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A B S T R A C T

Recent climate projections predict an amplification of global warming and more frequent
extreme events such as heat waves. Therefore, the adaptation of cities to counterbalance
these adverse changes is urgent. Among available adaptation strategies, urban greening is a
measure that is frequently encouraged to improve thermal comfort or energy demand, but
whose impacts are not well known at the scale of cities. In this study we evaluate the effects
of various urban greening scenarios based on urban climate simulations across the Paris area.
The modelling relies on the Town Energy Balance model. The scenarios tested consist of
an increase in ground-based vegetation or an implementation of green roofs on compatible
buildings, or the two combined. Results show that increasing the ground cover has a stronger
cooling impact than implementing green roofs on street temperatures, and even more so
when the greening rate and the proportion of trees are important. Green roofs are however
the most effective way to reduce energy consumption, not only in summer but also on an
annual basis. The effects the various greening measures may have over different seasons is
finally addressed in order to draw up a comprehensive inventory of the climatic impacts of
such strategies.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Current climate projections forecast an amplification of the global warming (Meehl and Tebaldi, 2004; Stocker et al., 2013)
and an increase in extreme events (Giorgi, 2006). Those global trends that translate at regional and local scales, are likely to have
significant impacts in cities, that are home to the majority of the population, namely a change in the intensity of the urban heat
island (highly dependent on the soil water resources, such as highlighted by the work of Lemonsu et al., 2013), increased health
risks (as attested by the 15,000 excess deaths due to extreme heat observed in August 2003, Hémon and Jougla, 2004), not to
mention the increase in the use of air conditioning to meet the comfort needs of the inhabitants (180% between 2003 and 2020
according to Adnot, 2003a,b) . These perspectives make cities territories where not only mitigation issues will be the strongest,
but also potentially territories more vulnerable to climate change than natural environments.
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There are different forms of adaptation strategies to reduce this urban vulnerability, involving actions on requalification of
surfaces, urban forms, inner and outer building envelopes, or on individual behaviors. Urban greening strategies, more specifi-
cally, have multiple interests. Thanks to vegetation cooling potential, they are both adaptation measures to climate change and
mitigation measures for urban heat island and air-conditioning demand. Beyond climatic considerations, urban greening also
delivers additional benefits to the urban ecosystem, such as a better management of stormwater (Ashley et al., 2011; Stovin,
2010; Stovin et al., 2008), a reduction of air pollution (Currie and Bass, 2008; Hill, 1971; Nowak et al., 2006; Pugh et al., 2012) or
an increase in urban biodiversity (Getter and Rowe, 2006; Madre et al., 2014; Mullaney et al., 2015) for example.

This is by modifying its radiative, thermal, hydrological and aerodynamic properties that vegetation affects the urban
environment. These modifications result from three physical processes: direct evaporation of the water held in the soil and
intercepted by the foliage of plants (daytime and nighttime), the transpiration of all types of plants (generally daytime, but can
also occur at nighttime for some plant species or under certain climates), and finally the interception of solar radiation for tree
species (daytime). But there is a wide range of greening solutions that have different effects depending on the scale at which
they are implemented (building, street, neighbourhood, city), on the plant species selected, on the local climatic conditions, but
also on the aspects studied (thermal comfort, energetics, dynamics, hydrology, etc.). This is shown by the vast literature on the
subject, whether from experimental or numerical studies.

Greening the building envelopes can reduce surface temperatures compared to artificial surfaces, which limits the amount
of heat that can penetrate into buildings (Eumorfopoulou and Kontoleon, 2009; Kontoleon and Eumorfopoulou, 2010; Onmura
et al., 2001; Sternberg et al., 2011; Takebayashi and Moriyama, 2007; Wong et al., 2010). In doing so, they diminish the seasonal
temperature variations inside buildings (Castleton et al., 2010), generating energy savings, but without totally achieving the
efficiency of conventional insulation according to Eumorfopoulou and Aravantinos (1998) and Eumorfopoulou and Kontoleon
(2009). Urban greening takes also other forms through street trees, urban parks or forests. On the basis of a meta-analysis of the
literature on these types of strategies, Bowler et al. (2010) show that urban parks generate an average day cooling in the range
of 0.94 ◦C, with variations which are explained in particular by the size of the park (Barradas, 1991; Chang et al., 2007) and its
composition (tree/lawn ratio, Potchter et al., 2006) but also the surrounding climate. They also highlight that the temperatures
under the trees are systematically cooler than the surroundings during the day, with variations depending on tree shading
capacity Shashua-Bar and Hoffman (2000). At nighttime, however, tree canopy could retain heat (Liangmei et al., 2008; Souch
and Souch, 1993; Taha et al., 1991). Besides, a study by Souch and Souch (1993) suggests that the thermal performance of trees
can vary depending on the type of surface on which they are planted (grass or concrete, for example). The evapotranspiration
potential conditioned to water status of plants and soils, and irrigation practices, is also a crucial point which has received very
little attention to date, except by Shashua-Bar et al. (2009) who propose an efficiency coefficient which links cooling effect and
evaporation.

For operational purposes within the frameworks of urban policies, the analysis and evaluation of such strategies need to be
examined at a large scale. So far, only a few numerical studies investigate the cooling potential of large-scale strategies of urban
planning, such as the implementation of green and blue corridors for Paris urban area (Groupe Descartes, 2009), or of green
roofs over Toronto (Bass et al., 2003) and New York City (Rosenzweig et al., 2009).

Our study aims to complement the scientific literature, but also better meet the expectations of urban planners and deci-
sion makers, through a physically-based and detailed modelling of urban climate, using Paris urban area as a study case. The
originality of the work lies (1) in the development of realistic urban greening scenarios, implemented locally but assessed at
city scale; (2) in the comparison of different vegetation installations in urban environment, on roofs (with or without irrigation)
and on the ground (lawns, mixed vegetation); (3) in the multi-criteria evaluation of scenarios which covers the issues of heat
exposure and thermal comfort, energy consumption, and water demand; and (4) in the time scales that are investigated (for a
specific heat wave, as well as at seasonal and annual scales).

The next section (Section 2) presents the basis for the construction of the different scenarios that we simulated, the numerical
configuration used as well as its evaluation before greening. Then various impacts are assessed, both in extreme summer con-
ditions (heat wave, Section 3) and for the rest of the year (Section 4) to evaluate whether these greening measures devised to
meet heat wave issues have adverse effects on the rest of the year or not. The impacts studied are thermal comfort and energy
consumption for use of air-conditioning (AC) and heating, which are good indicators of the vulnerability of cities to heat waves,
but are also about the management of urban water (volumes required for watering the vegetation and generated by surface
runoff throughout the year). The last section (Section 5) draws the conclusions of this work and suggests ways to develop this
approach.

2. Methodology for evaluating greening scenarios at city-scale

The initial aim of this study is to evaluate, based on modelling, greening scenarios which may represent strategies to improve
future summer conditions in cities. As the European heat wave of 2003 is identified by the scientific community to be rep-
resentative in mean temperatures of summers of the second half of the 21st century (Déqué, personal communication), the
meteorological conditions associated to this heat wave are taken as a study case to evaluate greening scenarios. This method-
ology, focusing on Paris city, relies on simulating the urban climate of Paris with the Town Energy Balance (TEB) urban canopy
model (Hamdi and Masson, 2008; Masson, 2000). The first step consists in designing for Paris city greening scenarios that are
at the same time realistic and promising and that can also be taken into account by our model. In a second step, the urban
climate of Paris is simulated at the spatial resolution of 1 km with TEB in offline mode (with meteorological forcings) for each
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greening scenario, alongside sustainable strategies for energy and water usage. This is done under a 10-year meteorological
forcing (1999–2008) that includes the heat wave event of 2003 (8–13 August 2003). This way both can be studied the benefits
of greening scenarios in a heat wave context as well as their respective impacts at the scale of other seasons. This methodology
allows for a comprehensive assessment of greening strategies to be realised. During the simulations, indicators identified to
be representative of city vulnerability to climate change are computed so that the impacts of the respective scenarios can be
quantified and compared.

2.1. Simulation configuration and evaluation of the reference simulation

2.1.1. Simulation configuration
For this study, the simulations were performed with the SURFEX surface scheme (Masson et al., 2013), and more specifically

with TEB, the Town Energy Balance model (Hamdi and Masson, 2008; Masson, 2000) built in SURFEX for urban and artificial
surfaces, and ISBA, the Interaction between Soil-Biosphere-Atmosphere model (Boone, 2000; Noilhan and Mahfouf, 1996) for
natural surfaces (soil and vegetation). The configuration chosen for the simulation follows that set up in the MUSCADE project
(Masson et al., 2014b), which this study is part of. This configuration is detailed in Appendix A. In this configuration that involves
a platform of models, the input data for SURFEX are provided by an architectural model, the GENerator of Interactive Urban
blockS (GENIUS, Bonhomme, 2013; Bonhomme et al., 2013). This model provides SURFEX with land cover information at the
resolution of 250 m (including existing urban green spaces), and more specifically provides TEB with a map describing urban
morphology based on eight types of urban blocks (Continuous pavilion, Discontinuous pavilion, Continuous block, Discontinuous
block, High-rise tower, Ancient centre, Industrial building) with specific geometric features and building dates. Then, TEB trans-
lates these eight urban blocks into five building types (Haussmannian building, Individual housing, Dense collective housing,
Office tower, Warehouse) and aggregates them at the resolution of 1 km to reduce computational costs. Five types of building use
(Residential, Office, Industrial, Agricultural, Commercial) complete this representation. The radiative and thermal characteristics
of buildings are prescribed on the basis of building type and age (characteristics provided in Appendix A), building equipment
characteristics (air-conditioning, heating, ventilation) on the basis of building use (see Appendix A) and scenario hypothesis. For
example, in our simulations, virtuous temperature set points for air-conditioning and heating are chosen to be in line with the
sustainability of the greening scenarios: 19◦C for heating and 26◦C for air-conditioning. Heating and air-conditioning are active
all-year round and triggered as soon as their respective temperature set points are reached whatever the season.

In this configuration TEB is run in offline mode (i.e. with 1D meteorological forcings as opposed to coupled to an atmospheric
model), at the spatial resolution of 1 km, and with most of its parameterizations activated to allow for more physical processes
and interactions to be accounted for: vertical turbulent diffusion within multilayer urban canyons (Hamdi and Masson, 2008;
Masson and Seity, 2009), building energetics (Bueno et al., 2012; Pigeon et al., 2014), urban vegetation on the ground (Lemonsu
et al., 2012), greenroofs (de Munck et al., 2013a), as well as a module for computing thermal comfort indexes (Fiala et al., 2012;
Pigeon, 2011). In addition, the urban weather generator (UWG) implemented in SURFEX is applied in order to derive a 2D
temperature forcing from a 1D forcing and city features (Le Bras and Masson, 2015). Despite efforts to improve the model, some
physical processes are not yet represented in the version used in this study, such as the shading effect of trees, as well as the
radiative trapping by tree canopies.

Under this configuration, the modifications to the surface induced by the ground greening scenarios translate within TEB
into the modification of the respective fractions of roads and green spaces, wherever greening is possible and according to the
three greening ratios tested. In the case of scenarios with roof greening, the thermal and radiative characteristics of the greened
artificial roofs (those of warehouses and individual and dense collective buildings) are replaced by those of green roofs. The total
density of urban vegetation induced by the different scenarios is presented in Fig. 1. Additional surface characteristics (building
fraction and type, usage and height of buildings) which may be helpful for the analysis of simulation results are provided in
Appendix A.

2.1.2. Evaluation of the reference simulation
The reference simulation, which takes into account the existing urban vegetation and is therefore the closest to reality in

terms of land cover, is evaluated to appreciate the performance of the model configuration set up in this study, both during
the heat wave (8–13 August 2003) and the decade (1999–2008) studied. This evaluation exercise is based on the 2-m air tem-
peratures recorded at eight operational weather stations that are located within the spatial domain studied (see Appendix B).
They provide complete series of daily minimum and maximum temperatures over the 10-year period 1999–2008, and hourly
temperatures during the six days of the 2003 heat wave are also available for seven of them. At a 1-km horizontal resolution,
the model cannot accurately reproduce the sub-grid heterogeneity in the surface characteristics. Therefore it is more suitable
to compare model estimates and observations for groups of stations having similar surface characteristics rather than to con-
duct a mesh by mesh comparison. Consequently, the evaluation exercise is performed for two types of stations, those urban
and those rural (see Appendix B), depending on the urbanised fraction of the model mesh they belong to, on average 81 ± 16%
and 21 ± 16% respectively. While simulated and observed hourly temperatures are compared for the 2003 heat wave, minimum
and maximum temperatures are compared in terms of the monthly climatology over the 10-year period studied. Appendix B
provides graphs showing the evolution of simulated and observed 2-m temperatures during the heat wave as well as that of
monthly means of simulated and observed 2-m minimum and maximum temperatures (referred to thereafter as TN mean and
TX mean). The associated statistical scores are summarized in Table 1.
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Fig. 1. Urban vegetation density in each 1-km2 grid mesh. Represents ground vegetation for LV25, LHV25, LV50, LHV50, LV75, and LHV75 scenarios, and rooftop
vegetation for GR and IGR scenarios (grey squares show the location of buildings without green roof, i.e. Haussmannian buildings and office buildings).

During the heat wave, although the model correctly simulates the daily dynamics of temperatures (see Appendix B), the bias
values obtained (+1.33◦C for urban stations and +1.14◦C for rural ones) suggest that the model tends to simulate temperatures
a little higher than those observed, whatever the location of the station. With standard deviations for simulated temperatures
very close to those observed at stations, 5.22◦C versus 5.06◦C respectively at urban stations and 6.03◦C versus 5.51◦C at rural
stations, the model is capable of capturing the slightly higher temperature variability observed at rural stations. Running at
the spatial resolution of 1 km, an average error on the six days of the heat wave of about 1.9◦C is made on the simulated
temperatures, whether in urban or rural areas. This error seems to be due to an overestimation by the model of the temperatures
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Table 1
Root mean square errors (RMSE) and mean bias errors (MBE Model-Obs) associated with 2-m air temperature for the
reference simulation during the 2003 heat wave and for the mean climatology of the 1999–2008 decade.

8–13 August 2003 1999–2008 decade

T (hourly) TN mean TX mean

Urban Rural Urban Rural Urban Rural

RMSE (◦C) 1.93 1.90 1.26 0.77 0.73 0.86
MBE (◦C) +1.33 +1.14 +1.25 +0.76 +0.53 +0.71

during the first three days of the heat wave (see Appendix B), which is probably the consequence of an insufficient representation
of advection processes in the simulation configuration used (discussed further in Appendix B).

On average over the decade simulated, RMSE and MBE values obtained show that at the spatial resolution of 1 km, be it at
night or during the day, the model configuration we use tend to overestimate 2-m air temperatures. At night, the model present a
RMSE of 1.26◦C and a MBE of +1.25◦C for urban stations and a RMSE of 0.77◦C and a MBE of +0.76◦C for rural stations. Whatever
the season, errors on the TN mean are lower for rural than for urban stations (on average by 0.5◦C for both scores), suggesting
that the model further overestimates temperatures at night in urban settings. This tendency of the model to overestimate 2-m
temperatures is much less pronounced at daytime than nighttime, with RMSE and MBE values two times less those at night
(RMSE of 0.73◦C and MBE of +0.53◦C). Contrary to nighttime period, the model presents a slight tendency to overestimate
more maximum temperatures for rural than for urban stations during the day. As far as temperature variability is concerned,
the calculation of the standard deviations for the monthly climatology showed that they do not differ much between urban and
rural stations: for the TN mean, they are on average 4.77◦C for observations and 4.63◦C for model estimations, and for the TX
mean respectively 6.79◦C and 6.48◦C. Such standard deviation values that are equivalent to slightly less than for observations
demonstrate that the model is quite good at capturing the variability found in the observations for the decade studied.

Our results are in line with previous numerical studies running with the TEB model that are based on more sophisticated
simulation configurations than the one used in our study. When simulating the same six-day period of the 2003 heat wave with
the TEB model coupled to a mesoscale atmospheric model, de Munck et al. (2013b) obtain at the spatial resolution of 1.25 km a
similar MBE (+1.0◦C) and a higher RMSE (2.6◦C) values than those obtained with our simulation configuration for the prediction
of 2-m temperatures. It’s only by running at a higher spatial resolution (250 m) and with a very detailed description of surface
characteristics that the performance of the model is improved, with a MBE of +0.2◦C and a RMSE of 1.5◦C, yet comparable to
the one obtained with our simulation configuration. Similar scores are obtained by Lemonsu et al. (2015) who simulate the 2003
heat wave at the spatial resolution of 1 km with a chain of models including TEB: a MBE on nighttime temperatures ranging
from +0.41 to +3.72◦C between the most and the least urbanised land covers, with errors ranging from 0.83 to 3.83◦C, and
at daytime, an average MBE of −0.52◦C and errors ranging from 0.78 to 2.06◦C. In order to minimize the impact of the biases
and errors highlighted in the reference simulation, the analysis of the impacts of the greening scenarios in the present study is
carried out in relative terms (relative to the reference simulation before greening).

2.2. Designing realistic greening scenarios for Paris city

The greening strategies we evaluate consist in greening the city wherever possible by partially transforming artificial urban
surfaces available into green spaces. We assume as partly available for greening, the urban surfaces at ground level such as
pavements, squares, roundabouts and car parks (surfaces that are neither built as buildings or roads, or already vegetated),
as well as the roofs of some building types. At ground level, a certain percentage of the urban surface available for greening

Table 2
Characteristics of the scenarios simulated.

Scenario acronym Conversion to vegetation Additional green areas (km2) Vegetation type Irrigation

GR Roofs of suitable buildingsa 251 (+28%) Sedums No irrigation
IGR Roofs of suitable buildingsa 251 (+28%) Sedums Drip irrigation
LV25 25% of ground availableb 100 (+11%) Low vegetation: grass and small shrubs Sprinkler systems
LV50 50% of ground availableb 199 (+23%)
LV75 75% of ground availableb 298 (+34%)
LHV25 25% of ground availableb 100 (+11%) Low and high vegetation: 60% grass and

small shrubs 40% of deciduous trees
Sprinkler systems

LHV50 50% of ground availableb 199 (+23%)
LHV75 75% of ground availableb 298 (+34%)
LHV75-IGR 75% of ground availableb 549 (+62%) Low and high vegetation Sprinkler systems

Roofs of suitable buildingsa Sedums Drip irrigation

a “Suitable buildings” for the implementation of extensive green roofs refer to building types with flat roofs for which the energetical performance has been
demonstrated in the literature, i.e. individual and dense housing and warehouses.

b “Ground available” refers to ground surfaces which are neither natural, nor built as buildings or roads. In a real city it corresponds to pavements, car parks,
squares, roundabouts, etc.
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is converted to green space, either 25, or 50, or 75%. This greening is realised with either low vegetation (grass and small
shrubs) or a mix of low and high (10 m) vegetation composed of 40% of deciduous trees (often referred to hereafter as mixed
wooded vegetation). At roof level, the surfaces available for greening are those of roofs of low-rise buildings (following the
conclusions of Ng et al., 2012) for which architecture or regulation would allow for their installation, which means in TEB, roofs
of Individual and Dense collective buildings and Warehouses (see Appendix A). Roofs of Haussmannian buildings are excluded
for architectural and regulatory reasons and roofs of office towers for their inefficiency. On the roofs of the three types of suitable
buildings are implemented extensive green roofs (planted with sedum), which are recognized for their energetical performance.
The characteristics simulated in TEB for this type of green roof are described in de Munck et al. (2013a). Following previous
studies highlighting that vegetation is an effective adaptation measure only if it is watered (Daniel et al., 2016; Kounkou-Arnaud
et al., 2013), we chose to water ground vegetation in summer whatever the scenario. In the case of green roofs two scenarios are
tested, with or without irrigation in summer. A last scenario, consisting in combining implementation of irrigated green roofs
and greening of 75% with a mixed wooded vegetation is also simulated.

For summer irrigation, the choice of watering volume and schedule is based on a sensitivity analysis undertaken with TEB
under the meteorological conditions of the 2003 heat wave (de Munck, 2013), which aim was to optimize plant water use for
a non-restricted evapotranspiration, hence air cooling effect. With regard to volumes, we chose for green roofs 25 L per m2

per week, a value derived after the guidelines provided by SOPREMA (international manufacturer specialized in waterproofing
solutions for urban infrastructures including green roofs and walls, SOPREMA, 2011) for France and in drought conditions. For
ground vegetation, we tested three volumes (25, 50 and 75 L per m2 per week), as well as three watering schedules (in 3, 6
or 8 h), all three at night, in order to optimize both plant water use and the nighttime air cooling effect. Night-time watering
was chosen to improve night’s rest and reduce nighttime thermal stress, a major factor related to excess mortality during the
2003 heat wave in France (Dousset et al., 2011; Ledrans et al., 2005). We concluded that a unique watering schedule, over eight
hours between 21:00 and 05:00 local time, providing the equivalent of 25 L m−2 week−1 (i.e. 4 10−5 kg of water m−2 s−1)
would be suitable for both ground and roof vegetation, the only difference being the watering system, with sprinklers for ground
vegetation and drip irrigation for green roofs. The watering with sprinklers is parameterized in TEB as rain, which is realistic for
low vegetation but may slightly overestimate the amounts of water intercepted in the case of trees.

For practical reasons, acronyms were given to those scenarios. They are provided in Table 2 alongside a summary of their
characteristics, and used thereafter. In all cases, scenarios increased the density of existing urban vegetation (represented by the
REF scenario) in the proportions which are provided in Table 2 and illustrated by the maps of Fig. 1. Over the entire simulation
domain, greening 25, 50 of 75% of available ground-based urban surfaces corresponds to increasing existing green space density
by respectively 11, 23 and 34%. Also, as can be seen on Fig. 1, because the ground surface available for greening is quite low
in the city centre, the more we green the ground (from 25 to 75%), the more the greening is only possible on the outskirts of
Paris. On the contrary greening suitable roofs (GR and IGR scenarios) allows within Paris to compensate for the lack of ground
space. The increase in urban vegetation density obtained through these two scenarios is far from negligible at the scale of the
simulation domain (+28%) and is higher locally within Paris city (between +30 to +40%). The scenario combining the greening
of both ground and roofs (LHV75-IGR) presents the maximum vegetation density increase with +62%.

2.3. Choice of indicators

The impacts of greening strategies are analyzed by comparing three types of indicators of interest which are computed by
TEB: levels of thermal heat stress reached, energy consumptions for cooling and heating buildings, water resources required for
summer watering as well as urban surface runoff (from artificial and natural urban surfaces) all year round.

The 2-m air temperature is compared between scenarios as a first indicator of greening impact. Then levels of thermal
comfort or heat stress (and time spent at each level) are evaluated through the Universal Thermal Climate Index (UTCI, Fiala
et al., 2012) and the thresholds established by the Glossary of Terms for Thermal Physiology (The Commission for Thermal
Physiology of the International Union of Physiological Sciences, 2003) and indicated in Table 3. The UTCI is calculated in TEB
taking into account the climatic conditions for a person placed in the middle of the urban canyon (air temperature and humidity,
wind speed, direct and reflected solar radiation and infrared solar radiation emitted by the walls of the canyon). The UTCI can
be calculated for a person who stands in the sun or in the shade. In the latter case, the calculation of the UTCI will not take into
account the direct solar radiation.

To compare the energetical performances of the greening scenarios in the context of the 2003 heat wave, we choose for
indicators the energy consumption cumulated as well as the peak of energy demand during the heat wave (air-conditioning).

Table 3
Assessment scale of UTCI for high temperatures. Source: www.utci.org.

UTCI (◦C) Thermal stress level

Above +46 Extreme heat stress (EXS)
+38 to +46 Very strong heat stress (VSHS)
+32 to +38 Strong heat stress (SHS)
+26 to +32 Moderate heat stress (MHS)
+9 to +26 Thermal comfort
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Fig. 2. Boxplots of average impacts of greening scenarios on minimum and maximum daily urban 2m-temperatures over the entire simulation domain during
the 2003 heat wave for each scenario and compared to the simulation before greening (REF).

For the seasonal analysis, we compare the 10-year mean energy consumption cumulated during each of the four seasons (air-
conditioning and heating).

3. Impacts in the context of heatwave

The impacts of greening scenarios are estimated for the heat wave of August 2003, and more specifically for a six-day period,
extending from the 8th to the 13th of August, chosen to be the hottest period of this exceptional heat wave for the region Ile-de-
France. These six days were marked by settled anticyclonic conditions, with dry and stable air masses in the lower layers of the
atmosphere, which got warmer and warmer until the 14th of August, marking the end of the heat wave.

3.1. Thermal impacts

3.1.1. 2-m air temperatures
To have in mind the order of magnitudes between the impacts of greening strategies in terms of 2-m air temperatures and

the indicators presented previously, we compared the minimum and maximum 2-m air temperatures through the analysis of
the temperature anomalies between each greening scenario and the simulation before greening (named REF).

Based on our simulations, our results (Figs. 2, 3 and 4) suggest that greening suitable roofs does not have an impact on 2-m
air temperatures unless those are irrigated and that this impact only really appears at daytime. And even in this case, the average
daytime cooling induced during the six days of the heat wave at the scale of the entire simulation domain is relatively limited,
with a median cooling of −0.17◦C (Fig. 2). Looking at the spatial distribution of this cooling, the potential of irrigated green
roofs for cooling maximum temperatures generally ranges from −0.25 to −0.5◦C depending on building type, respectively for
individual and dense collective housing. It is noticeable even in the centre of Paris and can reach up to −0.67◦C locally (Fig. 4).
The maximum cooling induced by irrigated greenroofs in the simulation domain in the course of the heat wave is −0.97◦C.

The temperature anomalies generated by the increase in ground vegetation (systematically watered) are shown on Fig. 2.
These scenarios show, as expected, a greater cooling of 2-m temperatures than that generated by roof level vegetation with
three significant results:

1. For a given type of vegetation (LV or LHV) night and daytime cooling do not have the same magnitude (Fig. 2). A maximum
effect is observed at daytime for scenarios with the addition of low vegetation, with a median cooling of −0.19◦C, −0.37◦C
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Fig. 3. Spatial distribution of the impacts of greening over minimum daily urban 2m-temperatures for intermediate ground greening (LV50 and LHV50), roof
greening (IGR) and maximum greening (LHV75-IGR), expressed as the average impacts during the six days of the heat wave.

and −0.55◦C respectively for LV25, LV50 and LV75 (Fig. 2). Conversely, the implementation of a mixed wooded vegetation
leads to a maximum effect at nighttime, with a median cooling of −0.38◦C, −0.45◦C and −0.50◦C respectively for LV25, LV50
and LV75 (Fig. 2). While it is logical for the cooling effect to be optimum at daytime when the vegetation is photosynthetically
active (and therefore evapotranspiration rates at their maximum), as is the case for low vegetation scenarios, we obtain
a higher cooling potential at night for the mixed wooded vegetation scenarios that is explained by the watering schedule
and the vegetation type. Indeed, when the trees are watered at night, sprinklers being simulated in TEB as artificial rain,
a large part of the water intercepted by the foliage and the soil is directly evaporated and is no longer available during
the day, generating less cooling at that time of day. This occurs also for low vegetation, but to a lesser extent due to its
smaller interception surfaces and lower transfer turbulent coefficients. Note that for trees, this phenomenon is probably
more pronounced than in reality due to sprinkler watering since greater amounts of water are intercepted by tree leaves
and are directly evaporated, hence are not stored in the ground. This shows the limits of the current parametrization
for the watering of ground vegetation (that was due to constraints in the code structure of the ISBA scheme), which is
undifferentiated for grasses and trees. These timing and magnitude differences in the cooling generated by low and mixed
wooded vegetation scenarios are well visible on the maps of Figs. 3 and 4 when comparing LV50 and LHV50 scenarios.
During the night, the strongest cooling is generated by the LHV50 scenario and ranges on average during the heat wave
between −0.25 and −2◦C, with a maximum cooling potential observed in areas of dense collective housing. Meanwhile,
the LV50 scenario only generated a cooling of around −0.25 to −0.5◦C. In the course of the heat wave, the greatest cooling
of minimum temperatures generated by the LVH50 and LV50 scenarios amounts respectively to −2.2 and −1.1◦C.

2. When looking at each type of ground vegetation simulated separately, the higher the surface greening rate, the greater
the cooling generated. When greening 25, 50 or 75% of available surfaces with low vegetation, this corresponds to a
daytime cooling of −0.19, −0.37 and −0.55◦C and a nighttime cooling of −0.04, −0.08 and −0.12◦C (median values of
boxplots on Fig. 2). Similarly, for a mixed vegetation, this corresponds to a daytime cooling of −0.08, −0.31 and −0.49◦C
and a nighttime cooling of −0.38, −0.45 and −0.50◦C. Looking locally, if taking LV scenarios as an example, the greatest
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Fig. 4. Spatial distribution of the impacts of greening over maximum daily urban 2m-temperatures for intermediate ground greening (LV50 and LHV50), roof
greening (IGR) and maximum greening (LHV75-IGR), expressed as the average impacts during the six days of the heat wave.

reduction in maximum temperatures estimated at the scale of the simulation domain amounts to about −0.5◦C for LV25,
−1◦C for LV50 and −2◦C for LV75.

3. Nighttime results suggest that for similar ground surface greening rates, the cooling potential of a mixed vegetation com-
posed of 40% of trees is more effective than that of a vegetation composed only of grasses and small shrubs. For the time
being it is harder to draw conclusions from daytime results since the model does not yet account for tree shading effects.

As for the maximum greening scenario combining LHV75 and IGR hypothesis, its impact on 2-m temperatures is quite similar
to that of the LHV75 since the cooling potential of IGR on street level temperatures is limited (Fig. 2). It is only performing
sensibly better at daytime in areas around Paris city centre with dense collective housing where IGR manage to further enhance
the cooling, resulting in a domain median impact of −0.65 ◦C.

3.1.2. UHI intensity
Along the cross-section defined on the map of Fig. 5, the 2-m nighttime UHI intensity between Paris city centre and the 50-

m away countryside was estimated before greening at around 5◦C with the standard spatial structure represented by the grey
line. As expected from previous temperature results, the greening of roofs does not modify the UHI intensity at all since IGR
and REF temperature profiles are identical. To evaluate the maximum impact of urban ground greening on the UHI, previous
temperature profiles were compared to the scenarios with the greatest greening rate (75%, i.e. LV75, LHV75 and LHV75-IGR). As
expected from previous results, the scenario with a mixed wooded vegetation (LHV75) induced the greatest reduction in UHI
intensity (−1.2◦C), which lowers the UHI to 3.8◦C. The impact of low vegetation on UHI is relatively low in comparison (in the
range of 0.25◦C). As for irrigated green roofs, they do not allow for a further reduction of the UHI intensity induced by greening
the grounds (LHV75-IGR).
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Fig. 5. 2-m mean nighttime air temperature profiles during the six days of the heat wave for the west-to-east cross section identified on the map of tempera-
tures presented for the REF simulation, estimated across three hourly terms - 2, 3 and 4 UTC. The profile for the baseline simulation (REF) shows a heat island
intensity of around 5◦C.

3.1.3. Thermal comfort
To analyze the respective impacts of the greening scenarios in terms of outdoor thermal comfort or stress experienced during

the heat wave via the UTCI, we first computed the UTCI for every hour of the six days of the 2003 heat wave (see Section 2.3).
The UTCI values obtained were then sorted in the five heat stress classes described earlier (Table 3) to finally compute the mean
time spent daily in each heat stress class (over the 6:00 to 22:00 time slot) for a person outside in the sun or in the shade.

Considering looking for shelter in the shade a fairly natural reflex in heat wave conditions, we focused the analysis of our
greening scenarios on the daily impacts that they would have on the time spent at least in very strong heat stress (referred to
as VSHS and corresponding to UTCI> 38◦C) by a person in the shade, across the entire simulation domain and across the three
main types of urban fabric. These results are presented in Table 4.

As expected from previous impacts on street level temperatures, non-watered green roofs (GR) do not improve outdoor
thermal comfort. Nevertheless, without modifying the total time spent in thermal heat stress, their watering (IGR) allows for
the time spent at least in VSHS to be marginally decreased (by 15 min on average across the whole city). Note that watered
green roofs appear more effective to improve street level thermal comfort in the dense collective housing fabric than in any
other urban fabrics (22 min less spent at least in VSHS compared to 11 and 9 min less respectively in the Haussmannian and
individual housing fabrics). This is explained by the high roof greening rate (Fig. 1) and the rather small street aspect ratios in
this urban fabric (see Appendix A).

On the contrary, increasing ground vegetation in the city improves outdoor thermal comfort, by both increasing the time
spent in thermal comfort and by reducing that spent in the various heat stress levels, with the most marked effect on VSHS. And

Table 4
Mean time (in hours and minutes) spent daily during the 2003 heatwave at least in very strong heat stress (UTCI > 38 ◦C) for a person in the shade before
greening (REF) and time reduction simulated for each greening scenarios. Means are calculated over daytime hours (06:00–22:00 LST), integrated across the
entire urban zone and across the three main housing types and weighted by population density (estimated from national and public databases by Bonhomme,
2013).

Scenario Town Haussmannian buildings Dense collective housing Individual housing

Mean time spent at least in very strong heat stress
REF 5:37 5:15 6:34 4:55

Impact of scenario
GR – −0 : 01 +0 : 02 –
IGR −0:15 −0:11 −0:22 −0:09
LV25 −0:20 −0:18 −0:26 −0:15
LV50 −0:39 −0:39 −0:49 −0:30
LV75 −0:55 −0:43 −1:10 −0:45
LHV25 −0:15 −0:21 −0:19 −0:10
LHV50 −0:37 −0:37 −0:49 −0:28
LHV75 −0:56 −0:51 −1:12 −0:43
LHV75-IGR −1:04 −0:53 −1:24 −0:50
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as expected, the greater the greening rate, the lower the time spent at least in VSHS. For low vegetation strategies for example
(LV25, 50 and 75), the reduction in time spent at least in VSHS compared to the REF scenario (Table 4) goes from 20, to 39
and 55 min respectively on average across the whole city. In this case again, these scenarios are the most effective in the dense
collective housing urban fabric. This is mainly explained by a greater increase in vegetation in this urban fabric compared to the
Individual’s and Haussmannian’s (noticeable when comparing urban vegetation densities in Fig. 1 for each urban fabric).

Be it on average across the whole domain or across each urban fabric, the impact of wooded green spaces on VSHS seems
to be of the same order of magnitude than that of green spaces with only low vegetation. Depending on the greening rate of
each scenario family (LV versus LHV) and the urban fabric, the results of Table 4 showing impacts on VHS alone, do not allow
for a systematic trend on the scenario family performance to be established. In order to draw a conclusion on the relative
performances of low vegetation versus mixed wooded vegetation strategies in terms of thermal comfort, we need to account
for the times spent in all the comfort and heat stress levels. Our average results across the whole domain show that the time a
person in the shade would spend at least in VSHS (5:37 before greening) would decrease by 15 and 56 min for LHV25 and LHV75
against 20 and 55 min for LV25 and LV75 (Table 4), which is relatively similar. The combination of these figures shows that
wooded green spaces (with 40% of deciduous trees) tend to be generally more effective to improve outdoor thermal comfort
than those with only low vegetation, and this without even accounting for tree shading effects. Note also that our choice of
triggering the watering at nighttime, which induces a weaker cooling during the day for wooded scenarios, does reduce in our
simulations the potential of trees to improve outdoor thermal comfort during the day.

Finally, the scenario providing the best reduction in thermal heat stress is the combination of IGR and LHV75 with cumulative
effects (LHV75-IGR in Table 4). Especially this combination allows for a person in the shade to spend daily 24 min more in
thermal comfort as well as to spend 1 h less in VSHS. This combination presents the greatest potential in the dense collective
housing fabric mainly because greater surfaces are available for greening.

3.2. Impacts on consumables: water for irrigation and energy for AC

In all scenarios, vegetation at ground level is systematically watered in summer, according to a predefined schedule. As the
watering of green roofs is optional and the urban surfaces greened vary between scenarios, it is interesting to relate the benefits
of the different greening strategies in terms of thermal comfort with their respective costs in water. These were calculated at
the scale of the simulation domain (Fig. 6, right axis) before being compared to energy consumptions (Fig. 6, left axis).

3.2.1. Total water consumption
The variations in the water consumption simulated for irrigation are relatively important and are logically proportional to

the increase in the urban vegetation surface of each scenario compared to the situation before greening (18.26 Mm3): +11%
for V25 scenarios (20.31 Mm3), +22% for V50 scenarios (22.35 Mm3), +34% for V75 scenarios (24.39 Mm3), +29% for the IGR
scenario (23.50 Mm3), with the maximum of +62% obtained for the combined scenario LHV75-IGR (29.63 Mm3). It is difficult to

Fig. 6. Barplots (left axis) represent total energy consumptions during the 2003 heat wave without greening (REF) and with greening measures (with their
respective percentage reductions). The black line (right axis) shows the total water consumptions devoted to the watering of urban green spaces (ground
vegetation and green roofs when relevant) for all scenarios.
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relate these values, which are very high, with known values of water consumption since very little is known on city-wide water
consumptions for irrigation. For resource purposes, one may compare these consumptions to either the production of the non-
potable water network of central Paris (coming from the river Seine and the Canal de l’Ourcq) which is about 200,000 m3 day−1

(i.e. 1.2 Mm3 for six days, Département du Val de Marne, 2016), or the low flow of the Seine (66 m3 s−1, Wikipedia, 2015) which
might be experienced during summer dry spells, which is equivalent to 34.21 Mm3 for six days. Compared to the production
of non-potable water of central Paris, the consumptions of water associated with the various scenarios are disproportionate,
but they nevertheless concern a much larger domain. These consumptions are equivalent to 53% (before greening), 59% (V25
scenarios), 65% (V50 scenarios), 71% (V75 scenarios), 69% (IGR) and 87% (LHV75-IGR) of the low flow of the Seine.

3.2.2. Total energy consumption
Such high water consumptions, however, are conducive to the reduction of energy consumption, as shown by the barplots

of Fig. 6. These barplots represent the respective energy consumptions generated by the use of air-conditioning (AC) during
the six days of the heat wave and cumulated over the entire urban domain. Note that in the present simulation configuration,
it is chosen to only activate AC in office buildings, which actually represents a small proportion of the city at the resolution
of 1 km (see map of building use in Appendix A). In this case, AC systems are controlled by a schedule set on office times and
working days.

Before greening measures, the actual energy consumption, over the entire urban domain amounts to about 759 GWh (Fig. 6).
Percentage figures show that the implementation of green roofs (GR), even if not watered, allows for the AC consumption to
be reduced by 4%, which is explained by their insulating effect. Their watering (IGR) generates a significant reduction in energy
consumption (12%), demonstrating once again that green roofs are only good performers if they are irrigated. This reduction
level, which is well above those generally reached with ground greening (2–13 %), is moreover comparable to that generated
with the mixed wooded vegetation scenario with the greatest greening rate (LHV75, 13%). Once again the effect of greening
rate is clearly visible on Fig. 6, with as expected, the higher the greening rate, the lower the AC demand, hence the greater the
energy reduction, with reductions of 2, 5 and 7% for scenarios LV25, LV50 and LV75, respectively. Comparing AC consumptions
between scenario families with trees (LHV) and without trees (LV) shows that with equal consumptions of water, greening with
trees is able to further reduce AC consumption than greening with low vegetation only (and this without accounting for shading
effects). And this to such a point that the LV75 and LHV25 scenarios offer comparable energy reductions, which is an interesting
result in terms of urban planning. A cumulative effect is obtained for the maximum combination of vegetation (LHV75-IGR)
with a AC reduction of 25% as the processes involved in this reduction have two different origins: mainly insulation for green
roofs and the cooling of air temperatures for ground vegetation.

3.2.3. Peak of energy demand
Although the total energy consumed during the heat wave is a relevant indicator to appreciate the respective performances

of the greening scenarios, from a decision make perspective, the prediction of the peak of energetic demand during an extreme
event is an even more useful indicator because it is very challenging to provide a city with a lot of energy in very little time. In
our case, the energetic demand due to AC varies during the heat wave due to varying meteorological conditions but also due
to the occupancy calendar of the buildings (offices). Its evolution with time under all the greening scenarios follows the same
pattern as that of the REF scenario before greening (Fig. 7), with the maximum power (13.14 GW for REF) observed on August 12,
the hottest day of the heat wave. This peak of energy demand is comparable to that recorded in the region Ile-de-France during
the last cold spell (16.5 GW in February 2012, RTE [Réseau de transport d’électricité], 2016) which is therefore easy to produce

Fig. 7. Evolution of energy demand simulated during the 2003 heat wave without greening (REF) and with the most intense greening measure (LHV75-IGR),
estimated from hourly instantaneous energy demands and spatially integrated over the urban areas of the whole domain.
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by the current network of French nuclear reactors (about 58 reactors with a unit capacity of approximately 1 GW). However the
AC demand simulated here is significantly underestimated since only office buildings are air-conditioned (and not residential
buildings).

This peak of energy power during the 2003 heat wave is estimated for each greening scenario in order to measure their
respective impacts at the height of the heat wave. Apart from the scenario with the maximum greening (LHV75-IGR) that
achieves a reduction of the peak of energy power of about 18.5% (−2.43 GW, see Fig. 7), the most effective strategies are those
with green roofs. And the comparison of the power peaks obtained for the scenarios with green roofs allows for us to quantify
the relative energetic benefits of their insulation and evapotranspiration properties, with a reduction of the peak power of
1.17 GW for non-watered green roofs (related mainly to insulation) and a further reduction of 0.54 GW when they are
watered (due to evapotranspiration). Next in descending order of performance are the mixed wooded vegetation scenarios
with reductions ranging from 2.3 to 5.3% (0.3 to 0.7 GW) and those of low vegetation with reductions of between 1.4 and
4% (0.18 and 0.53 GW) depending on greening rate. As for the total energy consumption, the performance of the maximum
vegetation combination (LHV75-IGR) in reducing the peak of energy power is due to cumulative impacts, which combine
an action mainly on roof temperatures for irrigated green roofs and an action on street air temperatures for the ground
vegetation.

4. Mean seasonal impacts

If one wants to enter the adaptation measures for cities within a framework of sustainable development, it is necessary to
check that the impacts of these greening measures devised to meet the summer issues have no adverse effects on the rest of
the year. With the simulation configuration setup for the present study (including a spatial resolution of 1 km and a simulation
time step of 300 s), it is possible, due to the acceptable numerical cost, to simulate the previous greening scenarios for several
years, in our case based on a 10-year meteorological forcing (1999–2008). Seasons cited thereafter are meteorological seasons.
In this study we analyze the impact of the previous greening measures on the energy consumption related to the use of air
conditioning and heating. We also address the issue of water management through the comparison of the amounts of surface
water run off and those consumed for summer watering.

4.1. Impacts on heating and air-conditioning mean consumptions

During the simulation of the decade studied (1999–2008), and before greening (REF), the mean annual energy consumption
at the scale of the simulation domain amounts to 86, 448 GWh with a standard deviation for the period of ±11, 507 GWh. The
heating consumption is predominant in the present study, with 99.4% due to heating against only 0.6% due to AC. This reflects
the choice to only activate the AC in offices (while the heating is activated in almost all buildings) and to assume a virtuous use
of AC since the set-point temperature is prescribed to 26◦C.

The greening strategy that generates the greatest impact on this annual energy consumption is undoubtedly the implemen-
tation of green roofs, whether they are watered or not (on average −5148 GWh which corresponds to a relative decrease of
−6%). This result demonstrates the importance of insulation in terms of building energetics throughout the year (and the rele-
vance of green roofs in this domain). Strategies with an increase in ground vegetation surfaces, have limited effects on building
energetics because they act indirectly on the energy consumption by modifying outdoor microclimatic conditions locally, espe-
cially temperature and humidity. These effects vary with the type of vegetation: low vegetation causes a reduction in energy
consumption, which is still very marginal (in the range of −0.1 to −0.3%) while the mixed wooded vegetation generates an over-
consumption of energy (of around + 1.3%), mainly due to the overuse of heating. This overuse is a response to the lower street
air temperatures caused by the mixed wooded vegetation all year round, even when the vegetation is not photosynthetically
active (and which comes from the evaporation of the rainwater intercepted in this case).

For REF, the seasonal distribution of the annual energy consumption at the scale of the simulation domain is as followed:
60% in winter, 19% in spring, 1% in summer, and 20% in autumn. The part related to use of AC is only significant for summer
season, during which it covers 60% of the energy consumption. The analysis of the seasonal effects of the different scenarios is
presented hereafter through the difference in energy consumption that they generate compared to the situation before greening
(Fig. 8).

A separate analysis of heating and AC consumptions highlights different behaviors between green roof and ground vegetation
scenarios, which are consistent for all seasons. Note that both heating and AC are active all-year round and may be triggered
during any season depending on internal building temperatures. To start with, the implementation of green roofs, thanks to
their insulating properties, reduces both the demand for AC and heating, whatever the season. In summer, due to the additional
evaporative cooling, this reduction amounts respectively for GR and IGR to −14% (GR) and −24% (IGR) for the demand for AC,
and −45% and −38% for the heating demand (which is due to cold nights during the decade studied). Outside summer, they
reduce the heating demand of −7.6% in autumn, of −4.5% in winter and of −8% in spring. Note that the better performances
of the GR and IGR scenarios with regard to AC demand in summer (compared to those obtained during the heat wave of 2003,
respectively −4 and −12%, Fig. 6) are explained by a greater availability of rainwater in summer (177 mm on average) than
during the heat wave event of 2003 simulated, which favors a much larger evaporative cooling and results in a reduced use
of AC. Wooded strategies that cool outside temperatures by evaporative cooling and solar radiation interception (effect not
accounted for), have only beneficial effects on the energy consumption for AC, hence only in summer: this is illustrated by
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Fig. 8. Differences of seasonal energy consumptions (related to heating and air-conditioning) between each greening measures and without greening (REF),
estimated from means over the 10-year period 1999–2008.

a reduction in the demand for AC of −15 to −23% to LHV25 and LHV75, i.e. for LHV25 a performance equivalent to that of
GR and for LHV75 one equivalent to that of IGR. In parallel, these strategies do trigger more the use of heating resulting in
an over-consumption of about 28% in summer, 2% in autumn, 1% in winter and 3% in spring, the highest being in summer
because it’s when the vegetation is the most active to cool the streets, hence nights are even cooler. The strategies based
on low vegetation have the advantage of reducing AC consumption in summer from 5 to 13% but they also generate an
overconsumption of summer heating of 2 to 6%. Outside summer, these strategies have little effect on the consumption of
heating, since the reduction is less than 1% (LV75) in winter. Finally, the combination of green roofs and wooded vegetation
provides beneficial effects at the scale of the city, both in terms of AC (−42 % in summer) and heating (−16% in summer, −6%
in autumn, −4% in winter and −5% in spring) demands.

4.2. Impacts on urban surface run-off versus water consumption for irrigation

The greening of the city inevitably has an impact on the water balance of the city. And the knowledge of the respective vol-
umes of water losses through runoff and water resources for irrigation is essential in the annual planning of water management
at the scale of the city. So we quantified the impact of the different greening strategies on the surface runoff as well as those on
the water consumed for summer watering. The runoff simulated by the model comes from three types of surface: the roofs of
buildings, the roads and pavements, and the urban green spaces. On sealed surfaces such as roofs and roads, the runoff corre-
sponds to the amount of rainwater intercepted that is not evaporated and exceeds the maximum interception capacity of roofs
and roads (Lemonsu et al., 2007; Masson, 2000). For urban green spaces, it comes from a more complex water balance which is
driven by the soil capacity to infiltrate water. With green roofs, a storage capacity may slightly change the balance compared to
a natural soil (de Munck et al., 2013a).

Our simulation results show that there is no runoff from urban green areas, which means that the quantity of water inter-
cepted by these surfaces are completely evaporated or infiltrated into the soil. Therefore, the surface runoff discussed thereafter
comes exclusively from the street and roof contributions. Over the decade studied, for an average rainfall of 703 mm per year,
the annual runoff integrated at city scale before greening amounts to 426 ± 124 Mm3 (REF). A large inter-annual variability is
noted in the decade studied, with values of standard deviations corresponding to 30–40% of average values. From a seasonal
perspective, it is uniformly distributed over the year, with 103 ± 26 Mm3 in winter, 96 ± 29 Mm3 in spring (minimum), 112 ±
36 Mm3 in summer and 115 ± 33 Mm3 in autumn (maximum), for a distribution of seasonal rainfall of respectively 169, 169,
177 and 188 mm.

The various greening strategies significantly reduce annual runoff, with a greater efficiency of ground vegetation strategies
over green roofs (from scenarios with a 50% greening rate). This result seems logical in the views of the respective volumes of
soil available for water infiltration. With green roofs, the excess water is drained out of the roof, which participate to runoff. For
ground vegetation scenarios, runoff reductions ranges from −11, −22 to −33% for greening rates of 25, 50 and 75% respectively,
which logically corresponds to the rate of increase in urban vegetation generated by these scenarios. The maximum combination
of vegetation (LHV75-IGR) generates the maximum runoff reduction (−35%).

The seasonal analysis of impacts on runoff (Fig. 9) shows a very positive effect of green roofs in spring (−18%) and in summer
when they are not watered (−26%, GR). However, green roofs generate a slight increase in runoff in two cases. The first case is in
winter (+4%, GR and IGR) when their soils are close to saturation and water loss through evapotranspiration is very limited. The
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Fig. 9. Mean seasonal amounts of urban surface runoff (and standard deviations) before and after greening measures, estimated over the 10-year period
1999–2008 by spatial integration over the entire domain of road, roof and urban green space runoffs.

second case is in summer when they are irrigated (7%, IGR), suggesting that the volume chosen for irrigation to prevent hydric
stress during the heat wave of 2003 is probably overrated for an average summer. Note however that as the parameterization
used for the simulation of green roofs (de Munck et al., 2013a) tends to overestimate the drainage at the base of green roofs
(hence their runoff), the retention capacity of such vegetated infrastructures may not be well enough captured in the current
simulations. For ground vegetation strategies, seasonal performances are logically in line with their annual performance since
they are proportional to the rate of increase in natural urban surfaces (−11, −22, and −33%).

As far as summer watering is concerned, since it is based on an automatic scheduler (fixed frequency and volume, identified
for heat wave conditions), it is the same for each year of the decade studied: 282 Mm3 city-wide and before greening. The
watering of all urban green spaces under greening scenarios requests volumes of 362 Mm3 for IGR, and from 314 to 346 and
378 Mm3 for the ground vegetation scenarios respectively to greening rates 25, 50 and 75%. The maximum combination of
vegetation (LHV75-IGR) logically needs the greatest volume for watering ground and roof vegetation (458 Mm3).

5. Conclusions

A set of greening scenarios were simulated for the city of Paris to quantify the impacts of urban greening as an adaptation
strategy to climate change in extreme summer conditions in order to improve outdoor thermal comfort and energy consump-
tion for the cooling of buildings. Scenarios consisted in greening either 25, 50 or 75% of the urban ground available with low
vegetation or with a mix of low vegetation and deciduous trees, or greening the roofs of compatible buildings, or both com-
bined. These adaptation strategies were associated to a virtuous use of air-conditioning, and this only in office buildings. The
simulation of the different scenarios was carried out by using a platform of models. In this configuration, the urban microcli-
mate, as well as the levels of thermal comfort and energy consumption, which are good indicators of the city’s vulnerability to
heat wave, were estimated by a very detailed version of the Town Energy Balance model.

Our simulations in heat wave conditions showed that green roofs do not have an impact on 2-m street temperatures unless
they are irrigated and that the cooling they induce remains limited (−0.25 to −0.5◦C). Increasing ground vegetation is more
efficient to cool the streets, with the higher the greening rate and the more the trees, the greater the cooling at night. Since the
version of TEB used did not account for tree shading effects nor tree canopy radiative trapping, the differences in the amplitude
of the cooling forecasted between the scenarios with low vegetation and those with a mixed wooded vegetation is essentially
due to the higher foliar density of trees which induces a greater evapotranspiration, hence a greater cooling of the surrounding
air. The cooling estimated in heat wave conditions varies between −0.5 and −2◦C depending on the strategies. The maximum
combination of greening measures (33% increase in urban vegetation over the entire geographic domain and a massive instal-
lation of irrigated green roofs on the buildings of Dense collective and Individual housings) allowed for a cooling of up to −3◦C
to be reached locally. For mixed wooded strategies, the cooling effect was more pronounced at night than daytime as a direct
consequence of the timing chosen for irrigation (nighttime) and the method (sprinklers, simulated as artificial rainfall in the
model). The cooling of street temperatures systematically lead to improving thermal comfort, with a significant reduction in the
time spent in the different thermal stress levels, with up to one hour less spent in very high heat stress in the shade for the maxi-
mum combination of greening measures. However, the benefits obtained from mixed wooded scenarios may be underestimated
since the model does not yet reproduce tree shading effects. Contrary to their low impact on outdoor thermal comfort, irrigated
green roofs are effective to lower the energy consumption required for cooling the buildings in the course of a heat wave. This
performance is explained by both their insulating properties and their evapotranspiration potential. Irrigated green roofs such
as those developed in our scenario, allowed not only for the total energy consumption for AC to be reduced by 12% but also for
the peak energy demand at the height of the heat wave to be lowered by 13%. Such a reduction in total energy consumption
was only reached for the ground greening strategies with trees and the maximum greening rate (−13%) since ground vegetation
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acts indirectly on the energy consumption of buildings. In line with the respective cooling of air temperatures induced, our sim-
ulations demonstrated that a small increase in urban green areas with trees had the same impact than a high increase in urban
green areas with low vegetation only.

These performances both on improving the outdoor thermal comfort and the energy consumption of buildings for AC, how-
ever, have considerable water costs to be compared to the water supply that the city can receive during the other seasons as
precipitation. Assuming that the surface runoff generated during the year on all urban surfaces could be stored to ensure sum-
mer watering of urban vegetation, the average annual runoff, estimated from ten years of simulation would ensure complete
irrigation of urban vegetation only for the scenario with green roofs and the scenarios with the minimum increase in ground
vegetation, suggesting that water resources should be found elsewhere if one was to increase urban vegetation coverage. The
average summer impacts of greening strategies, estimated over ten years, show similar trends to those observed in a heat wave
context, but of lesser magnitude. Throughout the year however, the increase in urban ground vegetation tends to lower out-
door temperatures (more marked with trees), resulting in a slight overconsumption of energy over the year due to an increase
in heating demand (about 1%). Meanwhile, the insulating properties of green roofs allows for an annual energy savings of about
7% to be made, demonstrating the superior performance of green roofs on ground vegetation in terms of energy consumption
reduction all year round. However, the slight overconsumption generated in present climate by the increase in ground vegeta-
tion with trees may not happen in future climate. Indeed in present climate, the annual energy consumption is mainly related to
heating (a ratio of energy consumption for heating and AC of about 10 is estimated by Plazzotta (2015) for the same geographi-
cal domain and target temperatures hypotheses) when it is expected to be less than two by the end of the century, due to global
warming.

The numerical modelling approach proposed in the present study, and especially the use of the TEB urban canopy model, are
quite interesting and relevant tools in order to study and quantify greening scenarios at city scale. The results obtained however
raise some questioning and highlight that additional developments and improvements are still required. Two main advances
are currently in progress for TEB. A better representation of urban hydrological processes will be available soon, which includes
an explicit description of water exchanges in urban underground, and of water transfers toward water supply and sewerage
systems (Chancibault et al., 2015). In addition, a new parameterization has been implemented in order to simulate the radiation
exchanges in urban canyons by accounting for tree canopy (Redon et al., in press). Accordingly, the energetic and aerodynamical
exchanges will be also improved.

Also, as this study has shown, the choices made in the vegetation scenarios have consequences for the intensity and
temporality of the impacts obtained. In order to help decision-making in a world where financial resources will be as limited
as water and energy resources, it will be essential to assess, at the scale of a city studied, where greening strategies will be
the most relevant to implement, while optimizing the use of water and the behavior of users in terms of energy. Water being
a critical factor for the thermal performance of vegetation strategies, and climate projections being still uncertain regarding
the future rain totals or frequencies, future studies should focus on scenarios combining urban greening and sustainable water
management practices (water sensitive urban design) such as those proposed by Coutts et al. (2013), including green roofs
with retention layers (that could be included in the existing greenroof module (de Munck et al., 2013a)). In the same spirit,
it would be interesting to evaluate smart irrigation scenarios, e.g. with volumes of irrigation driven by soil moisture and/or
air cooling needs).

At the same time, the question of the horizontal resolution at which these scenarios should be simulated arises. Indeed, the
spatial resolution fixed in our study (1 km) was imposed by our will to evaluate at reasonable numerical cost, the impact of
greening measures for a large geographical area, both at the scale of a heat wave event and on a seasonal basis over several
years. However, urban planners and local authorities in charge of adaptation measures are working at a finer resolution for their
implementation. Hence, we, modellers, need to simulate the physical processes involved in adaptation measures at smaller
horizontal resolution (100 m or below) while at the same time providing impacts at the scale of the city and neighbourhoods.
Therefore, the assessment of urban areas to be greened and their simulation should be carried out in the future at a horizontal
resolution finer than the km.
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Appendix A. MUSCADE configuration

The MUSCADE configuration was established by all the partners of the MUSCADE project (Modélisation Urbaine et Stratégie
d’adaptation au Changement climatique pour Anticiper la Demande et la production Énergétique) in order to carry out
a prospective study, from today until 2100, of the interactions between city structure, construction processes, energy
consumption, decentralized energy production, urban microclimate and climate change. The methodology underlying this
configuration is detailed in Masson et al. (2014a) and summarized thereafter.
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Table A1
Description of some building equipments, which are identical for all building types.

Equipment Parameter Value (building use)

Internal heat gains Heat flux 5 W m−2 (Residential)
14 W m−2 (Office, Commercial, Industrial)

Fraction of latent heat 20% (Residential)
10% (Office, Commercial, Industrial)

Heating Temperature set point 19◦C
Air-conditioning Temperature set point 26◦C

Coefficient of performance (COP) 2.5
Solar protection Active Sun blinds (Office)

Shutters (Residential)
Solar factor 0.120 m (Office)

0.025 m (Residential)
Ventilation Type Controlled mechanical ventilation (CMV)

Air exchange rate 0.7 vol h−1

Extra-ventilation Active Residential
System Natural and mechanical
Air exchange rate Calculated by TEB

In order to simulate the evolution of the city and the energy-related processes in the MUSCADE project, a model platform was
developed from several models. The Non-Equilibrium Model Urban-Dynamical Model (NEDUM, Viguié and Hallegatte, 2012;
Viguié et al., 2014) was chosen to reproduce the socio-economic mechanisms underlying the urban system and thus is capable
of simulating the socio-economic development of Paris from the 1900 until the end of the 21st century. Coupled with a geo-
graphical model (SLEUTH* Doukari et al., 2016), it allows for the spatial expansion of the city to be modelled. The description of
urban morphology at the block scale is achieved through a new architectural model, the GENerator of Interactive Urban blockS
(GENIUS, Bonhomme, 2013; Bonhomme et al., 2013), which can generate maps of urban blocks from public databases and archi-
tectural rules and simulate the evolution of these maps in time. Finally, the Town Energy Balance (TEB) urban canopy model
(Masson, 2000) simulates the urban microclimate from the physical processes associated with urban geometry. The introduc-
tion into TEB of the Building Energy Model (BEM, Bueno et al., 2012; Pigeon et al., 2014) allows one to compute the energy
balance of buildings and therefore to simulate the energy consumption at the scale of the city.

The spatial domain chosen for this configuration is a geographical area of 100 by 100 km around the city of Paris. From
several national databases (for more details report to Bonhomme, 2013) and the outputs of the NEDUM-SLEUTH* model,
GENIUS generates a map depicting the land use of the domain studied based on eight types of urban blocks (Continuous
pavilion, Discontinuous pavilion, Continuous block, Discontinuous block, High-rise tower, Ancient centre, Industrial building).
Based on their specific geometric features, these eight types of urban blocks are then translated into building types for TEB
(Haussmannian, Individual housing, Dense collective housing, Office tower, Warehouse). Five types of building use (Residential,
Office, Industrial, Agricultural, Commercial) complete this representation to modulate the use of equipments such as heating,
air conditioning, or ventilation (Table A1) according to specific occupancy calendars (depending on the days of the week and
hours of the day). Consistency between the different typologies is synthesized in Marchadier (2013). It is ultimately based on
the types of buildings and their building dates (output by GENIUS) that are established the nature of the materials that make
up the buildings (roofs, walls, windows, floor) and the associated thermal and radiative characteristics (Tables A2, A3, A4,
A5 and A6) that are prescribed in each mesh of the domain studied to run TEB. Urban areas are then processed in a version
of TEB that integrates recently developed functionalities, which allow one to evaluate many prospective scenarios while

Table A2
Description of radiative and thermal characteristics of Haussmannian buildings.

Haussmannian <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Roof properties
Layer 1 (external)

Albedo (–) 0.6 0.6 0.6 0.6 0.6 0.6
Emissivity (–) 0.3 0.3 0.3 0.3 0.3 0.3
Heat capacity (kJ m−3 K−1) 2736 2736 2736 2736 2736 2736
Thermal conductivity (W m−1 K−1) 110 110 110 110 110 110
Width (m) 0.0008 0.0008 0.0008 0.0008 0.0009 0.0008

Layer 2
Heat capacity (kJ m−3 K−1) 900 900 900 900 900 900
Thermal conductivity (W m−1 K−1) 0.13 0.13 0.13 0.13 0.13 0.13
Width (m) 0.02 0.02 0.02 0.02 0.02 0.02

Layer 3 (internal)
Heat capacity (kJ m−3 K−1) 800 800 800 800 800 800
Thermal conductivity (W m−1 K−1) 0.13 0.13 0.13 0.13 0.13 0.13
Width 0.02 0.02 0.02 0.02 0.02 0.02

(continued on next page)
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Table A2 (continued)

Haussmannian <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Facade (wall and glazing) properties
Layer 1 (external)

Albedo (–) 0.4 0.4 0.4 0.4 0.4 0.4
Emissivity (–) 0.9 0.9 0.9 0.9 0.9 0.9
Heat capacity (kJ m−3 K−1) 2000 2000 2000 2000 2000 2000
Thermal conductivity (W m−1 K−1) 1.4 1.4 1.4 1.4 1.4 1.4
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 2
Heat capacity (kJ m−3 K−1) 2000 2000 2000 2000 2000 2000
Thermal conductivity (W m−1 K−1) 1.4 1.4 1.4 1.4 1.4 1.4
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 3
Heat capacity (kJ m−3 K−1) 2000 2000 2000 2000 2000 2000
Thermal conductivity (W m−1 K−1) 1.4 1.4 1.4 1.4 1.4 1.4
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 4 (internal)
Heat capacity (kJ m−3 K−1) 700 700 700 700 700 700
Thermal conductivity (W m−1 K−1) • 2 0.2 0.2 0.2 0.2 0.2 0.2
Width (m) 0.03 0.03 0.03 0.03 0.03 0.03

Glazing
Solar factor (–) 0.6 0.6 0.6 0.6 0.5 0.5
U-factor (W m−2 K−1) 6.0 6.0 6.0 6.0 3.5 2.3
Facade fraction (%) 0.25 0.25 0.25 0.25 0.25 0.25

Floor properties
Layer 1 (bottom)

Heat capacity (kJ m−3 K−1) 800 800 800 800 800 800
Thermal conductivity (W m−1 K−1) 0.3 0.3 0.3 0.3 0.3 0.3
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 2
Heat capacity (kJ m−3 K−1) 800 800 800 800 800 800
Thermal conductivity (W m−1 K−1) 0.3 0.3 0.3 0.3 0.3 0.3
Width 0.1 0.1 0.1 0.1 0.1 0.1

Layer 3 (top)
Heat capacity (kJ m−3 K−1) 900 900 900 900 900 900
Thermal conductivity (W m−1 K−1) 0.13 0.13 0.13 0.13 0.13 0.13
Width (m) 0.02 0.02 0.02 0.02 0.02 0.02

maintaining a decent computational cost: a Surface Boundary Layer model that solves vertical turbulent diffusion within
multilayer street canyons (Hamdi and Masson, 2008; Masson and Seity, 2009), a new urban weather generator (UWG Le Bras
and Masson, 2015) that derives a 2D temperature forcing (urban heat island at forcing level) from 1D atmospheric forcings and
city characteristics, the BEM model for evaluating energy demand (Bueno et al., 2012; Pigeon et al., 2014), the Veg (Lemonsu
et al., 2012) and GREENROOF (de Munck et al., 2013a) modules to better simulate building-vegetation interactions, as well a
module for computing thermal comfort indexes (Fiala et al., 2012; Pigeon, 2011). For computational cost considerations, initial
input data provided by GENIUS at a 250 m resolution are aggregated at 1 km by TEB at the beginning of each simulation. The
rules set up for this aggregation is to retain the dominant building type (and therefore its radiative and thermal characteristics)
and to average the geometric characteristics of buildings.

Table A3
Description of radiative and thermal characteristics of Individual housings.

Individual housings <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Roof properties
Layer 1 (external)

Albedo (–) 0.2 0.2 0.2 0.2 0.2 0.2
Emissivity (-) 0.8 0.8 0.8 0.8 0.8 0.8
Heat capacity (kJ m−3 K−1) 1600 1600 1600 1600 1600 1600
Thermal conductivity (W m−1 K−1) 1 1 1 1 1 1
Width (m) 0.025 0.025 0.025 0.025 0.025 0.025

Layer 2
Heat capacity (kJ m−3 K−1) 75 75 75 75 75 75
Thermal conductivity (W m−1 K−1) 0.035 0.035 0.025 0.035 0.035 0.025
Width (m) 0.01 0.01 0.01 0.01 0.05 0.15

Layer 3 (internal)
Heat capacity (kJ m−3 K−1) 800 800 800 800 800 800
Thermal conductivity (W m−1 K−1) 0.13 0.13 0.13 0.13 0.13 0.13
Width (m) 0.01 0.01 0.01 0.01 0.01 0.01
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Table A3 (continued)

Individual housings <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Facade (wall and glazing) properties
Layer 1 (external)

Albedo (–) 0.4 0.4 0.25 0.4 0.4 0.4
Emissivity (–) 0.9 0.9 0.9 0.9 0.9 0.9
Heat capacity (kJ m−3 K−1) 2000 1600 1600 1800 1800 1800
Thermal conductivity (W m−1 K−1) 1.4 0.8 0.8 1 1 1
Width (m) 0.05 0.05 0.03 0.04 0.03 0.03

Layer 2
Heat capacity (kJ m−3 K−1) 2000 2200 1480 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.4 1.4 1.15 1.75 0.04 0.04
Width (m) 0.15 0.15 0.15 0.11 0.17 0.17

Layer 3
Heat capacity (kJ m−3 K−1) 2000 2200 1480 2200 51 51
Thermal conductivity (W m−1 K−1) 1.4 1.4 1.15 1.75 0.04 0.04
Width (m) 0.15 0.15 0.13 0.04 0.04 0.08

Layer 4 (internal)
Heat capacity (kJ m−3 K−1) 700 700 700 700 700 700
Thermal conductivity (W m−1 K−1) 0.2 0.2 0.2 0.2 0.2 0.2
Width (m) Albedo (–) 0.03 0.03 0.03 0.02 0.015 0.013

Glazing
Solar factor (–) 0.6 0.6 0.6 0.6 0.5 0.5
U-factor (W m−2 K−1) 6.0 6.0 6.0 6.0 3.5 2.3
Facade fraction (%) 0.15 0.15 0.15 0.15 0.15 0.15

Floor properties
Layer 1 (bottom)

Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 2
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 3 (top)
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K/ − 1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.02 0.02 0.02 0.02 0.02 0.02

Table A4
Description of radiative and thermal characteristics of Dense collective housings.

Collective housings <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Roof properties
Layer 1(external)

Albedo (–) 0.2 0.2 0.2 0.2 0.2 0.2
Emissivity (–) 0.8 0.8 0.8 0.8 0.8 0.8
Heat capacity (kJ m−3 K−1) 2100 2100 2100 2100 2100 2100
Thermal conductivity (W m−1 K−1) 0.7 0.7 0.7 0.7 0.7 0.7
Width (m) 0.004 0.004 0.004 0.004 0.004 0.004

Layer 2
Heat capacity (kJ m−3 K−1) 75 75 75 75 75 75
Thermal conductivity (W m−1 K−1) 0.035 0.035 0.025 0.035 0.035 0.025
Width (m) 0.01 0.01 0.01 0.01 0.1 0.1

Layer 3 (internal)
Heat capacity (kJ m−3 K−1) 2300 2300 2300 2300 2300 2300
Thermal conductivity (W m−1 K−1) 2.3 2.3 2.3 2.3 2.3 2.3
Width (m) 0.2 0.2 0.2 0.2 0.2 0.2

Facade (wall and glazing) properties
Layer 1 (external)

Albedo (–) 0.4 0.4 0.2 0.4 0.4 0.4
Emissivity (–) 0.9 0.9 0.9 0.9 0.9 0.9
Heat capacity (kJ m−3 K−1) 2000 1600 1600 1800 1800 1800
Thermal conductivity (W m−1 K−1) 1.4 0.8 0.8 1 1 1
Width (m) 0.02 0.02 0.03 0.04 0.03 0.03

Layer 2
Heat capacity (kJ m−3 K−1) 2000 2200 1480 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.4 1.7 1.2 1.65 1.65 1.65
Width (m) 0.15 0.15 0.15 0.15 0.2 0.2

(continued on next page)
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Table A4 (continued)

Collective housings <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011
Layer 3

Heat capacity (kJ m−3 K−1) 2000 2200 1480 2200 51 51
Thermal conductivity (W m−1 K−1) 1.4 1.4 1.15 1.75 0.04 0.04
Width (m) 0.15 0.15 0.13 0.1 0.04 0.08

Layer 4 (internal)
Heat capacity (kJ m−3 K−1) 700 700 700 700 700 700
Thermal conductivity (W m−1 K−1) 0.2 0.2 0.2 0.2 0.2 0.2
Width (m) 0.03 0.03 0.03 0.02 0.015 0.013

Glazing
Solar factor (–) 0.6 0.6 0.6 0.6 0.5 0.5
U-factor (W m−2 K−1) 6 6 6 6 3.5 2.3
Facade fraction (%) 0.4 0.4 0.4 0.4 0.4 0.4

Floor properties
Layer 1 (bottom)

Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 2
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 3 (top)
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.02 0.02 0.02 0.02 0.02 0.02

The present study aimed at evaluating the impacts of greening scenarios is based on the map of Paris in present time
(as opposed to future scenarios). Some of the main surface characteristics obtained through this MUSCADE configuration are
presented Fig. A1. The map representing the fraction of existing urban vegetation in present time can be found on Fig. 1.

Table A5
Description of radiative and thermal characteristics of offices towers.

Office towers <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Roof properties
Layer 1 (external)

Albedo (–) 0.2 0.2 0.2 0.2 0.2 0.2
Emissivity (–) 0.8 0.8 0.8 0.8 0.8 0.8
Heat capacity (kJ m−3 K−1) 2100 2100 2100 2100 2100 2100
Thermal conductivity (W m−1 K−1) 0.7 0.7 0.7 0.7 0.7 0.7
Width (m) 0.004 0.004 0.004 0.004 0.004 0.004

Layer 2
Heat capacity (kJ m−3 K−1) 75 75 75 75 75 75
Thermal conductivity (W m−1 K−1) 0.035 0.035 0.035 0.035 0.035 0.035
Width (m) 0.01 0.01 0.01 0.01 0.1 0.1

Layer 3 (internal)
Heat capacity (kJ m−3 K−1) 2300 2300 2300 2300 2300 2300
Thermal conductivity (W m−1 K−1) 2.3 2.3 2.3 2.3 2.3 2.3
Width (m) 0.2 0.2 0.2 0.2 0.2 0.2

Facade (wall and glazing) properties
Layer 1 (external)

Albedo (–) 0.4 0.4 0.25 0.4 0.4 0.4
Emissivity (–) 0.9 0.9 0.9 0.9 0.9 0.9
Heat capacity (kJ m−3 K−1) 2000 1600 1600 1800 1800 1800
Thermal conductivity (W m−1 K−1) 1.4 0.8 0.8 1 1 1
Width (m) 0.02 0.03 0.03 0.04 0.03 0.03

Layer 2
Heat capacity (kJ m−3 K−1) 2000 2200 1480 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.4 1.7 1.2 1.65 1.65 1.65
Width (m) 0.1 0.15 0.15 0.15 0.2 0.2

Layer 3
Heat capacity (kJ m−3 K−1) 2000 2200 1480 2200 51 51
Thermal conductivity (W m−1 K−1) 1.4 1.4 1.15 1.75 0.04 0.04
Width (m) 0.1 0.25 0.13 0.035 0.04 0.0.08

Layer 4 (internal)
Heat capacity (kJ m−3 K−1) 700 700 700 700 700 700
Thermal conductivity (W m−1 K−1) 0.2 0.2 0.2 0.2 0.2 0.2
Width (m) 0.03 0.03 0.03 0.02 0.015 0.013
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Table A5 (continued)

Office towers <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Glazing
Solar factor (–) 0.6 0.6 0.6 0.6 0.5 0.5
U-factor (W m−2 K−1) 6 6 6 3.5 2.3
Facade fraction (%) 0.8 0.8 0.8 0.8 0.8 0.8

Floor properties
Layer 1 (bottom)

Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 2
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.1 0.1 0.1 0.1 0.1 0.1

Layer 3 (top)
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 2200 2200
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 1.65 1.65
Width (m) 0.02 0.02 0.02 0.02 0.02 0.02

Table A6
Description of radiative and thermal characteristics of warehouses.

Warehouses <1900 1901–1917 1918–1944 1945–1974 1975–1999 2000–2011

Roof properties
Layer 1 (external)

Albedo (–) 0.2 0.2 0.2 0.2 0.5 0.5
Emissivity (–) 0.8 0.8 0.8 0.8 0.3 0.3
Heat capacity (kJ m−3 K−1) 1600 1600 1600 1600 3500 3500
Thermal conductivity (W m−1 K−1) 1 1 1 1 50 50
Width (m) 0.03 0.03 0.03 0.03 0.001 0.001

Layer 2
Layer 3 (internal)

Heat capacity (kJ m−3 K−1) 900 900 900 900 3500 3500
Thermal conductivity (W m−1 K−1) 0.13 0.13 0.13 0.13 50 50
Width (m) 0.05 0.05 0.05 0.05 0.05 0.05

Facade (wall and glazing) properties
Layer 1 (external)

Albedo (–) 0.4 0.4 0.4 0.4 0.3 0.3
Emissivity (–) 0.9 0.9 0.9 0.9 0.5 0.5
Heat capacity (kJ m−3 K−1) 1800 1800 1800 1800 3500 3500
Thermal conductivity (W m−1 K−1) 1 1 1 1 50 50
Width (m) 0.03 0.03 0.03 0.00 0.001 0.001

Layer 2
Heat capacity (kJ m−3 K−1) 1480 1480 1480 2200 75 75
Thermal conductivity (W m−1 K−1) 1.2 1.2 1.2 1.65 0.035 0.035
Width (m) 0.1 0.1 0.1 0.1 0.025 0.025

Layer 3
Heat capacity (kJ m−3 K−1) 1480 1480 1480 2200 3500 3500
Thermal conductivity (W m−1 K−1) 1.2 1.2 1.2 1.65 50 50
Width (m) 0.1 0.1 0.1 0.1 0.03 0.0.03

Layer 4 (internal)
Heat capacity (kJ m−3 K−1) 700 700 700 700 700 700
Thermal conductivity (W m−1 K−1) 0.2 0.2 0.2 0.2 0.2 0.2
Width (m) 0.03 0.03 0.03 0.03 0.03 0.03

Glazing
Solar factor (–) 0.6 0.6 0.6 0.6 0.5 0.5
U-factor (W m−2 K−1) 6 6 6 3.5 2.3
Facade fraction (%) 0 0 0 0 0 0

Floor properties
Layer 1 (bottom)

Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 3500 3500
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 50 50
Width (m) 0.1 0.1 0.1 0.1 0.02 0.02

Layer 2
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 3500 3500
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 50 50
Width (m) 0.1 0.1 0.1 0.1 0.02 0.02

Layer 3 (top)
Heat capacity (kJ m−3 K−1) 2200 2200 2200 2200 400 400
Thermal conductivity (W m−1 K−1) 1.65 1.65 1.65 1.65 0.1 0.1
Width (m) 0.02 0.02 0.02 0.02 0.005 0.005
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Fig. A1. Maps representing within each 1 km2 mesh of the simulation domain the fractions of natural and artificial surfaces, the fraction of inland water, the
fraction of buildings and the associated building types and usages, as well as their height and the street aspect ratio.
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Appendix B. Comparison of observed and simulated temperature series for the REFERENCE simulation

For the evaluation of the reference simulation, we retained weather stations within the simulation domain that hold both
hourly records of 2-m temperatures during the six-days of the 2003 heat wave and minimum and maximum daily records for
the 1999–2008 decade studied. Fig. B1 shows where they are located in the simulation domain.

As part of the evaluation exercise of the REFERENCE simulation, the evolution of hourly 2-m air temperatures observed and
simulated during the 2003 heat wave have been compared (Fig. B2). This illustrates how well the model estimates relate to
the observations, and this for two sets of weather stations, urban and rural stations (Fig. B1). The model simulates well the
daily dynamics of the air temperatures at 2-m, with variations of similar amplitudes (5.22 ◦C in the simulation versus 5.06 ◦C
in the observations at urban stations and respectively 6.03 and 5.51 ◦C at rural stations). However temperatures are on average
overestimated, be it at urban or rural stations, with a mean bias of respectively +1.33 ◦C and +1.14 ◦C and errors of 1.9 ◦C for
both types of stations. These mean biases seem to be the consequence of an overestimation of the temperatures simulated in
the first three days and the last days of the heat wave (08–10 and 13 August 2003), be it at urban or rural stations. One of
the probable reasons for these inter-daily differences is the change in wind regime observed between the first two days of the
simulation and the subsequent ones. Indeed, a different wind regime, mostly from the north, is observed on all the stations on
the first two and the last day of the heat wave, probably causing slightly cooler temperatures than with a different wind regime.
The differences between observed and simulated temperatures for these days coinciding with northern winds would therefore
suggest that the models configuration that we used does not allow for the temperature variations by advection of the air masses
to be fully well simulated.

The temperature anomaly between the two sets of weather stations (urban and rural) has also been calculated during the
heat wave, in the same spirit as for the calculation of an urban heat island intensity. Its evolution during the six days of the heat
wave is presented on the right hand side graph of Fig. B2. This observed anomaly varies between 0.15 ◦C ± 0.27 ◦C in the middle
of the day and 2.34 ◦C ± 0.38 ◦C in the middle of the night. The temperature anomaly simulated by the model shows a good
agreement with that observed (R=0.73), especially at daytime. As expected from previous results, this anomaly is overestimated
by the model, with a mean biais of +0.19 ◦C and errors of 0.74 ◦C.

The mean annual cycles of the minimum and maximum daily temperature means have been plotted on Fig. B3 for the same
two types of weather stations. As expected, the annual cycles of simulated and observed monthly means of 2-m temperatures
are well correlated, be it for urban or rural stations, except for the TX mean in July. Fig. B3 illustrates well the model tendency to
overestimate monthly means of minimum and maximum temperatures, with an equivalent biais at daytime and nighttime for
rural stations (around 0.75 ◦C) and a more important biais at nighttime than daytime for urban stations (associated MBE values
can be found in Table 1).

Fig. B1. Map showing the locations of the weather stations available for the evaluation exercise, as well as their type, urban or rural, depending on the surface
characteristics of their nearest grid point at the resolution of 1-km.
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Fig. B2. Left and centre: 2-m air temperature evolution observed and simulated (REF scenario - before greening) during the six days of the 2003 heat wave for urban and rural weather stations. Right: 2-m air
temperature anomaly between urban and rural weather stations during the six days of the 2003 heat wave.
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Fig. B3. Mean annual cycles of 2-m air temperatures (and associated standard deviations) observed and simulated (REF scenario - before greening) over the
10-year period 1999–2008 for urban and rural stations, computed from daily minimum and maximum daily temperatures (respectively named TN and TX).
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