258C)
than for the Veg simulations (average MBE of 1.788C) and
RMSE of 2.138C as compared with 2.658C (Table 6). It is
more pronounced at STOP 9 with a MBE of only 0.148C and
an error of 2.008C for Tree-PLEI, Veg-TOPO and Veg-PLEI
still overestimating UTCI with a MBE between 1.498 and

0.708C and a RMSE of 2.508C for Veg-PLEI and 3.018C for
Veg-TOPO.

The underestimation of UTCI at night by the TEB-Veg
parameterization, whatever the database used (TOPO or
PLEI), majorly visible between the 17 and 18 of June, is ex-
plained by both a significant presence of high vegetation in
the environment of STOP 9 (34% of coverage; Table 5) and
the uncompacted local morphology. As a result, this high
vegetation intercepts and absorbs a large portion of incom-
ing solar radiation during the day, with the consequence
that it dissipates in the form of infrared radiation at night,
which limits the decrease of UTCI unlike the air tempera-
ture. The lower wind speed still reinforces this effect. These
effects are well taken into account by Tree-PLEI, hence its
better performance on UTCI. Without taking into consider-
ation tree foliage in TEB-Veg, less infrared radiation is
emitted into the canyon, thus increasing the decrease in
UTCI at night. For STOP 6 (Fig. 9g), this phenomenon is
less visible due to urban morphology. Since buildings are
higher, solar radiation is predominantly intercepted by
buildings, so that less radiation is absorbed by vegetation in
the urban canyon. In this case, infrared emissions by build-
ing facades are already important and well represented with
Veg-TOPO and Veg-PLEI. Therefore, the improvement
brought by TEB-Tree at STOP 6 is still noted but is less
marked, despite a significant fraction of high vegetation
(26%). In conclusion, this 3-day study highlights that TEB-
Tree makes it possible to better simulate the role of high
vegetation in local thermal condition through more realistic
diurnal cycles of UTCI for different urban environments.

The evaluation of the sensitivity of model performances to
the description of vegetation in such a heterogeneous urban
area shows that the refinement of the surface database alone
(with a more realistic spatial distribution of vegetation) does

TABLE 6. Comparison of scores (R, MBE, and RMSE) for STOP 6 and STOP 9 for the three simulation configurations: Veg-TOPO,
Veg-PLEI, and Tree-PLEI.

STOP 6 STOP 9

Veg-TOPO Veg-PLEI Tree-PLEI Veg-TOPO Veg-PLEI Tree-PLEI

Temperature (8C)
R2 0.94 0.94 0.93 0.92 0.91 0.93
MBE 0.68 0.35 0.19 0.40 20.19 20.22
RMSE 1.30 1.11 1.16 1.34 1.35 1.23

Wind speed (m s21)
R2 0.19 0.05 0.08 0.00 0.24 0.05
MBE 0.69 0.62 0.37 0.74 0.68 0.19
RMSE 0.76 0.68 0.41 0.87 0.82 0.32

Specific humidity (g kg21)
R2 0.35 0.21 0.22 0.49 0.36 0.29
MBE 20.14 0.06 0.21 20.15 0.15 0.40
RMSE 0.72 0.81 0.80 0.69 0.77 0.90

UTCI (8C)
R2 0.91 0.91 0.90 0.87 0.86 0.86
MBE 1.87 1.70 1.25 1.49 0.70 0.14
RMSE 2.75 2.65 2.13 3.01 2.50 2.00
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not allow for all microclimatic variables to be improved. Only
the air temperature is significantly better simulated during the
day, whatever the morphology of the built environment. On
the other hand, in addition to a refined surface database, the
modeling of the different vegetation strata brings a second
level of improvement: by simulating the radiative, energetic,
and dynamical processes associated with the presence of trees
in urban canyons, not only air temperature, but also wind
speed and thermal comfort level are much better simulated.

3) THERMAL COMFORT VARIABILITY AT

NEIGHBORHOOD SCALE

From these encouraging results and the good performances
of Tree-PLEI at specific locations, the spatial variability of
thermal comfort is investigated with this configuration. The
aim is to compare thermal comfort conditions simulated with
regard to the spatial variability of the neighborhood’s land
use. We concentrate on the part of the simulation area that is
best documented (surface characteristics and micrometeoro-
logical observations) and for which more expertise is available
throughout the evaluation area (orange area on Fig. 2). This
area is highly heterogeneous in terms of urban morphology
and vegetation coverage and strata. Figure 10 indeed illus-
trates that UTCI is highly correlated to urban morphology.
Three zones with differences in UTCI can be distinguished in
this area, both during the day and at night. Detached housing
near the sports field mostly composed of grass and sparse
trees (SPT) has the lowest UTCI. This open and ventilated
area with high vegetation and low building density is mostly
in the shade during daytime. At nighttime, UTCI is still the
lowest at SPT. Since a park can have a cooling influence
within a perimeter of 100–200 m (Zardo et al. 2017), advec-
tion of the air from this stadium with trees most likely induces
lower UTCIs in SPT area. Residential and individual de-
tached houses with gardens (HGD) have an intermediate
UTCI relative to the whole neighborhood. Indeed, this open
low-rise area is characterized by low building heights and frac-
tions as well as high tree and grass fractions. Land-use charac-
teristics are consistent with the simulated thermal comfort.
Compact midrise buildings (MBD) and HBD are heavily
built-up and paved areas with tall buildings. HBD can be
more ventilated during the day while MBD is closer to road
areas. While it would be expected to have more differences in
comfort indices for these two areas, their proximity to road
surfaces can increase the UTCI at daytime especially for
MBD. Direct radiation for pedestrians in the street with no
shading effect during daytime also has an important influence
on thermal comfort in this area. This is why,MBD presents the
highestUTCI at daytime.At night, majorly forHBD, the restitu-
tion of heat stored in these buildings with high wall surfaces in-
creases the UTCI. Tendencies from daylight are very similar at
night, with a 38C amplitude for nighttime and daytimeUTCIs.

This exercise showed that the simulated UTCI may vary
greatly spatially, representing the high microclimate variabil-
ity of a neighborhood. Besides, it demonstrates that thermal
comfort of pedestrians is highly correlated to land use, and
consequently rather higher in urbanized areas that lack

vegetation. In regard to the Veg simulations, spatial and tem-
poral variability decreases with the modeling of the tree strata
(Tree-PLEI) results (not shown) but is more realistic and
finer. At the scale of this small neighborhood of 600 m by
500 m, the comfort index is well represented. This configura-
tion therefore allows a realistic level of thermal comfort to be
achieved for preliminary urban landscape planning through
simulation.

6. Conclusions

This study allowed us to quantify the effects both of a new
parameterization of street trees implemented in TEB and a
more detailed description of urban vegetation on the simula-
tion of microclimatic variables and outdoor thermal comfort
at the scale of a neighborhood consisting in different urban ty-
pologies. As far as developing a suitably detailed mapping of
urban vegetation, this article presents a method applicable to
any city with available data to create relevant land-use map
for urban climate modeling use. It highlights that it is possible
to build a well-documented urban vegetation database by treating

FIG. 10. Mean modeled UTCI over three hours and the three
days of the IOP (17–19 Jun 2014) for Tree-PLEI for (a) daytime
and (b) nighttime. Building surfaces are superimposed in black on
these UTCI maps, and the white dotted line distinguishes the ho-
mogeneous neighborhoods of the evaluation area. The same color
scale is used for two different ranges of temperatures, to highlight
areas with similar thermal comfort tendencies.
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almost automatically easily accessible and high-resolution data
from satellite imagery. The procedure consists in translating land
cover into input parameters for TEBwhile considering associated
assumptions. This methodology, applied to an urban neighbor-
hood in the south of France, showed an overall accuracy of 63%,
demonstrating its effectiveness.

Relying on the case study of a neighborhood of Toulouse,
France, where in situ measurements were available, a sensitiv-
ity study was conducted to compare two vegetation parame-
terizations of the TEB model associated with vegetation
databases with different accuracy. Improving the vegetation
mapping and description while using the standard parameteri-
zation that does not treat vegetation as an additional stratum,
provided more realistic but still overestimated simulated air
temperatures. The detailed modeling of high vegetation and
associated radiative, energetic, and dynamic physical pro-
cesses gave even better results. In different parts of the neigh-
borhood with significant density of high and low vegetation,
simulation of air temperature with refined vegetation data
and modeling was lower during the day and wind speed was
reduced by drag effect of trees, in comparison with other sim-
ulations. Specific humidity was logically higher than that pro-
vided by the other simulation configurations but slightly
overestimated relative to observations. The UTCI is particu-
larly better simulated with the parameterization accounting
for vegetation strata due to a better simulation of the varia-
bles from which it results, that is, temperature, wind, and
mean radiant temperature. It is noted that, relative to previ-
ous less-refined simulation, it is able to reproduce the noctur-
nal and thermal comfort conditions in the different urban
environments.

This study also highlighted the need to improve the hu-
midity simulated by TEB, which could have a significant
impact on the level of thermal comfort simulated. Never-
theless, specific humidity was not well represented either
in the evaluation work of the synoptic meteorological con-
ditions (appendix A). This variable is complex to model be-
cause it is related to the water cycle and depends on many
variables. It could then raise a problem of the meteorologi-
cal forcings at the limits of the domain or of the coupling
model. It might require an improvement of the hydrological
and thermal coupling in TEB, which is currently under way.
This will also require special attention to be paid to soil tex-
ture databases, which will have an impact on microclimate
modeling. They remain poorly informed in urban environ-
ment (Masson et al. 2020).

Our results suggest that our modeling configuration never-
theless reaches the limits of spatial resolution for which the
model was designed. At this resolution and to further improve
the calculation of the thermal comfort stress at finer-scale
studies, TEB offers the possibility to couple microclimatic
variables simulated to computational fluid dynamics models.
Another point that could be stressed is the time of year
(June) and the limited number of days for which the microcli-
matic observations were available: a longer dataset and en-
compassing warmer periods would allow a more robust
evaluation of the ability of the model for reproducing thermal
comfort in heterogeneous environment.

Last, as a result of its new parameterizations for differenti-
ating vegetation strata, the urban canopy model TEB, if used
with high-resolution and accurate databases describing the
spatial distribution of vegetation and its different strata, has
proven its ability to reproduce the urban climate even on a
neighborhood scale. It is offering a powerful tool to better
simulate urban microclimate and particularly thermal comfort
in urban environments. Spatialized maps of thermal comfort
for cities could then be provided to decision-makers in order
to demonstrate quantitatively the interests of various greening
strategies, thus allowing us to evaluate more realistically their
impacts on thermal comfort.
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APPENDIX A

IGN BD TOPO Strata Selection

This appendix section highlights the choice of SIG layers
used in the BD TOPO of the IGN for the study. This data-
base is available freely online (https://geoservices.ign.fr/
bdtopo). The data provided by BD TOPO are classified ac-
cording to 10 characteristics: land use by road networks, rail-
ways and others, energy transmission network, hydrographi-
cal networks, buildings, vegetation, and administrative and
activity areas, as well as topography and place names. For
urban surface modeling purposes, we had to combine this in-
formation so as to distinguish land occupation by buildings,
vegetation, asphalt, bare soil, and water surfaces (Table A1).
For example, railways superimpose mostly natural bare soil,
hence this category is associated with the land-use class bare
soil. Energy transmission networks, orography, administra-
tive, activity area, and place names layers are not used for
this study because they do not provide land-cover informa-
tion. The detail of each layer is associated with the format
and the type of data in which it is provided by the IGN. For
roads, paths and railways, the buffer associated with the lin-
ear information obtained is specified in column “Buffer.”

APPENDIX B

Evaluation of Synoptic Meteorological Conditions

Synoptic conditions were evaluated in the first steps of the
study (Fig. B1). It allowed us to evaluate the performance of
the model to simulate the climatic conditions of the three
days observed around the city, without the by urban influ-
ence. This comparison with observations from four meteoro-
logical stations around the city of Toulouse (see Fig. 5b for
their locations in model 2) and model outputs demonstrates
the capability of the MesoNH (Lafore et al. 1998) model to
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simulate atmospheric conditions and climatic variables for
the days considered. The simulation configuration kept for
this analysis is Veg-TOPO because the improvements made
in the other simulations have no impact on the results out-
side model 3. Results are then not impacted by the choice of
simulation configuration for urban vegetation.

Figure B1 air temperature is very well represented at syn-
optic stations. As expected, its diurnal evolution is coherent
with observations (R2 5 0.93) and errors are really low
(with MBE of 20.218C and RMSE of 1.298C). Maximum
daily temperatures are underestimated by a few degrees for

day 1 and day 3, but minimum nocturnal temperatures are
close to the one measured; 19 June was the hottest day.
This warming trend at the end of IOP is also simulated by
the model but underestimated. Modeled specific humidity
ranges in the same amplitudes as the observations but does
not represent a coherent daily cycle evolution. Meanwhile,
wind speed is very close to station measurements with a
RMSE of only 0.88 m s21. The model well simulates wind
speed diurnal variations despite a very important standard
deviation for the four stations. As a consequence, climatic
parameters simulated on semirural areas are consistent with

FIG. B1. Average microclimatic parameters for four synoptic stations, with their standard deviations, for (a) air temperature, (b) specific
humidity, and (c) wind speed. Observations are in gray, and the standard model simulation configuration is in red.

TABLE A1. List of SIG layers from the BD TOPO of the IGN that were used to compile surface parameters for domain 3
(classified by their associated land use). The downloaded format and layer type are specified. A buffer is applied for linear layers on
the basis of available information.

Name Format Type Buffer Land-use classification

BATI_INDIFFERENCIE Shapefile Surfacic } Buildings
BATI_INDUSTRIEL Shapefile Surfacic }

BATI_REMARQUABLE Shapefile Surfacic }

RESERVOIR Shapefile Surfacic }

CONSTRUCTION_LEGERE Shapefile Surfacic }

ROUTE Shapefile Linear Width 3 0.5 Asphalt
SURFACE_ROUTE Shapefile Surfacic }

POSTE_TRANSFORMATION Shapefile Surfacic }

CIMETIERE Shapefile Surfacic }

TRONCON_VOIE_FERREE Shapefile Linear No.of ways 3 2 m Bare soil
CHEMIN Shapefile Linear 2 m (on each side)
SURFACE_EAU Shapefile Surfacic } Water
ZONE_VEGETATION Shapefile Surfacic } Vegetation
TERRAIN_SPORT Shapefile Surfacic }
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FIG. C1. Surface parameters for model 3.
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observations at synoptic stations. After this step, the study
focused on the modeling of urban effects with the TEB
model, knowing that the modeling of specific humidity al-
ready presents a string bias at this scale.

APPENDIX C

Surface Parameters Provided as Input to Model 3

This appendix is designed to document the surface pa-
rameters defined for model 3 as they are defined as input
parameters of the model. These maps of model 3 (Fig. C1)
represent the fractions of each main type of surfaces in
SURFEX: TOWN, NATURE, and WATER (no SEA in
the study area). Then, there are urban characteristics with
buildings, road, garden, high vegetation, low vegetation,
and bare ground fractions. Morphological urban parameters
such as wall density, building height, and building aspect ra-
tio are also specified.

APPENDIX D

Evaluation Scores Comparison for the Other Seven
Stop Points for Veg-TOPO, Veg-PLEI, and

Tree-PLEI Simulations

This appendix aims at completing the scores of compari-
son of microclimate variables simulated on specific stop
points as STOP 6 and STOP 9 are described in Table 6 of
the main text. Table D1 compiles the scores of R, MBE,
and RMSE for STOP 1–STOP 5 and STOP 7–STOP 8 for
temperature, wind speed, specific humidity, and UTCI.
Veg-TOPO and Veg-PLEI show slightly higher temperature
variability agreement with observation than Tree-PLEI sim-
ulation for all stop points, but Tree-PLEI highlight better
represented temperatures (lower MBE and RMSE). With
the three configurations, the model encounters difficulties
to reproduce variability and intensity of wind speed. How-
ever, intensity of wind speed is better represented with
Tree-PLEI (MBE and RMSE lower for each stop points
than those obtain with Veg-TOPO and Veg-PLEI simula-
tions). Specific humidity results are not homogeneous; they
depend on the stop points’ land-use characteristics. None of
the three simulations provide satisfactory results. The UTCI
is better simulated with Tree-PLEI, which produces the
best evaluation scores for most of the stop points.
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