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This study presents the coupling of TEB (Town Energy Balance) and Surfatm models
developed for energy exchange estimates for urban impervious and vegetation surfaces,
respectively. Once coupled, the TEB-Surfatm model allows the estimate of radiative,
sensible (H), and latent heat (LE) fluxes in urban areas accounting for urban vegetation. The
modelled fluxes were compared with measurements performed in an urban garden. The
model was able to reproduce the energy fluxes, but its performance varied. The variability
of the model accuracy depended on the measurement footprint in link with the
heterogeneity of the site characteristics: while the measurement footprint fitted with the
area characteristics considered by the TEB-Surfatm model, the modelled H and LE fluxes
presented a good agreement with the measurements. In the other cases, some
overestimation and underestimation occurred, in link with different fractions of
impervious surfaces or green spaces. The validation of the TEB-Surfatm model for
energy fluxes is a first step, the second will be to include the pollutant exchanges
since Surfatm is able to quantify the atmosphere-biosphere fluxes for numerous
pollutants. It will allow the TEB-Surfatm model to quantify the impact of urban greening
on the assessment of air quality in urban areas.

Keywords: TEB model, surfatm model, heat fluxes, urban area, urban greening

1 INTRODUCTION

Urban spaces are areas of great attractiveness. Nowadays, 55% of the world population lives in
urban areas and it is expected 68% by 2050 (United Nations, Department of Economic and Social
Affairs, and Population Division, 2019). Urban places occupied between 1.86 and 2.00% in 1985
and currently reach 3% of the continental Earth’ surface excluding Antarctica and Greenland
(Liu et al, 2014). However, the urbanization leads to numerous modifications of the
environment and in particular of the microclimate i.e., the so-called urban heat island
(UHI) phenomenon (Oke, 1982). It refers to the fact that urban areas are warmer than their
surroundings. This phenomenon, by modifying local microclimate, can affect air pollution (e.g.,
Rosenfeld et al., 1998; Akbari et al., 2001; Sarrat et al., 2006), induce convective thunderstorms
(e.g., Bornstein and Lin, 2000), and enhance energy consumption for building cooling
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requirements (e.g., Akbari et al., 2001; Li et al., 2014). Yet, the
excess of heat alters the human comfort and extreme heat
events can lead to mortality (Vandentorren et al, 2004;
Duneier, 2006; Harlan and Ruddell, 2011).

The UHI is due to many factors in link with urbanization
which modifies the surface radiative budget and energy balance
(Nunez and Oke, 1977; Oke, 1982). The solar radiation is
absorbed by surfaces due the low albedo materials of
infrastructures compared to natural ecosystems and
agrosystems (Bouyer et al., 2009; Santamouris et al., 2011) and
is released by them at night due to higher thermal inertia of urban
materials (Pratt and Ellyett, 1979; Johnson et al., 1991; Berwal
et al,, 2016). Yet, the three dimensional geometry of the cities
traps radiations (diminishing the whole city albedo and
emissivity). It also prevents the wind from circulating
depending on the orientation of the street; which leads to heat
stagnation into the canyon constituted by a street and the
surrounding buildings (Nuruzzaman, 2015). Additionally,
human activities generate anthropogenic heat releases
throughout e.g., high road traffic or building heating/cooling
systems (Pigeon et al, 2007). Last but not least the lack of
vegetation, trees, shrubs, and meadows in these areas induces
less energy dissipation through latent heat flux to the benefit of
sensible heat flux responsible for city warming (Pearlmutter et al.,
2009). The UHI intensity is defined as the temperature difference
between the inner city and its surroundings. The UHI intensity is
greater at night, in summer, and under anticyclonic conditions. It
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FIGURE 1 | Diagram of inclusion of the Surfatm model into the
TEB model.
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decreases with cloudy cover and high wind speed. The intensity of
UHI depends overall on the size of the city and/or population, the
greening proportion, and the urban morphology (Arnfield, 2003).
The UHI intensity is therefore highly variable on the spatial and
temporal scales and can range from 0.6 °C to up to 10 °C (Memon
et al., 2009).

Many studies have explored techniques to counterbalance the
UHIL On the one hand, these techniques concerned the
development of the so-called “cool” materials characterized by
both high emissivity and reflectivity (Rosenfeld et al, 1998;
Synnefa et al., 2008; Santamouris, 2013; Alchapar et al., 2014;
Radhi et al., 2014; Rossi et al., 2014). On the other hand,
researchers focused their attention on mitigation strategies
based on macro scale approach by exploring the role of urban
form, urban fabric, and building arrangement and orientation
(Stone and Norman, 2006; Emmanuel and Fernando, 2007;
Shahmohamadi et al., 2010; Middel et al., 2014). Nevertheless,
green surfaces such as parks, gardens, or green roofs and walls can
also help to mitigate the UHI and currently receive strong
attention from scientists and urban planners (e.g. Shashua-Bar
and Hoffman, 2000; Akbari et al., 2001; Kumar and Kaushik,
2005; Alexandri and Jones, 2008; Feyisa et al., 2014). However the
cooling effect provided by vegetation is difficult to quantify due to
the complexity of the processes involved and the numerous
parameters and variables controlling both UHI intensity and
vegetation cooling potential. Cooling potential depends on the
type of vegetation and local climatic conditions. For instance,
Bowler et al. (2010) list impacts of different type of greening
surfaces on cooling effect: grass parks tended to be warmer than
parks with tree covers at diurnal time due to the shading effect of
trees. Yet, Shashua-Bar and Hoffman (2000) reported that the
cooling effect of trees is greater under warm conditions.

Evapotranspiration is considered as one of the most important
factor of cooling effect (Taha, 1997; Shashua-Bar and Hoffman,
2000; Dimoudi and Nikolopoulou, 2003; Qiu et al., 2013).
However, plant species exhibit significant differences in their
evapotranspiration rates due to their different stomatal
conductance and leaf area density (Gillner et al, 2015).
Therefore, some differences in terms of vegetation cooling
potential occur between e.g., individual vegetation and parks
or dense vegetation area such as urban forests. Indeed, during
daytime cooling effect is greater for dense vegetation but some
heat storage at night can occur. Hence, a modelling approach is
necessary to account for all these complex physical and biological
processes controlled by urban characteristics and pedoclimatic
conditions.

Many models have been developed to simulate the energy
exchanges between the built-up areas and the atmosphere in
order to quantify the impact of urbanization on microclimate, as
well as the benefits from urban greening. Overall, they can be
sorted in two categories: the high resolution models based on
computational fluid dynamics (e.g, Solene microclimate,
ENVImet, LASER/F) (Bruse and Fleer, 1998; Bouyer, 2009
Kastendeuch et al., 2017; Imbert et al,, 2018) and the street
canyon models based on the Ohm analogy for mass and
energy transfers (e.g., BEP-BEM model, TEB model) (Masson,
2000; Martilli et al., 2002; Salamanca and Martilli, 2009). The
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formers allow a highly detailed three dimensional resolution
(between 0.5 and 10 m according to Middel et al. (2014)) of
temperature but require time-consuming calculation, while the
latters only give averaged values of physical street variables but
owing to their low calculation time allow large amount of
simulations.

The TEB (Town Energy Balance) model is an urban canopy
model developed by Meteo-France research group (Masson,
2000). It includes an urban representation as an ensemble of
urban canyons. Three surfaces i.e., road, roof and wall, energy
budgets are represented. Two energy budgets can be added for
snow on road and roof. Buildings have the same height. Length
of roads are considered much greater than width (Masson
etal., 2002; Hamdi and Masson, 2008). TEB identifies only one
surface temperature for soil-vegetation schemes. The
exchanges with urban vegetation are currently performed by
the coupling with the ISBA (Interaction between Soil,
Biosphere, and Atmosphere) model which describes the
exchanges of heat and water, initially developed for natural
ecosystems and agrosystems (Noilhan and Planton, 1989;
Noilhan and Mahfouf, 1996).

The aim of this study is to couple the TEB model with the
Surfatm model (Personne et al., 2009). As ISBA it is a soil-
vegetation-atmosphere transfer (SVAT) model initially
developed for natural ecosystems and agrosystems but it
considers in addition to energy and water exchanges the
pollutant exchanges. Surfatm has been developed and
validated for ammonia (Personne et al., 2009), pesticides
(Lichiheb et al., 2014) and ozone (Stella et al., 2011; 2013a;
2013b). Such coupling will allow latter to consider the impact

Coupling TEB and Surfatm Models

of vegetation on both urban heat island effect mitigation and
on air quality assessment and pollutant removal by vegetation.
As a first step, this study presents the coupling and validation
of the TEB-Surfatm model for heat exchanges. The model
outputs are compared with measurements carried out in
Strasbourg, France, during the COOLTREES project
(Landes et al., 2014).

2 IMPLEMENTATION OF THE
SOIL-VEGETATION-ATMOSPHERE
TRANSFER MODEL SURFATM IN THE
TOWN ENERGY BALANCE MODEL

TEB and Surfatm are both one-dimensional models based on a
resistive approach of the exchanges between the surface and
the atmosphere. On the one hand, TEB simulates the radiative
exchanges, the momentum, sensible, and latent heat fluxes,
heat storage uptake and release, and water and snow
interception for artificial built-up surfaces (Masson 2000). It
includes anthropogenic heat and water vapour release from
buildings, traffic road and industries. A building energy model
is settled to simulate the human activities such as air
conditioning and heating. On the other hand, Surfatm
computes the sensible and latent heat fluxes between agro-
and natural ecosystems and atmosphere. It distinguishes one
soil layer and one vegetation layer. It includes aerodynamic,
boundary, soil and stomatal resistances (Personne et al., 2009).
Both TEB and Surfatm models need standard meteorological
conditions as input variables (e.g., air humidity and
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and black scalars refer to those calculated by TEB and Surfatm, respectively.

FIGURE 2 | Resistive scheme of the TEB-Surfatm model for: (A) heat exchanges, (B) water vapour exchanges, and (C) energy budget. Ra,, Rag, Rag, Rag,, Raw,

Roi Rsgrh Rsyes Reuts Race: Ros, Rsoil réfer to aerodynamic resistances of the road, garden, roof, green roof, wall, leaf boundary layer resistance, the stomatal resistances of
the green leaf and yellow leaf, the cuticular resistance, canopy aerodynamic resistance, soil boundary layer resistance, and soil resistance, respectively. e, g, gsat, T, H,
LE, G refer to the water vapour partial pressure, specific humidity, saturation humidity, temperature, sensible and latent heat fluxes and the conductive flux,
respectively. Brown scalars T, forcing and g, forcing are inputs. Grey and green resistances and fluxes refers to those calculated by TEB and Surfatm, respectively. Red
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FIGURE 3 | Aerial view of experimental site. The location of the
measurement mast is shown with the yellow point. The area corresponding to
the yellow rectangle is considered as an urban canyon.

temperature, incoming solar and longwave radiations, rainfall
events, wind speed), but also require some parameters for the
description of the urban morphology (for TEB) e.g., building
height, canyon width, street orientation, and the description of
the ecosystem (for Surfatm) e.g., leaf area index, canopy height,
and stomatal conductance characteristics. Further details can
be found hereafter and in Masson (2000) and Personne et al.
(2009).

Coupling TEB and Surfatm models allows to estimate heat and
water exchanges between the urban surfaces and the atmosphere,
including the vegetation at the street level and on rooftops. The
structure of the coupled model is shown in Figure 1. TEB calls
Surfatm twice: on garden and green roof’s parts. First, TEB
calculates the amount of short- and long-wave radiations on
each kind of surfaces. For the garden i.e, at the street level part,
TEB provides meteorological variables inside the canyon required
by Surfatm such as air temperature and humidity, wind speed and
soil temperature.

The resistive scheme of the coupled TEB-Surfatm model is
presented in Figure 2. Surfatm initially estimates the
aerodynamic resistance between its reference height (ie., the
height for the input variables) and the top of the vegetation
following the approach of Dyer and Hicks (1970). On the resistive
scheme, the air resistance used in Surfatm for the garden (Ra,) is
similar to the one from TEB for the road (Ra,). Air humidity and
temperature inside the canyon used by Surfatm and TEB are the
ones calculated at the previous time step. The displacement
heights and roughness lengths for canopy and soil layers are
fixed. Then Surfatm estimates net radiation (Rn), sensible and
latent heat fluxes (H, LE), heat fluxes trough the soil (G),
friction velocity (u*), drain and runoff over garden needed
by TEB. On the green roof part, the same method is used
excepted Surfatm uses the meteorological variables (air
temperature and humidity) at the forcing level. Similarly to
the aerodynamic resistances inside the canyon, the
aerodynamic resistance between the forcing level and roof
surface is calculated by TEB for both roof surfaces with and

Coupling TEB and Surfatm Models

without vegetation (i.e., RaR and Ragr in Figure 2). Once every
energy budget on each surface is simulated, TEB performs the
final flux aggregation giving the estimated energy fluxes of the
canyon (i.e., from walls, road, and garden) and the roofs
(including both impervious and vegetated rooftop surfaces),
the energy fluxes of the town (i.e., from road, garden, walls, and
roofs), and the air temperature and humidity in the canyon that
Surfatm needs as inputs in the next step.

Hence, the TEB-Surfatm model is able to provide results for
the garden (i.e., trees, meadow and/or bare soil in the street), the
canyon (garden + road), the roof (bare roof + green roof), and the
town (canyon + roof) scales.

3 MODEL EVALUATION

In order to evaluate the coupled TEB-Surfatm model, its outputs
were compared with measurements performed during the
COOLTREES project (Bournez 2018). The differences between
model and measurements were analysed to understand and
explain the discrepancies between estimated and experimental
results.

3.1 Study Case

The experiment was carried out at the Jardin du Palais
Universitaire in Strasbourg, France (48°35'04.4"N 7°45'48.2"E,
138 m altitude) from January 1%, 2016 to December 31, 2016.
The site consists in a vegetated place surrounded by some
buildings. Its length and width are 220 and 90 m, respectively,
and it is oriented at 112°. Meteorological variables and energy
fluxes were measured by a 17 m height mast i.e, closed to the
mean building height, thanks to several dedicated sensors.
Samples were collected and stored every 15 min. A rotronic
probe (HC2S3-Campbell) measured the air temperature and
the relative humidity. A pyranometer CMP11 and a
pyrgeometer CGR4 (Kipp and Zonen), directed downwards,
measured the upwards solar and infrared radiations on the
roof of a university building close to the park, respectively. A
sonic anemometer (CSAT3 - Campbell) and a gas analyser (LI-
7500A- LI-COR) measured the three wind speed components
and the amount of water vapour in the air, respectively. LE and H
were derived from Sonic data following the procedure proposed
from Campbell. This place is a public garden with mainly grass,
silver linden trees (Tilia tomentosa Moench), and some patches of
bare soil (Figure 3).

3.2 Data Filtering Method

Data were filtered in order to remove outliers by absolute
deviation around the median method (Leys et al., 2013). This
method uses median absolute deviation (MAD) following Eq.
1 (Huber, 2004).

MAD = 1.4826+M,(|x; - M;(x;)|) 1

where M,; is the median of value at step t and the six observations

around. M; is the median of absolute difference between x; and

M;. The value at step t is considered as an outlier and is removed
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TABLE 1 | Fractions of horizontal surfaces occupation.

Horizontal surface Percentage

of surface (%)

Roofs 28.5
Vegetated area (including bare soil) 62.7
Road 8.8

from the dataset if it is outside interval spanning over the median
plus/minus three MAD (Eq. 2).

M, -3MAD<x;< M, + 3MAD ©)

3.3 Footprint Analysis

The area considered by the micrometeorological flux
measurements, i.e., the so-called “footprint”, is changing with
time and depends on multiple factors such as wind direction and
speed, surface roughness, and thermal stability (Burba and
Anderson 2010). In order to ensure that the areas considered
by both measurements and TEB-Surfatm model were similar, the
footprint analysis using the Neftel model (Neftel et al., 2008) was
performed. Its aim was to determine the area contributing to at
least 80% of the measured fluxes. The MAD filter on this
subdataset was applied and called Footprint_ MAD.

3.4 TEB-Surfatm Configuration

3.4.1 Canyon Parameters

The experimental site is considered as a canyon with an
average width of 63.2m surrounded by buildings with an
average height of 18 m and an average width of 17.4 m.
Horizontal occupation fractions are shown in Table 1. The
mean height of the trees is 9 m and that of the lawn is 0.1 m.
Vegetated area is made up with 44% of trees, 34% of meadow
and 22% of bare soil. Road included all impervious surfaces
inside the canyon.

3.4.2 Impervious Surfaces Configuration

Impervious surfaces parameters encompass radiative and
thermal properties of roads, roofs, and walls. Most of
parameters such as albedos, volumetric heat capacity, and
thickness layers were chosen as proposed by Roupioz et al.
(2018). There are based on field observations, measurements on
this site, and documents about buildings constructed in this
area at the same period. Values of materials’ emissivity
materials came from the study of Landes et al. (2014) which
used these values for the modelling work on this site. All
parameters’ values are indicated in Table 2.

3.4.3 Vegetated Surfaces Parameters

The vegetated surfaces in the modelling approach consist in
the soil layer and the vegetation layer. The latter, by using a big
leaf approach, must be representative of both trees and grass
on the experimental site. The parameters concerning the whole
vegetated surface and the vegetation layer were determined by

Coupling TEB and Surfatm Models

weighted averaging of the individual parameters of soil and/or
trees and grass (Masson, 2000; Lemonsu et al., 2012) i.e.:

Pveg,surface = ‘xgrasspgrass + MreePiree + tsoit Psoit (3)

Pveg = “gmss_ZPgrass + “tree_zptree (4)

where grasss Qurees Osoit are the fractions of grass, trees, and bare
soil of vegetated surfaces (0.34, 0.44, and 0.22, respectively) and
Ograss_2 aNd Oree_» are the fractions of grass and trees of vegetation
(0.44 and 0.56, respectively). Pgrase, Pirees Pooir are the parameters
of grass, trees, and soil, respectively. The parameters used in the
model concerning the whole vegetated surface were therefore
determined from Eq. 3 while those concerning the vegetation
layer were determined from Eq. 4. The individual parameters for
soil, trees, and grass as well as the final result for model input are
indicated in the Table 3.

4 RESULTS AND DISCUSSION

4.1 Meteorological Conditions and

Measured Fluxes

The annual trend of global radiation (Rg), in 2016, followed a typical
pattern with minimum values during winter (mean daily values
around 10 W/m?), increased during spring to reach a maximum in
summer, and then decreased during autumn and winter. Mean daily
Rg exhibited strong day-to-day variations, especially in summer
(from around 100 W/m? to 350 W/m?) due to the interplay of
cloudy and sunny periods (Figure 4A). At the daily scale, Rg
increased from sunrise to reach its maximum (around 410 W/m?
on average) at noon, and then decreased during the afternoon to
reach its nocturnal value i.e., 0 W/m? (Figure 4B). The mean annual

TABLE 2 | TEB-Surfatm input parameters for impervious surfaces.

Unit External layer Internal layer
Roof properties Tiles Isolating material
Albedo [ 0.15° -
Emissivity [-] 0.98° -
Volumetric heat capacity [W/m3/K] 16340002 384002
Thermal conductivity W/m/K] 0.8% 0.15%
Thickness [m] 0.12 0.152
Wall properties Red sandstone Red bricks
Albedo [ 0.22 -
Emissivity & 0.93° -
Volumetric heat capacity W/m3/K] 13250002 16144802
Thermal conductivity W/m/K] 0.4% 12
Thickness [m] 0.7% 0.78%
Road properties Asphalt Sub structure
Albedo [ 0.1052 -
Emissivity 8] 0.9° -
Volumetric heat capacity [J/m¥/K] 1842000° 2100000%
Thermal conductivity W/m/K] 1.16% 1@
Thickness [m] 0.06% 1.042

?Roupioz et al.(2018).
®Bournez (2018).
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TABLE 3 | Parameters for trees, grass and soil, and final parameters retained for model input.

Trees
Vegetated surface
Albedo [-] 0.18°
Emissivity [-] 0.98¢
Vegetation
Height [m] 92
Leaf length [m] 0.15%
Displacement height [m] 6.75%
Roughness length [m] 0.9%
Gpar (alphalight) [-] 0.006°
Gmax [MMol H20 .m=2.57"] 135'
Gmin [-] 0.01'
Tin ['C] 2.5
Trmax [C] 47 5°
Topt [C] 239
VPDpnax [KPa] 2.5
VPDmin [kPa] 3.9
Soil

Soil density [kg/m®]

Thermal conductivity for wet soil [W/m/K]
Thermal conductivity for dry soil [W/m/K]
Soil Osaturation [kg/kg]

Soil eresidual [kg/kg]

Van Genuchten n parametre [-]

Van Genuchten a parametre [m™]

Soil tortuosity [-]

Soil porosity [-]

“Experimental value.

PVatani et al. (2018)

°Mecevoy et al. (2012)
9EngineeringToolBox (2003)
€Simpson et al. (2012)

Gy Toth et al. (2015)

9Sellin and Kupper (2007)
hZeri et al. (2018)

Monteith and Unsworth (2013)
ISchaap and Genuchten (2006)
kChoudhury and Monteith (1988)

(+standard deviation) Rg was 130 = 90 W/m? and 1% and 3™
quartiles were 40 W/m®> and 200 W/m® respectively. Air
temperature (Ta) and relative humidity (RH) were anti-
correlated. At the daily scale, Ta increased from early morning to
reach its maximum (around 18°C on average) in early afternoon and
then decreased to its nocturnal value (around 12°C on average). RH
followed the opposite trend by decreasing in the morning to around
60% on average in early afternoon before increasing to its maximum
nocturnal value (around 90% on average) (Figure 4D). At the yearly
scale, Ta followed the same pattern as Rg with minimum daily
temperature around -4°C in winter and maximum around 28°C in
summer. RH followed the converse annual trend and decreased from
around 100% during winter to around 44% in summer before
increasing during autumn (Figure 4C). As for Rg, RH and Ta
exhibited large day-to-day variations ie., drier and warmer days
during sunny periods and wetter and colder days during cloudy
periods. Mean annual Ta and RH were 12 + 7°C (1% and 3" quartiles
equal to 6°C and 19°C) and 75 + 13% (1* and 3™ quartiles equal to 65
and 85%), respectively. Over the whole year, rainfall accounted for

Grass Soil Model
0.25° 0.17° 0.20
0.98¢ 0.9¢ 0.96
0.12 5.1
0.12 0.13
0.075° 3.8
0.012 0.508
0.009° 0.007
409.1f 254.5
0.01" 0.01
12f 6.6
40f 44.2
269 24.3
1.3 1.41
3f 3.51
1575" 1575
1.8 1.8
03 0.3
0.32 0.32
0.098 0.098
2.23 2.23
2.75 2.75
oK 2
0.505! 0.505

730 mm. These events occurred regularly, with 168 rainy days, with
on average 9 + 11 mm/day. Overall, it was dry in winter and wet in
summer, with the wettest period from April to June. Indeed some
particularly rainy days occurred during this period with daily rain
accounting for up to 30 mm. The period from June to September was
dry with only sparse rainy days (Figure 4G). The daily-mean wind
speed varied between 0 m/s to 7m/s and direction was mostly
oriented to North-East (15-45°) and South (165-195°). The
highest wind speeds occurred in the West-Southwest and East-
Northeast directions (Figure 4H). Overall, the meteorological
conditions were representative of the continental climate.

Daily means and mean half-hourly values of the measured net
radiation (Rn) and sensible (H) and latent (LE) heat fluxes are
represented in Figures 4EF, respectively. The MAD filter (see
Section 3.2) was applied on both H and LE data. At the daily
scale, Rn, H, and LE followed the same dynamics: they remained
stable during nighttime, increased during the morning to peak to
their maximum at noon, and decreased to their nocturnal values
during the afternoon. Maximum half hourly values were on average

Frontiers in Environmental Science | www.frontiersin.org

March 2022 | Volume 10 | Article 856569


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Le Mentec et al.

Coupling TEB and Surfatm Models

A Daily mear B ] ourly r )
A
1l 1 g
\ 1 Vi
f 'W’-’N MWW ’ * V\mf P,
M),m!ﬁuu}/ ‘L ! AV
C 1
E:
G: X i H P . Wind speed (mVs)
g N 63-7
56-63
49-56
42-49
} W 35-42
X 28-35
« 21-28
14-21
R u LA . 07-14
16 ¢ . 0-07
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net radiation (Rn) (red line), sensible heat flux (H) (grey line) and latent heat flux (LE) (black line). (G) Daily cumulated precipitation and (H) wind rose of half-hourly mean
wind speed.

300 W/m?, 140 W/m” and 80 W/m” for Rn, LE, and H, respectively.
During nighttime, Rn and H were both slightly negative while LE
remained positive (Figure 4F). At the yearly scale, Rn followed the
same seasonal and day-to-day dynamics as Rg. Mean daily Rn varied
between around -25W/m’ and +25 W/m® during winter and
between 75 and 190 W/m® during summer. Mean daily H did
not exhibited seasonal evolution and ranged from -40 W/m? to
80 W/m®, whereas mean daily LE increased from 0 W/m” during
winter to 50-150 W/m” during summer and then decreased during
autumn in link with the phenological development and physiological
activity of the vegetation present in the site (Figure 4E).

4.2 Comparison Between Measured and

Modelled Energy Fluxes
In order to validate the TEB-Surfatm model, modelled energy fluxes
were compared with the in-sifu measurements which were filtered
with the MAD method (see Section 3.2) i.e., by removing outliers.
Convective flux measurements were performed with the eddy-
covariance method (see Section 3.1) ie., a micrometeorological
method providing integrated flux estimates on a certain area.
This area, the so-called “footprint”, changes according to surface
parameters (e.g, roughness or measurement height) and
micrometeorological variables (e.g., wind direction and speed or
atmospheric stability). Yet, TEB-Surfatm provides energy fluxes at
three different scales: the vegetated area (including bare soil noted
hereafter “Garden”), the road + garden area (hereafter “Canyon”),

and the whole city including road, garden, walls, and roofs surfaces
(hereafter “Town”). As a first approach, model outputs at these three
different scales were compared to measurements in order to
determine which scale was the most relevant for the comparison
of modelled and measured fluxes. Four statistical indicators were
used to assess these comparisons: the equation of the regression line,
the Root Mean Square Error (RMSE), the bias, and the Mean
Absolute Percentage Error (MAPE). The results are presented in
Figure 5; Table 4.

Modelled and measured Rn exhibited a quite good agreement
whatever the scale in model outputs considered ie., garden
(Figure 5A), canyon (Figure 5B), or town (Figure 5C) scale.
However, the outputs at the canyon scale exhibited the best
agreement with the measurements for both the regression line
and the RMSE. Despite the best agreement with the
measurements considering the bias and the MAPE statistical
indicators for the town scale, this last also revealed the worst
agreement considering the regression line and the RMSE. The Rn
modelled at the garden scale exhibited the worst agreement with
measurements considering bias and MAPE indicators (Table 4).

For the total convective heat fluxes (i.e., H + LE), although the
fluxes estimated by the TEB-Surfatm model exhibited a quite good
agreements with the measurements whatever the scale considered
(Figures 5D-F), the best regression line was found for the fluxes
modelled at the town scale which also exhibited the best RMSE but
the worst bias and MAPE. On the contrary, total convective heat
fluxes modelled at the garden scale exhibited the worst agreement
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FIGURE 5 | Comparison of measured and modelled (A-C) net radiation (Rn), (D-F) total conductive heat fluxes (H + LE), (G-1) sensible heat fluxes (H), and (J-L)
latent heat fluxes (LE) modelled at the garden (first column), canyon (second column) and town (third column) scales.

considering regression line and RMSE. Those modelled at the
canyon scale revealed the best agreement for both bias and
MAPE (Table 4). Considering only latent heat fluxes, it was clear
that the modelled LE at the town scale fitted the best with
measurements since the best values for the four statistical
indicators were found at this scale, and the four worst at the
garden scale (Table 4). For the sensible heat flux, results were
less clear: the town scale obtained the best regression but the
worst values for the three other statistical indicators, the garden
scale exhibited the worst regression but the best bias, and the canyon
scale revealed the best values for RMSE and MAPE (Table 4).
Considering the whole results and statistical indicators,
modelled fluxes at the canyon scale provided six best values

for the statistical indicators, ten intermediates, and no worst
values, while it was one best value, six intermediates, and nine
worst values at the garden scale, and nine best, no intermediates,
and seven worst values at the town scale (Table 4). These findings
suggested that the canyon scale was overall the best modelling
scale for the comparison with measurements. In addition, the
fluxes were measured close to the mean building height. In this
case it is a reasonable hypothesis to suppose that the fluxes mainly
originated from the road and garden surfaces i.e., at the canyon
scale. Therefore, fluxes are studied at the canyon scale in the
following parts.

The partitioning of total convective heat fluxes in H and LE
exhibited underestimation and overestimation of the
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TABLE 4 | Equation of the regression line, Root Mean Square Error (RMSE), Bias, and Mean Absolute Percentage Error (MAPE) between the predicted fluxes at the garden,
canyon, and town scales and the measured fluxes. For each energy flux, the best and worst values of the statistical indicators according to the output scale are indicated
in bold and underlined, respectively.

Regression equation RMSE [W/m?] Bias [W/m?] MAPE [%]
Rn Garden 1.017 + 21.1 39.9 22.3 4.99
Canyon 1.007x+17.8 37.4 -18.3 4.48
Town 1.075x+6.34 42.8 -11.6 3.83
H+LE Garden 1.33x+6.28 737 276 7.83
Canyon 1.22%+9.10 66.7 -23.7 7.28
Town 1.044x+28.11 62.5 31.0 12.51
H Garden 0.705x+3.29 29.8 0.91 6.22
Canyon 0.749%+8.001 28.2 -4.43 5.87
Town 0.956x+31.34 423 307 12.68
LE Garden 1.58x-1.084 76.8 -28.5 8.28
Canyon 1.34x+1.87 64.9 -19.3 7.36
Town 0.890x+5.93 50.1 -0.29 6.45
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FIGURE 6 | Boxplots of the residues filtered with the MAD (grey) and Footprint_MAD (red) methods for each decile of the measurements for (A) H and (B) LE fluxes.
Are also indicated the results from the pairwise comparison Turkey’s HSD statistical test (see text for details and explanations for the interpretation).
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measurements, respectively. Many issues could explain that
finding such as the impact of the footprint from
measurements or some missing or not well represented
processes in the TEB-Surfatm model. These issues are
explored in the following.

4.3 Residual Analysis

As stated previously, only the modelled fluxes at the canyon scale are
considered. The aim of this part is to investigate the discrepancies
between the modelled and measured fluxes. Hence, the residues, as
the difference between measured and modelled values (i.e., positive
when the observed values are larger than the predicted ones, and
conversely), were estimated. The data were filtered with the MAD
method (see Section 3.2; noted hereafter “MAD”), and also by
including the filter based on the measurement footprint (noted
hereafter “Footprint_ MAD?”). This latter consisted in keeping only
the data for which at least 80% of the measured flux originated from
maximum 200 m (i.e., the garden length) from the mast.

The residues were first analysed as a function of the deciles of
measured energy fluxes. The Figures 6A,B show the boxplots of
the residues according to the deciles of the measurements for H
and LE, respectively. Typically, 1** decile corresponds to low flux
magnitude (i.e., during nighttime and/or winter) and 10" decile
corresponds to maximum flux magnitude (i.e., at noon and/or
summer). Both results with MAD and Footprint MAD filters are
presented. Results of the pairwise comparisons are also shown: a
letter shared between two or more boxplots indicated no
significant differences, and two boxplots that do not share a
common letter are significantly different.

The modelled and measured H fluxes presented a quite good
agreement most of the time, residues boxplots being centred and
closed to zero from 3™ to 8™ measured H deciles (Figure 6A). Yet,
considering the footprint for this measurement range did not
improve the model accuracy since overall no significant
differences where observed between residues with MAD filter and
with Footprint_MAD filter for 3™ to 7 deciles of measured H.
However, the model overestimated (i.e., negative values of the
residues) H fluxes for low H values (e, 1% and 2" deciles)
(Figure 6A). In this case, applying the Footprint. MAD filter
clearly and significantly improved the model/measures agreement.
For the highest values of measured H (i.e., 10™ and to a less extend
9" deciles), the model underestimated (ie., positive values of the
residues) the fluxes (Figure 6A). Applying the Footprint MAD filter
induced an even low but significant worst agreement with
measurements (residues median, 1%, and 3 quartiles equal to
46 W/m®, 22 W/m?, and 69 W/m?’, respectively) than with the
MAD filter (residues median, 1%, and 3" quartiles equal to
35W/m? 12W/m? and 56 W/m’, respectively) (Figure 6A),
suggesting that the measurement footprint was not the only
reason for model overestimation. It will be explored in the
following sections.

For the lowest LE values (i.e., 1* decile of the measurements), the
model strongly overestimated (i.e., negative values of the residues)
the measurements. When LE fluxes were quite low (i.e., 2™ and 3™
deciles of measurements), the model agreed well with the
measurements: residues were closed to zero whatever the filter
(MAD or Footprint_ MAD) considered. From 4™ to 10" deciles

Coupling TEB and Surfatm Models

of the measurements, the model globally overestimated the
measured LE fluxes and its accuracy decreased when measured
LE increased (ie., the interquartile range (IQR) of the residues
boxplots increased) (Figure 6B). Moreover, although applying the
Footprint_ MAD filter clearly improved the model/measures
comparison for the highest values of LE (ie., 9™ and 10 deciles
of measurements), it led to worst agreement for intermediates values
of LE (ie., 4™, 57 and 6™ deciles of measurements) (Figure 6B).

Hence, the ability of the TEB-Surfatm model to estimate H and
LE fluxes varied according to the flux magnitude. The model
reproduced well H fluxes excepted for very high H fluxes and
overestimated overall LE fluxes. The discrepancies partially
originated from the measurement footprint: the area
contributing to the measured flux could be larger than the
area considered by the TEB-Surfatm model. However, the
measurement footprint did not explain all the differences
between measured and modelled fluxes. Other issues, such as
biophysical processes not well taken into account could not be
discarded. Correlations between residues and measured
meteorological variables (global radiation, air humidity, wind
direction and speed, soil temperatures, and soil water content)
were tested (data not shown) but no significant correlation were
established. In the following, the temporal (ie., daily and
seasonal) and spatial variabilities of the residues were explored
to explain the differences between model and measured fluxes.

4.4 Temporal and Spatial Analysis of the

Residues

The two-hours residues boxplots for H and LE fluxes with MAD and
Footprint_MAD filters are presented for spring (Figures 7A,B),
summer (Figures 7C,D), and autumn (Figures 7E,F) seasons.

For H fluxes, the IQR of the residues exhibited a clear daily
variation. It was weak during nighttime, increased during the
morning, peaked to its maximum at noon, and decreased during
the afternoon to the minimum IQR. This trend occurred
whatever the season considered (Figures 7A,C,E). Hence, the
absolute error between measured and modelled H fluxes varied
throughout the day, but it must be kept in mind that the flux
magnitude also varied with a maximum near noon (see Section
4.1 and Figure 4F). Hence, in terms of relative error, the
performance of the TEB-Surfatm model was overall constant
at the daily scale. Most often a slightly better agreement (median
closer to zero, smaller IQR) is observed with the Footprint. MAD
filter. Yet, even if it was quite weak, it must be noted that the TEB-
Surfatm model slightly underestimated (i.e., positive residues) the
H fluxes during spring (Figure 7A) and slightly overestimated
(i.e., negative residues) the H fluxes during summer (Figure 7C)
and autumn (Figure 7E).

As for the LE fluxes, the IQR of the residues exhibited a similar
and clear daily variation for all seasons (Figures 7B,D,F) ie., the
absolute error of the model increased with the magnitude of the LE
flux. Contrary to H fluxes, the model systematically overestimated
the LE flux measurements at the two-hours time scale. Nevertheless,
considering the measurement footprint improved the ability of the
model to reproduce the measurements. With the Footprint MAD
filter, the residues boxplots were systematically closer to zero, but no
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FIGURE 7 | Two-hours boxplots of the residues filtered with the MAD (grey) and Footprint_MAD (red) methods for H and LE fluxes during (A,B) spring, (C,D)
summer, and (E,F) autumn, respectively. Are also indicated the results from the pairwise comparison Turkey’s HSD statistical test (see text for details and explanations
for the interpretation).

dependence on the season occurred. Yet, it overall did not change the
IQR of the residues boxplots.

The footprint depends notably on wind direction, therefore, the
‘measurement area’ is not centred on the mast and can largely differ
from the ‘modelling area’. In order to investigate that issue, a method
of bivariate interpolation and smooth surface fitting was used to
present the residues values at points distributed in a x-y plane
determined by distances and directions from the mast (Akima, 1978,
1996). These results are presented in Figure 8. Each pixel delimits
the upwind distance from the mast for which 80% of the measured
flux originated from. For each pixel, estimated residues was sorted in
three categories for H (Figure 8A) and LE (Figure 8B).

This representation allows an interpretation of the differences
between the model and measurements according to distance and
direction from the mast i.e., the footprint of the measurements.

The H fluxes were underestimated (i.e., residues larger than
30 W/m®) by the model when the footprint was very closed to the
mast, extended at 50 m south from the mast, and 80-90 m west-
south-west from the mast. Model overestimation (i.e., residues lower

than -30 W/m?) mainly occurred when the footprint extended to up
to 100m from the southern, western, and northern directions.
However, when the measurements footprint was in the canyon
considered by the TEB-Surfatm model, neither over- nor
underestimation was observed (ie., residues between -30 W/m?
and 30 W/m?) (Figure 8A).

The modelled LE fluxes were underestimated (i.e., residues
larger than 50 W/m®) mainly when the measurement footprint
originated from south-south-west to north-west directions, and
overestimated (i.e., residues lower than -50 W/m?) when it
originated from north-east to east directions from the mast.
The modelled LE fluxes exhibited a good agreement with
measurements (i.e., residues between -50 W/m? and 50 W/m?)
when the measurements footprint was in the canyon, except for
the area close to the mast in the east direction (Figure 8B).

Hence, the variability of the model accuracy depended on the
measurement footprint in link with the heterogeneity of the site
characteristics. While the measurement footprint fitted with the area
characteristics considered by the TEB-Surfatm model, the modelled
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H and LE fluxes presented a good agreement with the
measurements. It proved the ability of the coupled model to
estimate the energy fluxes in urban area, accounting for
impervious and vegetated surfaces. The underestimation and
overestimation in the western area from the mast for H and LE
fluxes, respectively, could be attributed to a more important fraction
of impervious surface than what it was considered in the model.
Indeed, this zone consisted in mainly a built-up area (Figure 3).
Therefore, the evapotranspiration is very weak and most of the
energy received by the surface would be dissipated through H flux
compared to a vegetated area (Gunawardena et al, 2017
Chrysoulakis et al., 2018). The model overestimation of LE fluxes
when the footprint originated from north-north-east and east
directions could also be attributed to a difference between the
site and modelled characteristics. Indeed, the amount of trees in
these areas is larger than the amount considered in the modelled area
(Figure 3). Since the maximum stomatal conductance (g,,y) is three
times larger for grass than for tree (Table 3), the larger amount of
grass in the model can lead to model overestimation of the LE fluxes
in these areas. That issue was also observed in previous studies (e.g.,
Wang et al., 2012; Zou et al., 2021). For instance, Litvak et al. (2014)
reported that the evapotranspiration of a grass plot was between
+50% and +100% larger than a mixed grass and trees plot in
summer.

5 CONCLUSION

The TEB and Surfatm models were coupled in order to estimate
energy fluxes in urban areas, accounting for urban green spaces. The
coupled TEB-Surfatm model was evaluated against measurements

performed in Strasbourg, France, within an urban park composed by
grass and trees. The model was able to reproduce the energy fluxes,
but its performance varied. The variability of the model accuracy
depended on the measurement footprint in link with the
heterogeneity of the site characteristics: while the measurement
footprint fitted with the area characteristics considered by the
TEB-Surfatm model, the modelled H and LE fluxes presented a
good agreement with the measurements. In the other cases, some
overestimation and underestimation occurred, in link with different
fractions of impervious surfaces or green spaces. Hence, strong
attention must be given to the model/measure comparisons
especially in heterogeneous urban sites, by considering the
accordance between the model area and the measurement
footprint to avoid erroneous conclusions concerning the model
validation.

UHI mitigation, especially in the context of global warming,
is of particular importance for citizen comfort and health. To
this aim, stakeholders need information on the potential of
green spaces to improve the city sustainability. Therefore, the
TEB-Surfatm  model can be used for  the
quantification of the impact of urban greening on the urban
heat island effect.

Last but not least, the Surfatm model was initially developed for
the modelling of pollutant exchanges between the atmosphere and
the vegetation. Since the enhancement of air quality in urban area is
of particular interest for citizen health (Shang et al., 2013; Andrea
Rodriguez-Villamizar et al,, 2018; Eisenman et al,, 2019), finding
solutions to promote atmospheric pollutant removal are required.
The TEB-Surfatm model would be able to quantify the impact of
urban vegetation of pollutant deposition, and therefore on air
quality. This work, ie., the inclusion of pollutant deposition in

Frontiers in Environmental Science | www.frontiersin.org

12

March 2022 | Volume 10 | Article 856569


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Le Mentec et al.

the TEB-Surfatm model, will be the next step of the model
development.
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