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Nature-based solutions (NBS) are increasingly promoted to mitigate urbanization effects, such as
the urban heat island. The release of latent heat requires the availability of water in the urban
soils. Models able to represent both detailed water and energy budgets are needed for a reliable
evaluation of NBSs performances. The TEB-Hydro model is a recent hydro-microclimate model
that extends the physics of the urban microclimate model TEB-Veg to water processes in urban
subsoil in order to represent more realistically coupled water and energy budgets. Hence, the aim
of this paper is to evaluate the TEB-Hydro model regarding how the water processes affect the
energy balance. The model is applied to an urban French catchment for which both hydrological
and microclimate data are continuously collected. The model shows general good performances
in both simulating latent and sensible heat fluxes. Nevertheless, soil water contents are slightly
underestimated during wet periods and overestimated during dry periods. Compared to the
previous version of the model (TEB-Veg) with a simplified water budget, TEB-Hydro tends to
more overestimate latent heat fluxes than TEB-Veg during dry periods. During wet periods,
however, TEB-Hydro simulates better sensible heat fluxes and latent heat fluxes.

1. Introduction

The water and energy budget of urban areas are both affected by land use and subsurface changes induced by the urbanization
process which concern all countries. The use of impervious materials on the one hand increases surface runoff and limits infiltration
leading to more frequent and more intense floods, weaker groundwater recharge and urban river base flow (Fletcher et al., 2013;
O’Driscoll et al., 2010). On the other hand, artificial materials and urban compactness favour the urban heat island phenomenon by
trapping radiation and storing energy during the day and releasing it at night (Grimmond, 2007; Oke, 1987). The mitigation of these
damaging consequences of urbanization effects relies the more and more on soil related changes, the integration of vegetation and
urban sensitive landscape design (Golden and Hoghooghi, 2018). Thus Nature-based solutions (hereafter NBSs) or also referred to as
urban green and blue infrastructures are often promoted to improve life quality, socio-economic and environmental health of cities
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List of symbols

Q* net all-wave radiation (W m~2)

Qr anthropogenic heat flux (W m~2)

H sensible heat flux (W m™2)

LE latent heat flux (W m~2)

AS heat flux storage (W m~2)

AA net advection heat flux (W m~?)

S ground heat flux (W m2)

P total precipitation (kg m 2 s71)

Ir water generated from anthropogenic activities (irrigation) (kg m=2s™1)

E- evapotranspiration over * compartment (kg m~2 s ')

R runoff (kg m2sh

D« deep drainage or deep percolation over * compartment (kg m~2s1)

AW variation in water storage both on the surface and in the ground during the simulation period (kg m2s1)

L, latent heat of vaporisation (J kg’l)

T water flow by transfer

W *F  surface retention capacity over * compartment (mm)

Wf,’,‘a'f( « maximum surface retention capacity over * compartment (mm)

I surface water infiltration rate of * compartment (m s H

R - *“F  surface runoff connected to the sewer network for * compartment (mm sh

Jeon effective connected impervious area fraction (—)

W& soil moisture content over * compartment m3m™3)

t time step (s)

nb number of time steps (—)

I parameter representing the water tightness of the sewer pipe (—)

Ksew hydraulic conductivity of the soil (m s™?)

Dgew sewer density within a single grid cell (—), expressed by the ratio of the total sewer length in one grid cell (m) to the
maximum total sewer length in a single grid cell of the entire study site (m)

Crech coefficient of recharge (—) in order to limit deep drainage

Q sewer discharge from ground water infiltration (m® h™1)

Qs ¢ discharge at time step t m®h™H

Qobs’ arithmetic mean of observed discharges (m® h™1)

Fs ¢ heat flux at time step t (W m?)

Subscripts*

rf roof

rd road

gdn garden

con connection

veg vegetation

gr bare ground surface

sew sewer

rech recharge

max maximum

sim simulation

obs observation

v vertical

h horizontal

Superscripts*

gr ground

surf surface

(Emmanuel and Loconsole, 2015; Matthews et al., 2015; Norton et al., 2015; Kabisch et al., 2017). Concerning resilient water man-
agement, NBSs are based on source control infiltration or water storage representing very often vegetated areas (Lafortezza et al.,
2018; Berland et al., 2017; Hamel et al., 2013). City greening is also considered as one of the most important measures for cooling
(Hesslerova et al., 2021). Besides solar radiation interception, it reduces urban heat by the release of latent heat flux, in other words by
evapotranspiration. Implemented at different spatial scales (green belts, urban parks, alleys, green roofs and walls), the cooling po-
tential of urban vegetation depends on various factors (vegetation species, locations, water availability in the ground, atmospheric
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demand, etc.) (Daniel et al., 2018). Nonetheless, Hesslerova et al. (2021) state that “the principals of the cooling potential of vegetation
are still misunderstood”. Consequently, it is of primary importance to progress towards a better understanding and modelling of NBSs
and their influence on both hydrological and energetic processes such as evapotranspiration in urban areas (Mitchell et al., 2008).

Nevertheless, urban hydrological models and urban climate models do not address the evapotranspiration process in the same way.
In many urban hydrological models, evapotranspiration is derived from a reference value (i.e. potential evapotranspiration) linked to
vegetation type and groundwater availability (DHI, 2012; Grimmond and Oke, 1991; Locatelli et al., 2017; Rodriguez et al., 2005).
Berthier et al. (2006) pointed significant differences between two evaporation schemes, detailing soil processes and atmosphere
processes respectively. Several recent studies confirmed that the various approaches used to estimate evapotranspiration in urban
areas reach different conclusions, and that this subject remains a scientific problem (Litvak et al., 2017; Liu et al., 2017; DiGiovanni-
White et al., 2018; Coccolo et al., 2018). As an example, the atmospheric demand is not yet often considered on the local scale and
there is no local retroaction from the water to the energy budget. This is however important as DiGiovanni-White et al. (2018) confirm
the influence of micrometeorological conditions on evapotranspiration in urban heterogeneous environments. For their part, urban
climate models resolve in a very detailed way energy and radiative budgets, while water interactions are simplified, leading to less well
modelled latent heat fluxes compared to other fluxes (Grimmond et al., 2011, 2010). Many of those existing urban canopy models
coupled with mesoscale models for climate assessment of neighbourhood-scale have been adapted to represent urban vegetation,
including trees (Krayenhoff et al., 2014, 2015, 2020; Lee and Park, 2008; Redon et al., 2017, 2020; Ryu et al., 2016). In general, they
allow tackling multiple energy and radiation processes between the urban three-dimensional environment and the vegetation (radi-
ation interactions, wind profile modification within the canyon, or trees transpiration). However, they dispose of basic description of
water processes and model evaluation is concentrated on the energy budget. For instance, the water availability in soils is not always
taken into account (Gros et al., 2016; Nice et al., 2018) which may result in an overestimation of the effect of greening solutions on the
urban heat island, during strong heat or dry periods.

Models resolving in a coupled way both water and energy budgets, linked by the evapotranspiration processes, are then required to
improve the understanding and to better estimate evapotranspiration in urban areas. In order to reach this objective, hydrological
processes together with NBSs, such as urban vegetation, green roofs and trees, are being introduced within the Town Energy Balance
(TEB) urban canopy model (Masson, 2000; Lemonsu et al., 2007; de Munck et al., 2013; Lemonsu et al., 2012; Redon et al., 2017, 2020)
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Fig. 1. Schematic view of the different hydrological processes of TEB, TEB-Veg and TEB-Hydro. Inside one grid mesh, horizontal double arrows
stand for lateral water flow (Ty,) between each soil layer of the compartments and vertical double arrows for vertical water flow (T,) between each
soil layer inside each compartment. P stands for precipitation, E« for evaporation, R - * for runoff, I for Infiltration, W - * for water storage, D+ for
deep drainage and f,n for effective connected impervious area fraction. Subscripts rd, rf and gdn stand respectively for “road”, “roof” and “garden”
compartments. Superscripts surf and gr stand respectively for “surface” and “ground” (Stavropulos-Laffaille et al., 2018). The number of ground
layers is only indicative. All signs can be found in Appendix A.
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that resolves detailed energy and radiative budgets of all urban surfaces (buildings, roads and vegetated surfaces). A canyon approach
for a simplified urban morphology is used. A detailed energy budget of green infrastructures is resolved for the soil-vegetation con-
tinuum in radiative and energetic interactions with local built-up environment, thanks to the Interaction Soil-Vegetation Biosphere-
Atmosphere (ISBA) Transfer model (Boone et al., 1999; Decharme et al., 2011) coupled to the TEB model (Redon et al., 2017, 2020).
ISBA also resolves a detailed water budget but initially for the natural compartment only. Stavropulos-Laffaille et al. (2018)- extended
it to the one of buildings and roads by introducing in TEB the main hydrological processes specific to urban areas (i.e. weak infiltration
through road surfaces and sewer drainage network taken into account). That way, a more elaborated and integrative water budget,
influencing evapotranspiration processes, is now available. In summary, the nowcalled model TEB-Hydro is an original hydro-
microclimate urban model coupling detailed water and energy processes and operating at the catchment or city scale. It simulates
the response of an urban area to time series of atmospheric forcing, including the following hydrological processes: total flow and
contributions of each surface type, base flow of the sewer drainage network, total and surface type related evaporation. Nevertheless,
the feedback of this new water budget on the energy budget has not yet been studied.

The aim of this study is thus to complete the model evaluation by discussing more precisely the interactions between both water and
energy budgets. Therefore, the hydro-microclimate model TEB-Hydro is applied to an experimental catchment (watershed) for which
time series of hydrological and meteorological measurements are available. The assessment focuses on the sensible heat flux and the
latent heat flux, or evapotranspiration, which couples the water and energy budgets and which presents an important part of the
annual water budget. It should be noted that the assessment of modelled evapotranspiration by comparison with field data is not yet
frequent, as evapotranspiration rates in heterogeneous urban areas are difficult to measure (DiGiovanni-White et al., 2018).

First, the main terms of both water and energy budgets of TEB-Hydro are described in Section 2. The study site and experimental
data are presented in Section 3. Section 4 deals with the simulation configuration of TEB-Hydro and TEB-Veg and introduces the
evaluation criteria. In Section 5, the results of TEB-Hydro are first compared to observations and then to the results of TEB-Veg fol-
lowed by a discussion. A conclusive section ends the paper.

2. The hydro-microclimate model - TEB-Hydro

The model developments are presented in detail in Stavropulos-Laffaille et al. (2018) (Fig. 1). TEB-Hydro can be run in a 2D-
coupled way with meteorological models as well as in an offline configuration using observed atmospheric data forcing. It runs
with a regular grid mesh with horizontal resolution usually larger than a few hundred meters. Town geometry is simplified thanks to
the canyon approach that implies averaging urban cover characteristics and morphology (building height, construction materials,
canyon aspect ratio, and street orientation) inside one mesh. The urban vegetation is included inside the canyon, based on Lemonsu
et al. (2012). The following presentation is limited to the model equations acting on the energy fluxes and the energy budget.

Detailed radiative and energy budgets are computed over four surface types, representative of three compartments, hereafter called
“buildings” (roofs, walls), “roads” and “gardens” (vegetation surfaces and bare soil), fully described in Lemonsu et al. (2012) and
Masson (2000). TEB computes an average surface temperature for each surface type according to net solar and infrared radiation (Q*),
sensible (H) and latent (LE) heat fluxes and conduction heat fluxes. The conduction heat fluxes are calculated between different
material layers discretising each surface type. The net radiation (or net energy absorbed) is calculated by taking into account the
multiple inter-reflections of solar and infrared radiation between all canyons’ facets.

Therefore, the integrative energy budget of the urban canopy layer can be expressed as:

Q"+ Qr=H+LE+AS+AA [W-m™?] (€))

with Qg the anthropogenic heat flux, AS the heat flux storage resulting from heat conduction in urban infrastructures and in the soil,
and AA the net advective heat flux.
The water budget of the urban canopy layer is expressed as:

AW
P+[r:E+R+D+A—t[kg~m’2~s’l} 2
with P the total precipitation, Ir the water flux generated from anthropogenic activities (irrigation), E the evapotranspiration, R the
total runoff, D the deep drainage (also referred to as deep percolation), AW the variation in water storage both on the surface and in the
subsoil during the simulation period (At).

Both budgets are coupled through the mechanism of water vapour exchange between soil and vegetation and the atmosphere:

LE=ExL, [W-m™7?] 3

with Ly the latent heat of vaporisation (J ~kg_1).

For horizontal built-up surfaces, water coming from precipitation and irrigation, which does not runoff directly into the urban
water system, is intercepted at the surface and evaporates as turbulent latent heat flux (LE). This flux is conditioned by the available
water in the surface water interception reservoir, and its intensity depends on the surface specific humidity at saturation, air humidity
(inside the canyon for roads and above the canopy level for roofs), and turbulent exchange coefficients varying with wind speed and
surface roughness length. The total amount of water evaporated by the gardens (Eg4,), combines the following contributions of
vegetation evapotranspiration (Eyeg) and evaporation from the ground (Egr) (Lemonsu et al., 2012):
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Eein = Eveg +E, [kg -m?. s’l] (C))

The water content evolution of the interception water reservoir of each surface type is impacted by rainfall and evapotranspiration
(Masson, 2000):

surf
avg—*t:P—Eﬁ—I* [kg-m™>-s7"] 5)
where * stands for roof, vegetation or bare ground and I« (m.s’l) stands for water infiltration (Iy = 0).

When W - Su’f(m) exceeds the maximal reservoir capacity (Wi””{mx), surface runoff is produced. It is collected by stormwater or
combined sewer networks according to the connected fraction (f.,,) of impervious areas (Sutherland, 2000).

The water stored in the soil is important since evapotranspiration depends directly on this water amount. The water and energy
exchanges in the subsoil of buildings, roads, and gardens are computed in order to calculate the temporal evolution of soil water
contents and soil temperatures. Sewer networks drain ground water when the water table rises above the sewer trenches level (Belhad]
et al., 1995; Berthier et al., 2004; Rodriguez et al., 2020). The infiltration into the sewer network, denoted I, (m.s D is expressed as
follows:

L, = ksew X Ip X Dyey [m . Sil} (6)

with kg (m.s™ 1) the hydraulic conductivity of the soil layer where the sewer is situated, I, (—) the parameter that describes the state of
watertightness of the sewer pipe, Ds,(—) the sewer density in the grid mesh.

In order to favour ground water infiltration into the sewer network during wet periods, the deep drainage (i.e. low boundary
condition of the model soil compartment for water flux) is partially or totally retained, according to a coefficient of recharge Crech,
(detailed in Stavropulos-Laffaille et al. (2018)). Moreover, lateral water transfer between each compartment is performed by taking

Parcel
Building
Stormwater sewer
Wastewater sewer
Rain gauge
Piezometer
Flowmeter

Flux tower

XX X 1N

© DGI, Nantes-Métropole, 2008
© IFSTTAR, 2018

Fig. 2. Limits of the urban catchment Pin Sec (thick black line). Black thin line: storm water sewer network, black thick line: waste water sewer
network, points: piezometers, triangles: rain gauge, diamonds: flowmeter. The maps on the right side of the catchment indicate the location of
Nantes, in France (above) and of the Pin Sec catchment (red square) in Nantes (middle). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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into account a soil water content exponential decay, tending towards the mean water content of all three compartments, which is
limited by the soil water content at its wilting point.
As a result, the water budget of each compartment (road, roof and garden respectively) is described as follows:

1
Eng+ Iy + Do + R =P+ (AW + AWT) x r )
E;+R/ +Dy=P ®
. . y 1
Ecin+ Daan + R = P (R + R ) 5 (1= o) + (AWE, + AW ) x ©

with D+ and R « % (kg - m™2 - s™1), the deep drainage and the surface runoff for each compartment, respectively. AW « & (kg - m~2) is the
variation of soil water content of the soil column, AW » s“'f(kg . m’z), the variation of the surface interception reservoir of each surface
type, feon(-), the fraction of impervious surfaces connected to the sewer and (Ri}"f +RYN x (1 - feon) (kg - m~2 . s~ 1), the rate of water
reaching the subsoil from artificial surfaces not connected to the sewer network.

TEB-Hydro simulates a total discharge and separated contributions by surface type and from ground water infiltration as well as
latent and sensible heat fluxes. Thus, measurements of all of these fluxes are needed for a comprehensive evaluation. The Pin Sec
catchment in the city of Nantes, located in the Northwest of France, offers such a database.

3. Case study: the Pin Sec urban catchment
3.1. Characteristics of the study area

The Pin Sec catchment is located in the Eastern part of Nantes, between the Erdre and the Loire Rivers. Nantes is the sixth most
populated French city with more than 300,000 inhabitants in 2015 (https://www.insee.fr/fr/statistiques/2011101?geo=COM-44109,
consulted in January 2020.). Situated about 40 km from the Atlantic coast, the city has an oceanic climate with mild and rainy winters
and fresh summers. The mean annual temperatures range from 8.3 °C to 16.7 °C between 1981 and 2001 (http://www.meteofrance.
com/climat/france/nantes/44020001/normales, consulted in January 2020). The mean annual total rainfall is 819.5 mm with
frequent but low intensity rains. The catchment, developed between 1930 and 1970, spans over 31 ha. The site is mainly residential
including single-family housing with private gardens in the northern part and four-storey multi-family buildings with public parks in
the southern part (Fig. 2). The separated sewer network comprises a wastewater and a stormwater sewer.

3.2. Observation data

The catchment has been part of the French observatory ONEVU (Observatoire Nantais de I’EnVironnement Urbain) since 2006,
which aims to monitor water and pollutant fluxes and soil-atmosphere exchanges in Nantes urban environment. The site has been
instrumented continuously for a decade and has therefore a complete database spanning over a long time period (Mestayer et al.,
2011). The following measurements are available (Fig. 2): rainfall, discharges in the storm water and wastewater sewer networks, soil
water content, ground water level, turbulent fluxes (latent and sensible heat fluxes), micro-meteorological data (wind speed and di-
rection, air temperature and humidity, atmospheric pressure, incoming solar radiation).

Latent and sensible heat fluxes are measured using the eddy-covariance (EC) method with a setup situated at 26 m above ground
level on a lattice tower located on the west border of the catchment. The displacement height and the aerodynamic roughness length of
the site are approximated to 8 and 1.2 m respectively (Bagga, 2012). The EC data has been obtained for three years, from 1% of January
2010 to 31% of December 2012. A 3D ultrasonic anemometer (USA-1, Metek GmbH) measured the wind component. The water vapour
fluctuations were observed with an open-path infrared gas analyser (LI-7500, LI-COR Biosciences) from 1% of January 2010 to 27" of
April 2012 following by a closed-path gas analyser (LI-7200, LI-COR Biosciences) until the end of the period. This flux data needs pre-
processing in order to be qualified before comparing with simulated flux data.

The urban data bank of Nantes Métropole provides location of sewer pipes, buildings and informs about their depth, height, length
or area.

3.3. Flux data pre-processing

The wind and water vapour data are recorded at a frequency of 20 Hz. The obtained dataset is processed, with additional mete-
orological data from the closest Météo-France station (situated at Bouguenais airport, 12.3 km away from the measuring mast). Version
v6.2.2 of EddyPro® open source software is used to calculate hourly fluxes. Its default settings are applied with the exception of the use
of (Ibrom et al., 2007) correction for the low-pass filtering effect. The resulting flux data is then filtered to exclude periods where latent
heat is not within an acceptable range (—50 W-m 2 to 500 W-m~2). Steady state and developed turbulent conditions tests (Foken et al.,
2004) are usually performed. However, in our case, the data is filtered, of which both sensible and latent heat steady state flags are
higher than two (i.e. steady test >30%). As stated by Fortuniak et al. (2013), the developed turbulent conditions test does not seem to
behave properly in urban areas and would lead to eliminate many acceptable periods. Once these constraints applied, the flux data set
is substantially reduced to about 28% for the total simulation period. The main reasons for this poor availability are three major


https://www.insee.fr/fr/statistiques/2011101?geo=COM-44109
http://www.meteofrance.com/climat/france/nantes/44020001/normales
http://www.meteofrance.com/climat/france/nantes/44020001/normales

X. Stavropulos-Laffaille et al. Urban Climate 39 (2021) 100925

instrument maintenances. The effect of the filtering lead also leads to many discontinuities in the dataset (Fig. 3 and Fig. 4).
4. Evaluation method of TEB-Hydro

TEB-Hydro simulates various fluxes that contribute to both the water and the energy budgets, coupled by evapotranspiration. As
the experimental setting of the Pin Sec catchment gathers both water and energy flux measurements on-site, the evaluation of TEB-
Hydro is integral. It can be noticed that this approach is not yet frequently applied, and thus original. Indeed, most of existing
model evaluations in hydrology highlight only one type of water flux or stock, respectively the catchment outflow or the groundwater
table. This implicitly increases the degrees of freedom in the model parameterisation and assessment. Therefore, thanks to the
available data, the TEB-Hydro evaluation is demanding and rigorous. In addition, it includes a comparison between TEB-Hydro and its
former version, TEB-Veg. This comparison allows assessing the impact of the newly introduced hydrological parameterisation on the
energy part (see Fig. 1). The simulation configurations of TEB-Hydro and TEB-Veg for the Pin-Sec catchment are presented, followed by
the definition of the evaluation criteria.

4.1. Simulation configurations of TEB-Hydro and TEB-Veg

Both TEB-Hydro and TEB-Veg simulation configurations are applied to the Pin Sec catchment as done by Stavropulos-Laffaille et al.
(2018). As summarised hereafter, the model runs on a single grid mesh (1D). It operates in “off-line” mode, i.e. forced by hourly local
meteorological observations (incoming short- and long-wave radiation, pressure, snowfall and rainfall, air temperature and humidity,
wind speed). The model’s numerical time step is 5 min.

The use of available geographical databases and a GIS allowed estimating different land use and morphological parameters for the
model (Table 1). Building and road covers represent respectively 19% and 32%, while vegetated areas (high and low vegetation, bare
ground) represent 49% of the total area. The wastewater and storm water sewer networks have a total length of about 7.0 km and 3.9
km respectively, with a mean depth estimated to about 1.5 m below ground. The average weighted height of buildings is about 9.0 m. A
detailed survey, conducted by Nantes Métropole in January and March 2014, allowed estimating the ratio of impervious surfaces
connected to the stormwater network to 61%. The building materials characteristics are defined based on the buildings’ construction
period (Table 1). The soil texture at 35 cm below ground is 51% sand, 41% silt and 8% clay. Soil samples were taken at this depth from
several soil water content measurement points. The soil is discretised into 12 layers over a total depth of 3 m, with layer thicknesses
increasing from 1 mm to 1 m in depth.

For TEB-Hydro, the model calibration is used resulting from Stavropulos-Laffaille et al. (2018). The parameter set is I, = 0.09, Iyoad
=10 mm.s! and Cyech = 98% with Kling-Gupta efficiency (KGE) (Gupta et al., 2009) values of 0.82 and 0.62 respectively for each
period from 9™ of January 2010 to 8™ of December 2011 and from 9™ of January 2011 to 8™ of December 2012. Due to a reduced
dataset of observed heat fluxes, the reference simulation period is extended to a three-year period from the 1% of January 2010 to the
31% of December 2012.

The TEB-Veg simulation is performed with a similar configuration (catchment features) to the TEB-Hydro simulation. Only the
hydrological module is set inactive, except in the garden compartment, and at the road- and roof-surfaces (Lemonsu et al., 2012).
Therefore, the water transfer in the subsoil of both “building” and “road” compartments is no longer considered and the maximal
surface interception capacity (also referred to as the potential wetting loss) is fixed to 1 mm for both roof- and road-surfaces. Deep
drainage in the “garden” compartment is not limited in this version. Impervious surface runoff is considered to be totally collected by
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Fig. 3. Heatmap of daily and hourly variations of Latent Heat (LE) calculated by the Eddy Covariance method. Unavailability of valid data is
represented by the white color.
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Fig. 4. Heatmap of daily and hourly variations of Sensible Heat (H) calculated by the Eddy Covariance method. Unavailability of valid data is
represented by the white color.

Table 1
Land use and morphological parameter values for TEB-Hydro and TEB-Veg simulations on the Pin Sec catchment. The parameters in italic are not used
for TEB-Veg simulations.

Urban cover Building Materials characteristics

Fractions of buildings 0.19 Principal materials of roofs Tile
Fractions of roads 0.32 Principal materials of walls asphalt
Mean building height (m) 9.33 Principal materials of streets concrete
Roughness length for momentum z0 0.93 Number of road layers 5
Storm water sewer length (m) 3911.0 Number of walls and roofs layers 3
Wastewater sewer length (m) 6972.7 Soil properties

Mean sewer depth (m) 1.5 Number of soil layers 12
Fractions of imp. Surf. connected to sewer 0.61 Fractions of clay 0.08
Natural cover Fractions of sand 0.51
Fractions of gardens 0.49

the storm water sewer network, even if it does not exist in a physical way. The subsoil thermal transfers are taken into account in a
simpler way, by the mean of a deep ground temperature value.

4.2. Evaluation scores

The simulation performances are evaluated thanks to different scores depending on the variables. For water fluxes, the percent bias
PBIAS (%) and the Nash-Sutcliffe efficiency coefficient NSE (—) (Moriasi et al., 2007) are used:

Z:l:b] (Qoh.x,t - Qsim.r)

PBIAS = -
Z,—l Quhs,t

x 100 (10)

:ﬁl (Qsim,t - Qubs‘t)z

NSE =1-— —2
Til (Qob.v.r - Qm)

an

with nb the number of time steps, Qsim,: and Qops,, respectively simulated and observed discharges at time step t. Q;bs is the arithmetic
mean of observed discharges.

For heat fluxes, the root-mean-square-error RMSE (W-m~2) is used but only calculated on time steps with available observed heat
fluxes:

RMSE =
nb

12)

where Fgp,,  and Fop, ¢ are respectively simulated and observed (sensible or latent) heat fluxes at time step t.
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In order to evaluate the model’s ability to simulate sensible and latent heat fluxes and their seasonal variabilities, daily cycles of
simulated and observed hourly heat fluxes are monthly averaged and compared from January 2010 to December 2012.

In the catchment, soil water content measurements at different locations (Fig. 2) are available at a depth of 35 cm from the 1 of
May 2010. This 35 cm depth (depth between 20 and 40 cm) corresponds to the sixth soil layer of the model garden compartment. Both
observed and simulated ground water are compared.

5. Results

A complementary evaluation of TEB-Hydro to Stavropulos-Laffaille et al. (2018) is performed, based on coupled water and radi-
ative processes. In order to provide a comprehensive interdisciplinary view of the model functioning, its evaluation includes the
comparison of modelled to observed values for the following variables: outflow due to ground water drainage, soil water content,
sensible and latent heat fluxes simulated by TEB-Hydro. A particular interest is granted to the latent and sensible heat fluxes, which
representation is not commonly considered in a hydrological model evaluation. In addition, the comparison of TEB-Hydro to TEB-Veg
(Lemonsu et al., 2012) aims to investigate the potential benefits of taking into account new hydrological processes on the models
energy budget.

5.1. Comparison of TEB-Hydro to observation data
According to the availability of observed data, the evaluation period of the different variables can differ (Table 2).

5.1.1. Water processes

Stavropulos-Laffaille et al. (2018) performed a first hydrological evaluation of TEB-Hydro, based on a sensitivity analysis and a
model calibration on two urban residential catchments. They notably evaluated the model performance on total observed storm water
sewer discharges. The findings showed a tendency of TEB-Hydro to consistently overestimate the total storm water sewer discharge as
well as to perform better under wet climate conditions. However, they did not address in detail the drainage of soil water by the sewer
system. We consider thereafter only observations of the sewer discharge due to soil water infiltration and the soil water content, which
are representative of the available soil water for evapotranspiration. This is done, with the aim of discussing more precisely the in-
teractions between both water and energy budgets.

During winter, observations at the Pin Sec catchment show that the groundwater table reaches the sewer network, thus leading to
infiltrations into the sewer pipes. A strong correlation has been highlighted between piezometer data of the groundwater table h (m)
and the base flow inside both stormwater and wastewater networks (Rodriguez et al., 2020) allowing to calculate the contribution of
groundwater infiltration to the discharge as following Qinf = 0.02 h% + 0.74 h + 7.44. Compared to observation-based groundwater
infiltration discharges, a significant underestimation of simulated values can be highlighted (Fig. 5). Considering the fact that the
groundwater table is observed to be below the sewer network during summer, it is very unlikely to observe a base flow due to
groundwater infiltration equal to the spring and autumn periods. Moreover, due to a strong sensitivity to the input data depending on
the water table, the observation-based groundwater infiltration discharges have to be used cautiously. Therefore, only dynamics of this
process are considered, of which TEB-Hydro shows a good reproduction.

In addition, the simulated soil water amplitude compared to observed soil water content is weaker and thus overestimated during
dry periods and inversely underestimated during wet periods. Nevertheless, the soil water dynamics in regard to event based variations
are well simulated by both models (Fig. 6). If dynamics are satisfying, simulated TEB-Hydro water content amplitudes have been
significantly degraded during dry periods. This is related to the different introduced hydrological processes between the urban subsoil
of natural and built-up surfaces (horizontal interaction of soil water and deep drainage regulation) (Stavropulos-Laffaille et al., 2018).

5.1.2. Latent and sensible heat fluxes

The assessment of heat fluxes is performed by considering two temporal scales: i) the yearly flux, which intervenes in the budget, ii)
the monthly averaged hourly flux which represents both the flux pattern during the day and the evolution of this pattern during a year.

The PBIAS and RMSE scores calculated for TEB-Hydro simulated latent and sensible heat fluxes are shown respectively in Fig. 7 and
Fig. 8. The PBIAS is satisfactory for latent heat fluxes (—11.7%) but not for sensible heat fluxes (—41%). RMSE indicates better skills for
TEB-Hydro to simulate latent heat fluxes (12.6 W.m™~2) than sensible heat ones (26.4 W.m~2). Distinguishing yearly values, all scores in
2011 highlight a better performance for latent heat fluxes. For sensible heat fluxes, PBIAS is worse in 2011 than in 2010 and 2012. For
latent heat fluxes, PBIAS shows less overestimation, except in 2011 when they are slightly positive. The scatter plots of simulated and
observed heat fluxes show good results for both simulated LE and H, with respectively a R? value of approx. 0.7 and 0.8 (Fig. 9).

The monthly averaged hourly heat fluxes over the 3-year period outline different behaviours of TEB-Hydro, depending on seasons

Table 2
Observed data used for TEB-Hydro evaluation and evaluation period limits.
Observed data Beginning of evaluation period End of evaluation period
Outflow of the catchment’s sewer network 01/01/2010 31/12/2012
Soil water content 01/05/2010 31/12/2012
Heat fluxes 01/01/2010 31/12/2012
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Fig. 5. Simulated (red) discharges from groundwater infiltration by TEB-Hydro during the year 2010, at the Pin Sec catchment. Groundwater
infiltration discharges (black) calculated from observed piezometer data (h) during the same period have been calculated from the equation Qinf =
0.02 h% + 0.74 h + 7.44 (Rodri guez et al., 2020). (For interpretation of the references to color in this figure legend, the reader is referred to the web
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Fig. 6. Observed (black line) and simulated water content by TEB-Hydro (dashed line) and TEB-Veg (dotted line) from May 2010 to December 2012
in the 6th soil layer of the garden compartment, corresponding to a soil depth of 35 cm.

(Fig. 10 and Fig. 11). Regarding autumn and winter, the hourly latent heat fluxes are quite well reproduced by TEB-Hydro. In spring
and summer however, they are overestimated. This is coherent with water content simulations. On the contrary, sensible heat fluxes
are overestimated in autumn and winter whereas in spring and summer, simulated sensible heat fluxes fit with observed ones.
Nevertheless, sensible heat fluxes are overestimated during night-time despite the season.

5.2. TEB-Hydro and TEB-Veg heat flux comparison

According to the PBIAS, TEB-Veg compares better to observed latent heat fluxes than TEB-Hydro (respectively 3.1% and — 11.7%)
for the whole period. Only in 2011, PBIAS for TEB-Hydro is closer to zero than TEB-Veg’s PBIAS (respectively 7.9% and 20.8%)
(Fig. 7). RMSE shows slight higher values for TEB-Hydro for the whole period and each single year, (Fig. 8) except in 2011. For sensible
heat fluxes, both TEB-Hydro and TEB-Veg obtain very bad PBIAS values (respectively —41% and — 52.2%) (Fig. 7), however RMSE
indicates more satisfactory values (respectively 26.4 and 27.9 W.m2) (Fig. 8). This is probably related to the errors in night-time

10
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Fig. 7. PBIAS values comparison between simulated and observed latent (dark grey) and sensible (light grey) heat fluxes for TEB-Hydro (full
coloured) and TEB-Veg (dashed) configurations. The full period 2010-2012 (right side) and each single year (left side) are detailed.
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Fig. 9. Scatter plots of TEB-Hydro simulated versus observed latent (LE) and sensible (H) heat fluxes.

simulated fluxes, shown by the monthly average hourly heat fluxes (Fig. 10 and Fig. 11).

The monthly averaged hourly latent heat fluxes show that when TEB-Hydro fits well with observed latent heat fluxes in autumn and
winter, TEB-Veg underestimates them (Fig. 10). On the contrary, in spring and summer, simulated TEB-Veg monthly averaged hourly
latent heat fluxes are closer to observations, while TEB-Hydro overestimates them. In winter, TEB-Veg monthly averaged hourly
sensible heat fluxes are more overestimated than TEB-Hydro ones (Fig. 11). In spring, both TEB-Hydro and TEB-Veg monthly averaged
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Fig. 10. Monthly averaged hourly latent heat fluxes, over the 3-year period, simulated by TEB-Hydro (dashed line) and TEB-Veg (dotted line) compared to the observed ones (black line).
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hourly sensible heat fluxes fit to observed ones. A comparison of all simulated averaged hourly heat fluxes between 2010 and 2012
(sensible and latent heat flux and heat flux storage) between TEB-Hydro and TEB-Veg shows a similar heat flux storage for both models
(Fig. 12 and Fig. 13). Therefore, it can be noted for further discussion that differences in both hourly energy budgets are only derived
from sensible and latent heat.

In addition, a comparison of all observed and simulated monthly averaged Bowen-ratios is presented (Agathangelidis et al., 2019;
Cohard et al., 2018; Dou et al., 2019; Hong et al., 2020; Shi et al., 2018). It notably represents the ratio of sensible heat fluxes (H) to
latent heat fluxes (LE) during day hours where a positive incoming radiation is recorded, giving a deeper insight in the evapotrans-
piration and convection process. As shown in Fig. 14 the Bowen-ratio based on both simulated heat fluxes by TEB-Hydro and TEB-Veg
follows the seasonal variations given by observations. However, comparing the two models with each other, TEB-Hydro overestimates
much less the observed ones, except for the months of April and October.

6. Discussion

Based on the results, the different model performances of monthly-simulated latent heat fluxes and the Bowen-ratios can be
explained by the model development of TEB-Hydro related to groundwater processes in the subsoil (deep drainage limitation and soil
water drainage of the sewer network). As shown in Fig. 6, the comparison of TEB-Hydro and TEB-Veg simulated soil water content to
observations highlights the strong impact of the newly introduced hydrological processes. Indeed, the TEB-Hydro configuration ex-
acerbates the difficulties for ISBA to simulate weak soil water content during dry periods, while during wet periods, both configu-
rations lead to almost the same values. Furthermore, the drainage of ground water by the sewer network may represent a significant
proportion of the annual water budget, as about 20% were observed for the Pin Sec catchment and contributes to the availability of soil
water for latent heat release. In order to take this into account in TEB-Hydro, the deep drainage was limited, leading to a strong
moistening of the deep soil layers, especially during dry periods. However, as shown in Fig. 5, this effect is still visible in the 6™ soil
layer close to the surface (equivalent soil depth of 35 cm). Such an excessive moistening, in turn, could explain the overestimation of
latent heat fluxes compared to TEB-Veg. As a consequence, this model behaviour could lead to overestimate urban vegetation impacts
on cooling effects and to underestimate urban landscape irrigation needs to maintain vegetation based NBSs performances (Daniel
etal., 2018). Therefore, this outcome should question the actual C;¢cp, value issued from model calibration, suggesting a modification of
this actual process. As possible solutions, this parameter could be constantly changed to a lower limit and thus showing better per-
formances in simulating both water and energy fluxes, essential to NBSs evaluation. Considering the results of the Bowen-ratio
(Fig. 14), simulations are in favour of TEB-Hydro. They notably demonstrate that adding relevant urban hydrological processes to
the model can improve heat flux simulations and the reproduction of observed trends and seasonal variations. This underlines the
findings of Mitchell et al. (2008), who consider the coupling of both the water and energy balances to analyse the potential of urban
space design based on greening.

Concerning the poor performance of TEB-Hydro in 2012 simulated latent heat fluxes, the incomplete dataset may be the cause.
Indeed, for both years 2011 and 2012, the available data is limited (less than 25%) (Fig. 3 and Fig. 4). In addition, the 2012 dataset is
not homogeneous as no data is recorded from September to December. As TEB-Hydro shows better skills during these winter months,
TEB-Hydro’s NSE for the simulated latent heat fluxes is lower than the TEB-Veg one.

Increasing latent heat fluxes, while the heat flux storage nearly stays the same during daytime (Fig. 12), has an impact on the energy
budget. As a result, sensible heat fluxes seem to decrease with TEB-Hydro configuration. The model skill in simulating sensible heat
fluxes is then improved, at both monthly and the 3-year period scales. This is also reflected by the monthly averaged Bowen-ratio for
the 3-year period (Fig. 14). Such outcomes are important when analysing urban overheating and related heat stress in urban spaces
during heat waves and urban heat island (UHI) phenomena. It could give insights in the regulation of ambient temperature and the
cooling potential of urban greening during daytime and help adapting urban space design where needed (Emmanuel and Loconsole,
2015; Matthews et al., 2015). On the contrary, TEB-Hydro configuration does not improve sensible heat flux simulation during night-
time. This is probably related to too high surface temperatures. However, without any observed data, this hypothesis cannot be
confirmed. As stated by Norton et al. (2015), night-time temperatures in urban environments are essential for recovering from the
thermal heat stress experienced during day time. Affecting human health and urban liveability, Kabisch et al. (2017) relate those issues
to the multiple roles of NBSs facing urbanization-induced challenges. In this context, an overestimation of night-time sensible heat
fluxes could thus overestimate UHI phenomena and, in turn, underestimate the thermal comfort related benefits of urban greening.

7. Conclusions

Nature-based solutions are supposed to mitigate urbanization effects, by reintroducing vegetation in cities. This offers, among other
processes, evapotranspiration processes improving both urban water management and thermal comfort. Urban stakeholders thus need
a systemic evaluation approach, for treating both water and energy issues in a coherent way. Therefore, a hydro-microclimate model
(TEB-Hydro) was developed by improving the water budget of a well-known urban energy budget model (TEB-Veg). If the hydrological
evaluation of TEB-Hydro had shown good skills in Stavropulos-Laffaille et al. (2018), the impact of the water budget modification in
the subsoil on the energy budget had to be examined.

These water process developments in an urban surface energy model lead to simulating both detailed water and energy variables:
discharge, soil water content, latent and sensible heat fluxes. Moreover, the surface type contribution for each of the heat and water
fluxes is available. Thanks to an integral dataset of water and energy fluxes of the Pin Sec catchment, TEB-Hydro energy fluxes are
evaluated, with regards to the new water budget. Based on the hydrological model calibration on total observed storm water sewer
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Fig. 12. Multi-year monthly averages of latent (LE), sensible (H) heat fluxes, net radiation (Q*) and ground heat fluxes (S) simulated by TEB-Hydro.
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Fig. 13. Multi-year monthly averages of latent (LE), sensible (H) heat fluxes, net radiation (Q*) and ground heat fluxes (S) simulated by TEB-Veg.

discharges by Stavropulos-Laffaille et al. (2018), the model shows also good results in simulating the energy budget: Indeed, the
comparison between heat fluxes, simulated by TEB-Hydro and TEB-Veg over a 3-year period, highlights better scores for TEB-Hydro
than for TEB-Veg. At a monthly scale, this result is still true for sensible heat fluxes, essential for analysing day-time human thermal
comfort. However, excessive simulated sensible heat fluxes during night-time alters potential UHI analyses. Concerning latent heat
fluxes, TEB-Hydro performs better than TEB-Veg during wet seasons, but not during dry seasons. This difficulty is linked to the
limitation of deep drainage added to TEB-Hydro. The calibrated parameter, proposed by Stavropulos-Laffaille et al. (2018), is probably
too high, excessively wetting soil even at a weak depth. This, in turn, could lead to overestimating the urban cooling potential of
vegetation and to underestimate urban landscape irrigation needs during hot seasons.

The measurement of heat fluxes in urban areas can be questionable, depending on wind atmospheric conditions. Usually, a
footprint method is used in order to identify the source zone contributing to measured heat fluxes. Based on wind direction obser-
vations, it allows to select only data for which the source zone covers the simulation domain. Such a method was tested. However, the
resulting sample data, already initially strongly reduced to guarantee high quality data, was too small to allow a confident evaluation.
Therefore, in order to confirm the results of this study, it should be continued over a longer simulation period, in order to increase
available high quality observation data. Another urban catchment, under different climate conditions should also be studied.
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Finally, the evaluation of TEB-Hydro and its comparison with TEB-Veg confirm the importance of an accurate simulation of soil
water processes and soil-atmosphere water transfer in order to correctly simulate energy fluxes in urban areas. This finding is to
highlight as nowadays vegetation is put forward to contribute to the urban microclimate (e.g. outdoor thermal comfort, UHI, etc.) and
water management (storm water, water resources, water conservation planning, etc.). However, at the moment, only a few NBSs are
available in the model (urban vegetation, green roofs and trees). Current developments are undergoing with the aim of proposing
further solutions (swales, bio retention, porous pavements, etc.) to evaluate adaptation strategies based on urban green and blue
infrastructures as well as to help building future, more sustainable cities.

Code and data availability

The surface modelling platform SURFEX is accessible on open source, where the codes of surface designs TEB and ISBA can be
downloaded (http://www.cnrm-game-meteo.fr/surfex/, last access: 4 September 2018). This platform is regularly updated. For all
further information or access to real-time code modifications, please follow the procedure in order to open the SVN account provided
via the previous link. The routines modified with respect to the TEB-Hydro model SURFEX v7.3, as well as the run directories of the
model experiments described in Stavropulos-Laffaille et al., 2018, may be retrieved via doi:https://doi.org/10.5281/zenodo.
1218016. The Pin Sec catchment databases and the EC dataset are available upon request submitted to the authors.
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