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Abstract  
 
Heat-wave risk in cities is determined both by regional climate evolutions and by cities size and shape 
change, because they can impact heat island effect. Land planning and urban transport policies, due to 
their long-lasting impact on cities shape, can therefore play a role in heat-wave risk mitigation. 
However, the link between these policies and resulting change in urban heat island is far from direct, 
and not yet clearly understood. Using Paris urban area as a case study, we show that evolutions 
towards a denser city could indeed lead to increased heat wave exposure when compared with urban 
sprawl evolutions. However, this increase depends strongly on the way heat-wave risk is measured, 
and on the indicators used to characterize heat island effect. Using an interdisciplinary modeling 
chain, including a socio-economic model of urban expansion and a physically-based model of urban 
climate, air temperature in the city during heat waves is simulated for five prospective scenarios of 
Paris urban area expansion and development. These scenarios differ in terms of land planning policies 
simulated, but are otherwise similar (e.g. in terms of total population evolution). Their impacts on 
urban heat island and population heat stress are evaluated and compared through different 
indicators. The urban heat island is always higher at night and hits preferentially the small area of the 
city centre, whereas it more widely affects the residential areas during the day. However, the 
concentration of population in the historic centre and the first suburbs makes these districts quite 
vulnerable. This is especially the case for the compact city scenario, whereas the greening strategies 
allow to mitigate urban heat island and consequently to insure better thermal comfort. The efficiency 
of such strategies is however strongly dependent on water availability for evapotranspiration of 
plants. Finally, it should be kept in mind that the method and choice of indicators are crucial in the 
process of adaptation strategies analysis.  
 
Keywords: Urban sprawl; Densification; Urban Heat Island; Heat wave; Vulnerability indicators; 
Adaptation to climate change 
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1. Introduction 

The global warming induced by greenhouse gases emissions is already observed and is 
going to intensify during the 21st century according to climate projections at the global scale 
(Meehl and Tebaldi, 2004; Schär et al., 2004; IPCC, 2013). One of the expected consequences is 
the raise of occurrences of heat waves, that has been highlighted at global and regional scale 
by numerous studies (Huth et al., 2000; Beniston et al., 2007; Chauvin and Denvil, 2007; 
Vautard et al., 2007). This issue has for instance been investigated for France by the IMFREX 
project (Déqué, 2007; Planton et al. 2008), as well as for the Paris region by Lemonsu et al. 
(2013, 2014). Especially, Lemonsu et al. (2014) indicate that heat waves will become more 
frequent at the end of the century (at least one event per year), but also they will last longer 
and will be more intense than today.  

These extreme meteorological events are a source of growing concern for cities and urban 
populations, because high temperatures reached during heat waves are often exacerbated 
due to urban heat island (UHI) effect (Basara et al., 2010; Tan et al., 2010; Gabriel and 
Endlicher, 2011; Li and Bou-Zeid, 2013).  As a result, there are rising concerns of public and 
institutional stakeholders about the vulnerability of urban areas facing these events (see for 
instance, Stone and Rodgers, 2001; Solecki et al., 2005; Hamin and Gurran, 2009; Lambert-
Habib et al., 2013). 

The specificities of urban climate and the resulting UHI are strongly determined by both 
morphological characteristics and material properties of the urban landscape. Some local-
scale action levers are already considered by architects and urban planners for a better 
thermal regulation of microclimate; for example the use of light-color materials favoring the 
reflective properties (Santamouris et al., 2011; Kolokotsa et al., 2013) or the implementation 
of urban vegetation either ground-based (Potcher et al., 2006; Shashua-Bar et al., 2009) or on 
building envelope (Harazano et al., 1991; Wong et al. 2003). 

In addition, at any given place in the city, the UHI can be impacted by the characteristics 
of the city as a whole, e.g. its size and shape or the composition and arrangement of the 
neighborhoods within it. The choices of urban planning at the scale of a city or of a 
community of conurbations may consequently play a key role in adaptation strategies (Bass 
et al., 2003; Rosenzweig et al., 2009; Masson et al., 2013). The effects of actions led at city-
scale, however, may be tricky to understand and evaluate due to the interaction of multi-
scale physical processes (i.e. a local action can influence a place far from it due to 
atmospheric processes) but also of socio-economical mechanisms (i.e. a local action can 
induce a change in inhabitants behaviors or choices, such as for instance a relocalization in 
the city). 

We propose here to study this question, and to examine to what extent city-wide actions 
can have an impact on urban heat island effect and heat wave vulnerability. We focus on a 
representative issue: whether compact or spread-out city developments can have a positive 
or negative impact on UHI and heat wave risk. The comparison between advantages and 
costs of compact and spread-out city developments has nourished a long-standing academic 
debate (see for example Newman and Kenworthy 1989; Ewing 1997; Gordon and Richardson 
1997; Ewing et al. 2003; Eid et al. 2008; Brueckner and Largey 2008). This has been recently 
revived by climate issues and greenhouse gases emissions reduction concerns (see for 
instance OECD 2012; Viguié and Hallegatte 2012). City shape influence on UHI and, 
consequently, on heat wave vulnerability has been proposed as an important element of the 
debate (McEvoy, Lindley, and Handley 2006; Hamin and Gurran 2009).  

There is however no real consensus so far, and the present study tries to shed new light 
on how different urban planning policies, leading to more or less compact city shapes, can 
impact the UHI. This impact is a priori not trivial to infer. Broadly speaking, in a spread-out 
city, more space is available for urban vegetation, but sky-view factor is higher and 
artificialized surface larger. We study this question using Paris urban area as a case study, 
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and compare the impact on UHI and heat wave vulnerability of different prospective city 
development scenarios. 

This work is a result of a French research project (VURCA) that aimed at assessing the 
vulnerability and possible adaptation strategies of Paris metropolitan area to future heat 
waves. This issue has been investigated by accounting for the interactions of urban climate, 
local impacts of climate change, and the evolution of the city itself, thanks to an 
interdisciplinary approach involving researchers in climate, urban meteorology, economy, 
and buildings sciences and techniques. 

The next section describes the numerical modeling methodology, more particularly the 
tools used for the production of urban expansion scenarios and the modeling of urban 
climate. Model evaluation is then presented in Section 3. Section 4 is dedicated to the 
presentation of indicators used to quantify and compare UHI effects. Finally, Sections 5 and 
6 investigate how urban sprawl strategies impact the UHI and urban population. Section 7 
concludes. 

2. Modeling city evolution and urban climate 

2.1. Overall methodology 

The climate of Paris region - as it could be in 2100 under heat wave conditions - is studied 
by combining the local-scale effects of climate change on such extreme meteorological events 
and the impacts of urban sprawl. This analysis is carried out using a bottom-up approach. 
We use three steps simulations (see Fig. 1) in which both urban expansion scenarios and 
regional meteorological forcing conditions are used to feed a physically-based urban climate 
model.  
 

 
Fig. 1. Description of the interdisciplinary methodology implemented in the VURCA project. 

 
We review in this section each of these three steps: maps of city evolution and sprawl 

scenarios are first created using a socio-economic land-use transport interaction model, 
NEDUM-2D, and technical assumptions about future buildings characteristics (Section 2.2, 
Step 1 in Fig. 1). Meteorological forcings are then built for an ensemble of heat-wave 
conditions varying in intensity and duration and defined starting from the analysis of 
regional climate projections (Section 2.3, Step 2 in Fig. 1). Finally, these two inputs are used 
by physically-based Town Energy Balance (TEB) urban canopy model in order to simulate 
the urban climate of Paris, especially the urban heat island (UHI), as well as the thermal 
comfort conditions for indoor and outdoor environments (Section 2.4, Step 3 in Fig. 1). 
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2.2. City evolution scenarios 

Paris urban area will evolve by the end of the century, as a result of macro-economic trends 
and demographic pressure, as well as under the influence of local urban planning policies, 
evolution of technologies and lifestyles. These combined effects can play a significant role on 
the structure of the city and, therefore, potentially, on the microclimate. 

2.2.1. Urban expansion 

To construct the urban expansion scenarios that we use here, long term socio-economic 
scenarios are downscaled at city scale using the method developed in Viguié at al. (2014). To 
do that, the land-use transport interaction model NEDUM-2D is used (see Appendix A). This 
model is based on a dynamic extension of the classical urban economic theory (Fujita 1989), 
and explains the spatial distribution of land and real estate values, dwelling surfaces, 
population density and buildings heights and density across the city. A validation over the 
1900-2010 period shows that the model reproduces available data and captures the main 
determinants of city shape evolution over this period. A detailed description of the model 
and of its calibration can be found in Viguié at al. (2014). 
 
 

 

 
Fig. 2. Example of simulated urban area extension, in Spread-out city (SPR) 
scenario. Reference case (REF) corresponds to simulated urban area in 2008. 
Locations of the meteorological stations presented in Section 3.2 are also indicated.  

 
In this study, a simple reference city expansion scenario is used, called the “spread-out 

city” scenario and referred to as SPR afterwards. This scenario follows broadly current 
trends in terms of total population increase and population density decrease, leading to 
urban sprawl1. Fig. 2 shows a map of projected Paris urban area extension between 2010 and 
2100 in this scenario. It is assumed in this case that the extension of the city is entirely guided 
by the market: we introduce no policy or regulation limiting the extension of the city or 
preferentially developing certain areas. The idea is that this scenario is used here to represent 

                                                
1 This scenario corresponds to the scenario SN with high demographic hypothesis in Viguié et al. (2014). See 
Annex A for more details. 
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the “natural” trend of development of the city; this trend does not necessarily match the 
development that will occur in practice, but it allows understanding and anticipating land 
pressures, and therefore future local challenges. 

Based on this scenario, we have then built four alternate city expansion scenarios, in 
which we make different assumptions about local land-use regulations (Fig. 3 and Fig. 4). In 
the “compact city” scenario (COM), strict urban containment policies are implemented in 
2020, to control urban sprawl and protect natural areas and agriculture activity. From that 
year on, building is only possible through a densification of existing built spaces, but is 
prohibited elsewhere. In “green city” scenarios, no effective containment policy is carried 
out, but numerous parks are introduced in the city: in 2020, respectively 10% (G10), 30% 
(G30) or 50% (G50) of all built surfaces is uniformly destroyed to leave space for urban parks. 
After 2020, respectively 10%, 30% or 50% of all newly urbanized surfaces have to be urban 
parks (Fig. 3). These scenarios are of course somehow extreme, and unrealistic. They only 
aim to highlight what could be the impact of extreme theoretical greening scenarios.  

 
 

  
Fig. 3. Presentation of the REF case (in 2008) and the five urban sprawl scenarios, in 2100. The maps 
present the simulated fraction of impervious covers over the study area. The thick black line in the last 
map shows the line along which the profile graphs are computed in Fig. 4. 
 

As can be seen in Fig. 3 and Fig. 4, urban extension is larger in green city scenarios than 
in the spread-out city scenario, in which urban extension is itself larger than in the compact 
city scenario. Population is the same in each scenario, and built densities are consequently in 
the reverse order. Table 1 sums up main characteristics of the projected city development in 
2100 in the five scenarios, and of the simulated urban area in 2008 (see also Appendix A). 
The urban area simulated by NEDUM-2D in 2008 is used in this study as a reference of the 
today city (REF). The state of the city for this date is exactly the same whatever the urban 
expansion scenario, since (as explained just above) the different hypotheses of urban 
planning applied in the scenarios only differ from 2020.  
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Fig. 4. Examples of impervious cover profiles over the study area. 
 
 

Table 1 
General characteristics of the reference city and of the urban sprawl scenarios simulated by 
the NEDUM-2D model. 

City Description Date Population 
(inhab) 

City size    
(km²) 

Green areas 
(km²) 

REF Today Paris 2008 11 800 000 1600 750  

SPR Spread-out city 2100 13 400 000 2550 1250  

COM Compact city 2100 13 400 000 1900 850  

G10 10% Green city 2100 13 400 000 2800 1500  

G30 30% Green city 2100 13 400 000 3450 2150  

G50 50% Green city 2100 13 400 000 4300 3050  

 

2.2.2. Buildings characteristics  

Built-up areas in the simulated city can belong to one of four classes of urban typologies: 
Paris historic buildings (“Haussmannian architecture buildings”), collective housing, single 
housing and office buildings. Except for Paris historic buildings and office buildings, whose 
land-use maps are prescribed as input parameters and do not evolve with time, urban 
typology is endogenously determined as a function of the population density simulated by 
NEDUM-2D; so that, surface devoted to collective housing and single housing is slightly 
different in each scenario. Each urban typology has its own characteristics in terms of roof 
types, insulation etc. (see Appendix A for more details). Especially, collective housing is 
supposed to be better insulated than single housing. This hypothesis will be of importance 
when studying temperature inside the buildings (cf. Section 6.2). 
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2.2.3. Air conditioning use and vegetation watering  

In this study, we suppose as a simplification that no building is equipped by air-conditioning 
system. We also suppose that urban vegetation (but not forests neither agricultural fields) is 
watered during heat waves. Watering is done through a program of daily sprinkling, from 
21 pm to 05 am with a sprinkling rate of 1.2 10−7 m3 s−1 of water (de Munck, 2013). 

2.3. Heat-waves modeling 

Lemonsu et al. (2014) showed from the analysis of a large set of regional climate model 
(RCM) projections that the Paris basin will be frequently affected at the end of the 21st 
century by heat waves which will be in average longer and more intense than today. Each of 
these heat waves is characterized by a maximum intensity, i.e. maximum temperature TX 
reached during the event, and a duration in number of days. They are classified according to 
four classes of intensities, i.e. with TX between 32-36°C, 36-40°C, 40-44°C, and greater than 
44°C. Starting from heat waves extracted from the RCM projections, the probabilities of heat-
wave occurrence over Paris region for time period 2070-2099 are computed for each class of 
intensities and all possible durations. This is done by considering either the ensemble of 
events (Fig. 5, left) or the 10% most extreme events in a meteorological sense (i.e. by 
considering the product intensity × duration) (Fig. 5, right). 
 

 
Fig. 5. Statistical distribution of heat waves for 2070-2099 time period according to the 
four classes of intensity, and by considering all events (left) or the most extreme ones 
(right). These events have been extracted by Lemonsu et al. (2014) from regional climate 
model projections provided by the ENSEMBLES project. 

 
After this analysis of the characteristics of future heat waves at a regional scale, 

meteorological events are downscaled over Paris urban area. A set of idealized events 
varying in intensity and duration is built, based on the atmospheric modelling of a real 
meteorological event : the heat wave of year 2003. This is done for the four intensity classes 
with TX of 34, 36, 38, 42°C previously identified from the climate projections. These classes of 
heat waves are afterwards referred to as HW34, HW38, HW42, and HW46. For each of them, 
the durations can vary from three to 38 days. The complete methodology of idealized heat-
wave building is detailed in Appendix B, and the evaluation of the modelling exercise by 
comparison with meteorological observations is presented in Section 3. 
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2.4. Urban climate modeling 

The urban climate is simulated by using the physically-based TEB urban canopy model 
(Masson, 2000; Hamdi and Masson, 2008). It parameterizes the energy, water, and 
momentum exchanges between urban covers and atmosphere, so that it is able to simulate 
the urban climate from the neighbourhood to the city scale by distinguishing various 
typologies of urban blocks thanks to different sets of geometrical parameters and material 
properties. Recently, TEB has been improved in order to include a building energy module 
(Bueno et al., 2012; Pigeon et al., 2014) and to simulate the evolution of air temperature inside 
buildings. By accounting for local interactions between built-up covers and urban green 
areas (Lemonsu et al., 2012), TEB coupled to the ISBA vegetation model (Noilhan and 
Planton, 1989) is also able to model the potential cooling effect of vegetation in urban 
environment linked to evapotranspiration process of plants.  

The TEB model is run in offline mode to simulate the climate of Paris over a domain of 
100 km ⋅ 100 km with an horizontal resolution of 1 km (see the domain in Fig. 2). It is forced 
by the atmospheric forcing coming from the idealized heat waves HW34, HW38, HW42, 
HW46. As output, TEB provides the near-surface meteorological fields (e.g., temperature, 
humidity, wind speed at street levels) with a one-hour timestep. Besides standard variables, 
TEB also computes the Universal Thermal Climate Index (UTCI, Fiala et al., 2012) - result of 
the European Cooperation in Scientific and Technical Research (COST Action 730, 
http://www.utci.org). This represents the “perceived” temperature of the people, and it 
takes into account four immediate meteorological condition variables: air temperature, 
humidity, wind, and radiation. This UTCI is computed both for indoor and outdoor 
environments. 

3. Models evaluation 

3.1. Methodology 

Model evaluation is an important aspect of prospective studies. Both NEDUM-2D model 
(see Viguié et Hallegatte, 2012, Viguié et al., 2014) and TEB urban canopy model (see Masson 
et al., 2002; Lemonsu et al., 2004; Pigeon et al., 2008) have already been separately validated 
against empirical or experimental data. However these models do, of course, not exactly 
describe the reality, and errors from each model can propagate through the modelling chain. 
We therefore evaluate here the ability of the chain, i.e. TEB urban canopy model using as 
input the urban area simulated by NEDUM-2D, to simulate the urban climate of Paris. 

It is not rigorously possible to prove that, using our methodology, the impacts of 
different scenarios of urban expansion on  urban climate can be correctly simulated and 
quantified. What we can do, however, is to check whether our modelling chain is at least 
able to adequately model past heat waves. The evaluation exercise is done for the 10th of 
August 2003, taken here as reference day of the 2003 heat wave. This is the day which is used 
in this study to build the idealized heat waves (see Section 2.3).  

This event has been simulated with the Meso-NH atmospheric model (Lafore et al., 1998) 
coupled to the SURFEX surface module (Masson et al., 2013) including TEB (see Appendix B 
for details). TEB is initialized by the map of Paris urban area that NEDUM-2D simulates for 
the year 2008 (the simulated city is almost unchanged between 2003 and 2008). The starting 
point for this NEDUM-2D simulation is 1900, and the map used is the map obtained when 
simulating 108 years of city evolution after 1900. This map does share mainly similarities 
with actual  Paris urban areas characteristics in 2008, but it is of course not exactly similar, 
due to NEDUM-2D approximations.  

We have then compared with observed data, at the neighbourhood scale, resulting 
simulated urban climate of Paris for the 2003 heat wave, as well as its spatial variability. This 
simulation, which we call REF, will be used several times in the rest of this study as a 
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benchmark for the assessment of the impacts on urban climate of the different urban 
planning scenarios. 

3.2. Comparison to meteorological observations 

Over the study area, 31 meteorological stations from the Météo-France operational 
network are available and provide the 2-m air temperature and humidity, as well as the 10-m 
wind speed and direction with a 1-hour time step (see Fig. 2 for the locations of stations). The 
records of each station can be compared to the model's outputs extracted at the grid point the 
closest to the station geographic location. However, a point-by-point comparison between 
modelled and observed data is not appropriate to the 1-km horizontal resolution of the 
model that can result in significant subgrid heterogeneity of surface characteristics. For this 
reason, the comparison is performed by gathering the stations (and by averaging the data) 
regarding to the building density in the corresponding model’s grid point and the distance to 
the city core. Four zones are distinguished and presented in Fig. 2: (1) Paris historic city 
centre (3 stations), (2) high-density suburbs (6 stations), (3) low-density suburbs (10 stations), 
and (4) rural areas (12 stations), with respective building densities of 50-60%, 10-25%, 2-10%, 
and 0%. 
 
 

 
Fig. 6. Comparison between observed and modeled 2-m air temperatures on the 10 
August 2003 averaged for the four land cover classes. The standard deviations are also 
presented both for model outputs (black bars) and observations (gray envelop). 

 
The daily evolution of the average temperature and the associated spatial variability (as 

error bars) of each zone for both observations and model’s outputs are presented in Fig. 6. In 
addition, the statistical scores are computed over the nighttime (2200-0500 UTC) and 
daytime (0600-2100 UTC) periods and presented in Table 2. Based on the averaged values, 
the best results are obtained in the city center with biases and root mean square errors 
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(RMSE) always lower than 1°C. They slightly deteriorate for low- and high-density suburbs 
but are still acceptable (1.5 and 2.1°C at maximum, respectively for biases and RMSE). Slight 
underestimation of temperature during daytime and slight overestimation at night are 
systematically observed in model outputs. This effect is more marked in the countryside 
where the model simulates too high air temperatures compared to observations due to a 
defect in the calculation of vertical exchanges in low atmosphere for stable conditions. 
 
 

Table 2 
Biases (Obs-Model) and root-mean square errors computed between observations and 
model outputs for the four land cover classes and separately for nighttime (2200-0500 
UTC) and daytime (0600-2100 UTC) hours. 

  City 
center 

High-density 
suburbs 

Low-density 
suburbs 

Rural 
areas 

Bias 
(°C) 

Night -0.41 -0.79 -1.51 -3.72 
Day +0.50 +0.62 +0.41 +0.57 

RMSE 
(°C) 

Night 0.83 1.69 2.07 3.83 
Day 0.78 0.94 1.08 2.06 

 
It is important to notice that whatever the zone, the second simulated night is always 

closer to the observations than the first one. This systematic underestimation in nocturnal 
temperature (quite important in the most vegetated areas) between the 9th and 10th of August 
2003 was already highlighted by the previous numerical studies CLIM2 (de Munck et al., 
2013) and EPICEA (Kounkou-Arnaud et al., 2014). It might be due to the synoptic or 
regional-scale wind calculation that drives the horizontal advection or in soil water content 
conditions that initiates the surface exchanges. In the study area, however, no record is 
available for soil water content and too much data are missing in the radiosoundings daily 
launched at Trappes (South of Paris, see Fig. 2) in order to provide relevant information that 
could highlight model defects.  

Failing this, observed and modelled data of wind speed and direction, as well as water 
vapour mixing ratio, are compared for the two rural stations of Changis and Orcemont 
located respectively North-East and South-West of the city (see Fig. 2 for locations). Even if 
the wind speed measures recorded at the South-West station are lower than the model 
calculations, intensities keep the same magnitude order for both stations. Also, taking into 
account the weakness of the wind speed, both intensity and direction (Fig. 7) stick to the 
stations data even though the model does not get all the variability due to the instantaneous 
measures. The same behaviour appears whatever the station considered, either in the city 
centre or the suburbs (not shown here). For humidity, the main difference is observed during 
the day (Fig. 7) where air humidity is significantly higher in the model (+4 g kg-1). This is 
coherent with the underestimation of air temperature at the same time, since the near-surface 
conditions are strongly driven by the soil state and the partition between latent and sensible 
heat fluxes in the surface energy balance. Nonetheless, the systematic overestimation of the 
temperature during the night is not explained by these results. 
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Fig. 7. Comparison between observed and modeled 2-m specific humidity, and 10-m wind speed 
and direction on the 10 August 2003 for the two rural stations of Changis (top) and Orcemont 
(bottom) located north-east and south-west of Paris, respectively. 

 
Despite a misrepresentation of rural areas temperature (especially at night), the coupling 

between NEDUM-2D, SURFEX, and MesoNH therefore leads to a quite satisfying modelling 
of the Parisian urban climate in the conditions of the 2003 heat wave. The system appears 
able to reproduce the spatial variations in air temperature observed between the various 
urban landscapes.  

4. Quantification of UHI effect 

Different solutions exist to measure or more broadly to quantify UHI, either from 
observations or from modelling (Schwarz et al., 2011). In literature, the UHI is often defined 
as the difference in temperature between the city centre and a reference point in the 
surrounding countryside, i.e. it informs the maximum effect reached at city-scale but does 
not provide spatialized information on all areas potentially affected. We use here this 
indicator, but we also propose a more innovative approach, and measure also UHI 
importance - both at nighttime and daytime -  based on other indicators of UHI and thermal 
stress (these indicators are all listed in Table 3). They enable to objectively assess the 
vulnerability of the city to heat waves, and to compare the various urban sprawl strategies 
(see Step 4 in Fig. 1).  

4.1. Definition of indicators 

• Temperature anomaly 
This is the standard difference in temperature between the city centre and a reference 
point in the surrounding countryside. By using the simulations of the various heat waves 
varying in intensity and duration, a relative nighttime or daytime temperature anomaly 
is calculated at a daily basis for each scenario at each grid point i as: 

night
rur

night
sc

night
sc T(i)T(i)ΔT −=  
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day
rur

day
sc

day
sc T)i(T)i(TΔ −=  

night
rurT and day

rurT  are the nighttime and daytime reference temperatures, respectively, of the 
rural environment. They are computed from the REF scenario by a spatial averaging of 
the nighttime and daytime temperatures, respectively, modelled at the non-urbanized 
grid points located at the boundaries of the domain. 

 
• City fraction indicator 

By considering several threshold values (from +0.5 to 2.5°C) which reflect the severity of 
the UHI, the city’s area affected by UHI (referred to as AUHI in km2) can be computed. 
Since the spatial extent of the city varies with the urban expansion scenario, the fraction 
of the city affected by UHIs (referred to as FUHI) is also computed by normalizing AUHI by 
the city size. This indicator can be related to indicators of surface UHI (Streutker ,2003; 
Xu et al., 2004) computed from satellite land surface temperature measurements 
(Schwarz et al., 2011). 

 
• Population fraction indicator 

To complete previous indicators, an indicator related to the affected population (referred 
to as PUHI in %) is defined as the proportion of the city inhabitants affected by the 
different thresholds of UHI. In this study, this can be done because NEDUM-2D model 
provides simulations of the spatial distribution of urban population over the study area. 

 
• Heat stress duration indicators 

Two additional indicators are computed to assess potential health impacts of UHI. They 
are based on the UTCI computed by TEB inside buildings and in the streets. This UTCI 
can be associated to a scale of heat-stress levels, for extreme cold and especially for 
extreme heat (Bröde et al., 2012). The heat-stress indicators are calculated here as the 
number of hours per day that is spent in a level of strong heat stress (i.e. for UTCI>32°C) 
both for indoor conditions (referred to as SHSin) and shaded outdoor conditions (referred 
to as SHSout). 
 

4.2. Application to the reference case 

Let us illustrate these indicators in the reference scenario (REF). The maps of the various 
thresholds of UHI - both for night and day - obtained for this scenario after seven days of 
HW38 are presented in Fig. 8 (globally, similar patterns are noted for the other scenarios, and 
are not shown in this paper). Note that this idealized heat wave is rather close to the real 
conditions of the 2003 heat wave in Paris region that lasted about 8 days with slightly 
variable daily conditions.  

The UHI systematically spreads more during the day than at night, and presents 
different patterns. As expected, the nocturnal UHI is concentrated over the city centre and 
the densely built-up suburbs but rapidly decreases and becomes insignificant (i.e. less than 
0.5°C) beyond 5 km from the city core. This organization is driven by the process of heat 
release from urban infrastructures that occurs at night and that is mostly observed in dense 
urban areas. Inversely during the day, the city centre is less affected by UHI, because it is 
partially protected from incident radiation due to shading effects related to the high building 
density. Such effects have already been highlighted by Oke (1982) and Steenveld et al. (2011). 
Besides, as shown in Lemonsu et al. (2012), the residential districts are subject to cumulative 
effects of urban warming and soil drying under heat wave conditions. Table 3 summarizes 
indicator value in this REF case both for nighttime and daytime hours.  
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Table 3 
Description of indicators used for assessing urban sprawl strategies. The two last columns presents the 
indicators calculated for REF in the case of a seven-day HW38 and for a temperature threshold of 
1.5°C. 

Indicator (Unit) Definition REF 
(night) 

REF 
(day) 

ΔT (°C) UHI computed as a temperature difference between a 
given location and a reference rural environment 

2.84 0.57 

AUHI (km²) Area of the city affected by UHI, for a given threshold 
of ΔT 

217 192 

FUHI (%) Fraction of the city affected by UHI, for a given 
threshold of ΔT  

12 11 

PUHI (%) Fraction of population affected by UHI, for a given 
threshold of ΔT  

42 6 

SHSout (hrs day-1) Number of hours spent per day in strong heat stress 
conditions in outdoor shaded environment, averaged 
over the population 

12.52 

SHSin (hrs day-1) Number of hours spent per day in strong heat stress 
conditions inside buildings, averaged over the 
population 

9.15 

 
At night, the maximum UHI reaches 2.84°C for the city centre compared to the 

surrounding countryside. The proportion of the city hit by UHI is not very important: FUHI = 
12 % if a 1.5°C threshold is used for ΔT. Nonetheless, this area concentrates urban 
population; this leads to a great proportion of inhabitants affected by UHI (PUHI = 42 % in 
this case). During daytime, whereas FUHI = 11 %, i.e. the same proportion of city than at night, 
the proportion of inhabitants affected by UHI is much lower (PUHI = 6 %) since the positive 
anomalies of temperatures are essentially observed over low-density urban areas. Note that 
we consider here the fraction of inhabitants as defined by their place of residence: we do not 
model in our simulations the fact that people can be outside their home (e.g., at work) during 
the day. So this fraction is actually a measure of the percentage of residences affected by the 
temperature. 
 

  
Fig. 8. Spatial representation of the city's areas affected by UHI for the different 
thresholds in temperature anomaly. Example of the today city (REF scenario) for the 
HW38 after seven days of heat wave both for nighttime (left) and daytime (right) hours. 

 
The heat stress level evolves with time according to the hour of the day but also day 

after day during the heat wave. This evolution is presented in Fig. 9 for indoor and outdoor 
environments after three, seven, and 14 days of heat waves. Inside buildings, the level of 
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thermal comfort is rather stable during the day. This is due to thermal insulation and inertia 
of constructions. However, the thermal comfort deteriorates progressively day after day for 
long-lasting heat waves, as the buildings get warmer progressively. As an example, it is 
found that after seven days of HW38, people spend in average about nine hours per day in 
strong heat stress conditions with UTCI values varying between 32 and 33°C (according to 
Table 3). 

 

 
Fig. 9. Daily evolution of indoor and outdoor UTCI for HW38 after three, seven, 
and 14 days of heat waves, respectively. Indoor and outdoor UTCI are computed 
for each grid point of the domain and spatially aggregated at the city scale. 

 
In the streets, the thermal comfort changes markedly during the day together with solar 

radiation. With the heat-wave duration, outdoor heat stress gradually accumulates day by 
day but does not amplify by contrary to the comfort in buildings, because the UTCI daily 
cycle for outside remains almost the same whatever the heat-wave duration. After seven 
days of HW38, people spend in average 12 hours and 30 minutes per day in strong heat 
stress conditions in the streets. On average, this result is comparable to what is obtained for 
indoor conditions but the heat stress is much higher outside than inside buildings in the 
middle of the day since the UTCI rises up to 42°C (see Fig. 9). Inversely, outdoor conditions 
are more comfortable than indoor conditions during night because the nocturnal cooling is 
more marked. 

5. Impact of urban sprawl scenarios on UHI: amplitude and extension 

UHI is affected by city expansion scenarios. We examine here how this is reflected by 
our indicators. 

5.1. UHI amplitude for Paris city center 

The city center of Paris is an area of specific interest because the highest values of UHI 
are observed there. Fig. 10 shows a comparison of UHI temperature anomaly (indicator ΔT) 
for the city-centre grid points, i.e. for which the urban typology is defined as Paris historic 
buildings (see urban typology map in Fig A3 of Appendix A). Let us first compare scenario 
SPR and the green city scenarios G10, G30 and G50. Night UHI intensity is equal to 2.78°C 
for SPR and appears to decrease with the implementation of greening strategies. Contrary to 
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what could be expected, the development of new neighbourhoods which encroach on 
natural areas tends to limit the UHI. This effect is due to the low building density of these 
neighbourhoods and to the fact that gardens are supposed to be watered in the present study 
(Section 2.2.3). The UHI mitigation is also perceptible over the city centre where additional 
urban green areas are set-up. This mitigation reaches 0.19, 0.66, and 1.08°C for G10, G30, and 
G50, respectively, compared to SPR. 

 

 
Fig. 10. Comparison of the values of UHI obtained by 

aggregating the results for the city-center grid points for 
each scenario for the HW38 after seven days of heat wave. 

 
The contrary, however, occurs during the day: the UHI magnitude in the city centre is 
reinforced for the greenest scenarios (Fig. 10) of +0.12, +0.24, and +0.61°C for G10, G30, and 
G50, respectively. This is due to the fact that the greening policies we consider here decrease 
urban compactness and lead to larger sky-view factors and a greater sun light exposure. 
Nonetheless, these UHI intensities are weaker than those reached at night whatever the 
scenario, and do not exceed 1.5°C. 

Comparing scenarios SPR and COM, i.e. analysing the impact of city densification, leads 
to a different result. Both at night and during the day, the temperature anomaly appears 
slightly higher in SPR scenario than in COM scenario (2.78 against 2.67°C, and 0.90 against 
0.69°C, for night and day, respectively). These differences are small, however, and not 
strongly significant (lower than 0.2°C) because for these two scenarios, the morphology of 
the historic city centre remains unchanged, i.e. the local characteristics of the city at the point 
where the temperature anomaly is measured is the same in these scenarios. Consequently, 
the fact that the UHI computed for the city centre is higher for the spread-out city than for 
the compact city may be caused by the larger size of the city, but it is tricky to conclude on 
this issue. 

Finally, the REF case gives the lowest intensity of UHI during the day, but the highest 
one at night. For the today city, building characteristics are slightly different than for city 
evolution scenarios, because the scenarios assume a progressive improvement of thermal  
regulation with time (see Appendix A). More especially, in the future some of buildings are 
equipped with reflective materials. As a result, they store less energy during the day and 
release less heat at night, which can explain that the nighttime UHI is the highest for REF. 
Inversely, the fact that the city's size is smaller for REF than for all scenarios could explain 
the lowest value of daytime UHI. 
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Using UHI temperature anomaly as an indicator leads therefore to somehow 
inconclusive results. On the one hand, the effect of city densification cannot be significantly 
measured, and on the other hand the impact of the vegetation appears unclear, as it reduces 
UHI during the night but increases it during the day. Using alternative indicators can enable 
to get a clearer view of the differences between each scenario. 

5.2. Fraction of city affected UHI at nighttime 

Fig. 11  shows city fractions affected by UHI (indicator FUHI of Section 4.1) at nighttime, 
for different temperature thresholds, in the case of HW38 after seven days of heat wave. For 
each threshold, the same trend can be seen between scenarios : the denser the city, the most it 
is proportionately affected. COM is the most affected city, then SPR, G10, G30, and G50, 
whereas, conversely, these scenarios are more and more extended spatially. Contrary to the 
temperature anomaly indicator, FUHI shows a non-negligible impact of city densification (i.e. 
a significant difference between COM and SPR). 

The main reason behind these results is that the new urban areas that develop around the 
existing city are mainly low-density residential districts (where vegetation is widely present) 
that are consequently minimally affected by the nocturnal UHI. Therefore, the more spread-
out the city, the lower the fraction affected by different UHI thresholds. Similarly, in all 
scenarios, projected cities in 2100 appear less affected by UHI than present day city, even 
without specific adaptation.  
 
 

 
Fig. 11. Comparison of the proportion of the city affected by UHI according to the thresholds 
in temperature anomaly, for the today city and the future scenarios. Example of the HW38 
after seven days of heat wave both for nighttime (left) and daytime (right) hours.  

 
Both duration and intensity of heat waves have an impact on UHI because heat storage in 

soil and urban infrastructures, as well as soil water status, evolve during the event. By 
selecting the UHI threshold of 1.5°C, the FUHI indicator is computed day by day (from three 
days to three weeks) for the REF case and the five urban sprawl scenarios according to the 
four intensity classes (Fig. 12). 

The fact that the city is proportionally less affected at night when it is wider is confirmed 
whatever the intensity and duration of heat waves. The values of FUHI reach rapidly an 
equilibrium value after few days of heat wave. Beyond the first week, FUHI varies only 
slightly and is very similar whatever the intensity of heat waves. Indeed, for long events, the 
potential of heat storage decreases as the buildings warm up and the UHI does not evolve 
anymore. As an example, for the most unfavourable case HW46, the fraction of the city 
affected by UHI is about 12 % for REF, 9 % for COM, 5 % for SPR, 5% for G10, and only 3 % 
for G30 and 1 % for G50.  
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Fig. 12. Comparison of the evolution with time (from three to 21 days) of the proportion of the city 
affected by a UHI of 1.5°C for the today city and the future scenarios. The results are presented for the 
four classes of heat-wave intensity, and both for nighttime (top) and daytime (bottom) hours.  
 

In conclusion, among the tested urban planning scenarios, the compact city appears the 
most subject to nighttime UHI. Inversely, the scenarios with vegetation reduce UHI spatial 
extension due to combined effects: the loose urban fabric reduces the heat storage in urban 
infrastructures, the green areas watering promotes transpiration of plants and evaporation of 
water intercepted by the foliage which cools the ambient. 

5.3. Fraction of city affected by UHI at daytime 

At daytime, the conclusions are different (Fig. 12). For HW34, for instance, COM is the 
least affected by UHI. It produces effects quite comparable to REF. Inversely, the SPR 
scenario corresponds to the most affected city. The green city scenarios give intermediate 
results with a positive effect of a greening rate increase from G10 to G50.  

Let us look into the details at Fig. 12. Scenarios COM, SPR and G10 are a bit more affected 
by UHI when the intensity of heat waves increases, but FUHI mainly increases for G30 and 
G50 up to proportions which become very close to those of SPR and G10. In all scenarios, the 
values of FUHI strongly decrease during the first two weeks of heat wave, and then stabilize.  

The dynamics of UHI (and of the city's fraction affected) according to the intensity and 
duration of heat waves is driven by the availability of water for vegetation both inside 
(urban parks) and outside (forests and crops) the city. For short events, the high 
evapotranspiration of the surrounding vegetation has a more efficient cooling effect than that 
of urban green areas, which reinforces the UHI effect. For the longer events, the natural soils 
become drier while the urban green areas are still watered, so that FUHI decreases. But after 
around two weeks of heat wave (depending on the intensity), this decrease in FUHI stops 
because the water supply for urban vegetation is no more sufficient. This effect is especially 
marked for the most intense heat waves (see HW46 in Fig. 12); the green scenarios become 
therefore significantly less effective. 

 
In conclusion, the compact city COM clearly stands out from other urban expansion 

scenarios, more especially for long and/or intense events; by limiting the penetration of 
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incoming solar radiation due to its dense urban form, it is the most efficient in mitigating 
UHI during daytime, regardless the intensity of heat wave.  
Compared to the temperature anomaly indicator, nighttime and daytime FUHI enable 
therefore to get a different view of the impact of the different scenarios. Whereas ΔT 
indicator gives non-significant results for the impact of densification, and inconclusive 
results about the impact of the vegetation (positive effect of UHI mitigation at night, negative 
effect during the day) FUHI highlights a different message: vegetation appears positive both 
days and nights, and densification now appears negative at night and positive during the 
day.  

6. Impact of urban sprawl scenarios on UHI: link with population distribution 

As we have shown in the last section, the analysis of the impact of urban form on UHI 
depends on the indicator which is used. The indicators that we have used so far (ΔT and 
FUHI) are related to the geometry of the urban micro-climate. In this section, we introduce in 
the analysis the spatial repartition of the population, and use the three last indicators of 
Table 3. 

6.1. Fraction of population affected by UHI 

Let us first translate the proportion of the city affected by UHI (FUHI) into the proportion 
of population that is subject to UHI (PUHI). To do that, we need to know the spatial 
distribution of the inhabitants, today and in the future. This can be done here thanks to the 
NEDUM-2D model that simulates the households' settlement dynamics (see Viguié et al. 
2014). 

The trends for the various heat waves are presented in Fig. 13. They are similar to those 
obtained for FUHI but the orders of magnitude are very different. Especially, whereas, with 
FUHI, the orders of magnitude of daytime and nighttime fractions are similar, this is no longer 
the case with PUHI. Comparing scenarios on day 21 in Fig. 13, nighttime fractions vary 
between 0% and 10%, whereas daytime fractions vary between 10% and 40%. Same 
comparison in Fig. 12 shows variations between 0% and 10% both in daytime and nighttime. 

At night, the benefits brought by the greening scenarios, which seem rather limited when 
evaluated according to the city surface proportion, are much more significant when 
evaluated according to the city population proportion. The G50 green scenario, which is the 
most effective for mitigating the nocturnal UHI, leads to a reduction of more than 20% of the 
population affected by UHI (for a threshold of 1.5°C as shown in Fig. 13) compared to the 
compact city COM, because the effects are mostly perceived in the most populated areas. 
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Fig. 13. Comparison of the evolution with time of the proportion of the population affected by a UHI of 
1.5°C for the today city and the future scenarios. The results are presented for the four classes of heat-
wave intensity, and both for nighttime (top) and daytime (bottom) hours.  

 
As for FUHI indicator, COM appears the best choice for limiting UHI in daytime, but the worst 
in nighttime. However, introducing in the analysis the repartition of the population in the 
city, i.e. using PUHI, has given new information: it shows that daytime effect of scenario 
choice has, to some extent, a much lower magnitude than nighttime effect. Therefore, when 
considering PUHI indicator, the dense scenario seems in overall less desirable than spread-out 
city scenario. To go further, one needs indicators which integrate both nighttime and 
daytime effects. This is what is doing our last indicators SHSin and SHSout  (Table 3). 

6.2. Averaged thermal comfort 

The last analysis framework that we consider in this study is the number of hours per 
day, on average for the whole heat-wave duration, that is spent in strong heat stress 
conditions. For each city scenario and each simulated heat wave (for the four intensity 
classes and all possible durations), this indicator is computed both for indoor and outdoor 
conditions (SHSin and SHSout indicators are more detailed in Section 4.1 and Table 3).  

These indicators are spatially aggregated by accounting for the spatial distribution of 
population density, in order to attribute greater importance to the most populated areas. 
They are then weighted by the occurrence probabilities of the future heat waves. We also 
compute, for extra information, the average for only the 10% most extreme heat waves (see 
Section 2.3 and Fig. 5 for detail).  

6.2.1. Outdoor thermal comfort 

For REF case (i.e. today city), we simulate that about 35, 50, and 15% of inhabitants 
spend, respectively, 16, 14, and 12 hours per day in strong heat stress conditions (Fig. 14): 
heat waves can have an important effect on thermal comfort. The comparison of this REF 
case to the city scenarios in 2100 indicates that whatever the scenario, the outdoor thermal 
comfort is improved for a part of the population.  

Particularly, the implementation of large-scale greening policies seems quite efficient. For 
the highest greening rate, less than 10% of inhabitants spend 16 hours per day in SHSout 
(against about 30% for instance in the business-as-usual SPR scenario). The improvements 
brought by the green scenarios mainly concern the residential areas, considering that the 
lower the building density is, the less heat storage there is. In addition, as shown by the 
statistical distribution of future heat waves (Fig. 5), a large proportion of these events has a 
characteristic temperature TX lower than 40°C and a duration lower than two weeks. As a 
result, the water supply prescribed for green areas is enough to produce a significant cooling 
which still reduces the daytime heat storage in residential areas. In the densely built-up 
districts, the proportion of green areas is lower and consequently, the cooling effect induced 
by evapotranspiration is more limited. On the contrary, the compact city COM is the most 
unfavorable scenario: as was suggested by PUHI comparisons, nighttime increased UHI more 
than counterbalance daytime UHI decrease.  
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Fig. 14. Distribution of population according to the number of hours per day spent in strong heat stress 
for outdoor (left) and indoor (right) conditions for the different city scenarios. Results are weighted by 
the occurrence probabilities of all future heat waves (top) and of the most extreme ones (bottom).  

 
The comparison of SHSout for the most extreme events (Fig. 14) leads to the same conclusions 
between scenarios. It can be however noted that for such heat waves, the heat stress 
conditions reach exceptional levels even for the most efficient urban planning scenarios: the 
entire city is subject to at least 18 hours of SHSout per day and 20% and more of population 
(according to the scenario) spends more than 22 hours per day in SHSout. In this case, 
alternative actions  should be implemented in order to preserve the population-at-risk and to 
avoid serious sanitary consequences. 

6.2.2. Indoor thermal comfort 

With regard to indoor thermal comfort, the most unfavourable conditions also concern 
the city centre where people spend between 12 and 14 hours a day in SHSin (Fig. 14). This is 
related both to the UHI and to the bad energetic performances of buildings, so that the 
ambient warms rapidly. Inversely, the best conditions are observed in the multi-family 
blocks for which the level of renovation is greater. Finally, the residential areas present 
intermediate conditions. The different trends of urban sprawl have little impacts on indoor 
thermal comfort which is mostly driven by the quality of buildings' insulation that differs 
according to building typologies (see details in Appendix A).  

The differences noted between scenarios (Fig. 14) are due only to the fact that inhabitants 
are not distributed the same way between multi-family housings and residential districts, 
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whereas the proportion of inhabitants living in the historic city centre is about the same. The 
more the city is extended and greened, the more the residential areas cover an important part 
of the city. In this case, more people occupy single housings and are consequently subject to 
more uncomfortable thermal conditions than those living in multi-family housings. 

7. Conclusion 

In conclusion, we have tried here to shed new light on how different urban planning 
policies, leading to more or less compact city's shapes, can impact the UHI and heat waves 
risk. Using Paris urban area as a case study, five contrasted urban expansion scenarios have 
been built with the NEDUM-2D model. For each of them, the urban climate has been 
simulated with the physically-based TEB urban canopy model for a large set of heat-wave 
conditions. Here, different indicators (described in Table 3) are computed in order to 
measure and investigate UHI effect and heat-wave risk. Fig 15 shows a summary of the 
value of these indicators, when computed for the HW38 event after 14 days. 

Whatever the scenario, nocturnal UHI is limited to the most densely built-up areas and 
reaches up to 2.5-3.0°C. Inversely, during the day the residential neighbourhoods, which are 
less protected by the shadow effects, are the warmest places, however in a lesser extend 
(between 1.0 and 1.5°C). As a result, the proportion of the city hit by UHI is greater during 
the day than during the night. However, taking into account the spatial distribution of 
population in the city brings a different perspective because the city centre is much more 
populated and consequently more vulnerable. Taking also into account UHI intensity 
reinforces this message, as UHI amplitude is higher at night than during the day. 

 
 

 
Fig 15. Example of the indicators computed for the HW38 event after 14 days for the five scenarios of 
urban expansion. 

 
Due to UHI, city densification - a strategy widely supported by urban planners and 

stakeholders - appears to potentially lead to an increased heat wave risk, when compared to 
urban sprawl. However this conclusion is strongly impacted by the way heat wave risk is 
measured. In our simulations, the compact city gives rise to the most uncomfortable thermal 
conditions for outdoor environment, if one takes into account the population repartition in 
the city and integrate over both days and nights (indicator SHSout). Considering separately 
days and nights, or not taking into account the population repartition in the city, leads to 
different messages. This is due to the fact that, whereas the compact city reinforces the UHI 
at night, it favours solar protection, and therefore cool temperatures during the day. 

One of the main results of this study is therefore the qualitatively difference in the 
messages that one can deduce from UHI simulations, when one consider different UHI or 
heat wave vulnerability indicators. The impact of a potential urban densification on UHI can 
either be measured as non-significant (using ΔT indicator), significant but uncertain (using 
FUHI or PUHI indicators) or strongly negative (using SHSout indicator). The extreme greening of 
the urban landscape that we analyse here appears significant for all our indicators, 
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sometimes uncertain (using ΔT or FUHI indicator), sometimes strongly positive (PUHI and 
SHSout indicators).  

It is difficult to say which indicator is the most meaningful, and it most certainly depends 
on the question one wants to answer. Day PUHI, for instance, can be considered of limited 
interest if people in the city do not stay at home during the day. Favoring FUHI over PUHI also 
means giving a heavier weight to dense city center over suburban areas, and this might not 
necessarily be politically or socially desirable. Considering that the choice of the period and 
criteria for evaluation is essential, it is consequently tricky to conclude on the most efficient 
strategy.  

The greening of the urban landscape is an interesting option because it generates 
evapotranspiration while reducing the heat storage process by impervious surfaces. Land 
availability and water resource are nevertheless major issues in the implementation of such 
strategies. Their efficiency is dependent on both vegetation density and soil water status (in 
turn connected with meteorological conditions). In case of long periods of heat waves or hot 
spells, the benefit of greening strategies is lesser even if vegetation is irrigated. 

 
Our analysis uses simplistic scenarios and hypotheses. Alternative scenarios and 

indicators are required to get a complete picture. For instance, it would be interesting to 
consider less extreme city greening scenarios and more extreme densification scenarios. It 
would also be interesting to repeat our study on other cities, with different sizes and climatic 
conditions. Other indicators could also be useful to consider, such as for instance potential 
electric consumption in the case of air conditioning general use in the city, or temperature 
increase in office districts.  

Another important question is whether the differences that we measure here are relevant 
or not. The differences that we measure between scenarios COM and SPR, for instance, are 
small in absolute terms (less than 4% in PUHI  and FUHI, 10 min more per day under strong 
heat stress conditions…). Is such a moderate variation of interest in the policy debate? 
Addressing this question requires doing a finer analysis of the mechanisms behind our 
vulnerability to heat, as well as taking into account the costs and obstacles associated with 
the evolution towards more or less dense urban shapes. These fundamental questions, 
however, are beyond the scope of this analysis. 
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Appendix A: Integrated city scenarios 

Within the frameworks of the VURCA project (Hallegatte et al., 2013), integrated city 
prospective scenarios have been built to translate a possible evolutions of the city at the end 
of the century. They combine four potential action levers: urban-planning policies to manage 
the future urban sprawl, adaptation measures for buildings, air-conditioning usage, and 
watering practices. Each of them consists in different alternatives or hypotheses. In this 
study, we use the following scenarios. 

A.1. Urban sprawl 

The urban sprawl is simulated by the NEDUM-2D socio-economic model, forced by 
macro-economic trends of energy costs especially for oil and demographic pressure (Viguié 
et al., 2014). NEDUM-2D is a dynamic model which relies on the  classical urban economics 
framework, an economic modeling approach developed in the end of  the 1960s (Alonso, 
1964; Mills, 1967; Muth, 1969) which explains the spatial distribution —  across the city — of 
the costs of land and of real estate, housing surface, population density and  buildings 
heights and density. It is based on three main mechanisms.   

First, we suppose that households choose their accommodation location and size by 
making  a trade-off between the time and money they spend in transport (i.e. to commute to 
their jobs)  and the real estate price level (or, equivalently, between the proximity to the city 
center and the  housing surface they can afford). Second, real estate developers choose to 
build more or less housing (i.e. larger or smaller  building) at a specific location, depending 
on the local level of real estate prices. When these  prices are low, developers tend to build 
low density buildings, and when these prices are high,  they tend to build high density 
buildings. Third, we suppose that various city characteristics do not evolve and adjust at the 
same  speed. For instance, rents can evolve very quickly, whereas buildings change with a 
much  longer timescale. Building depreciation is also very low, leading to path dependency 
and lockins in city evolution. Using these mechanisms, it is possible to determine the 
structure of the city from information on population size, households’ income, transport 
network location, building construction  costs and developers behavior parameters. 

The reference scenario (SPR) corresponds to the scenario called “SN with high 
demographic hypothesis” in Viguié et al. (2014). Fig. A1 shows for instance the demographic 
scenario used in our simulations. 
 
 

 
Fig. A1. Demographic scenario used in the simulations. 

 
The four other scenarios that we used in this study are identical to this scenario in terms 

of population evolution, transport prices and people and firms behavior. Local urban 
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planning policies are however implemented through specific constraints (they are detailed in 
Section 2.2). Fig. A2 shows simulated city size and green area fraction in the scenarios. 

 
 

  
Fig. A2. City size (left) and green area fraction (right) in the scenarios. 

A.2 Buildings characteristics 

Four different typologies of buildings are defined over the study area (see Fig. A3): 
historic buildings located in the city centre (Haussmannian architecture buildings dating 
from 19th century), collective housing, single housing, and office buildings. Materials 
characteristics of buildings and renovation techniques are specified differently for each 
typology on the basis of an inventory of the current Parisian buildings and the renovation 
trends.  

 

 
Fig. A3. Typologies of urban landscapes over the study 
domain, in the case of the spread-out city (SPR). 

 
Projected buildings characteristics in 2100 are based on the assumption that the energetic 

performances of buildings are going to improve with time due to the technological 
progresses in construction and renovation methods, following the current trends. A 
complete database of buildings characteristics has thus been built within the framework of 
the VURCA project (Marchadier et al. 2012) and is used here.  

It is assumed that all collective housing and single housing follow the French thermal 
regulations fixed by the Grenelle Environmental Forum. The level of renovation is higher for 
office buildings which are equipped with high-performance vacuum insulation systems and 
reflective materials. Inversely, because of architectural and aesthetical reasons, the historic 
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buildings are the least renovated ones (a simple interior thermal insulation is implemented 
in this case).  
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Appendix B: Building idealized heat waves 

The objective of this stage is to produce meteorological conditions over Paris region that 
represent the future heat waves identified in Section 2.3. These meteorological conditions 
must be used afterwards to force the TEB urban canopy model. They must consist of hourly 
spatialized fields of incoming solar and infrared radiation, atmospheric pressure, air 
temperature, humidity, and wind speed above the top of urban canopy level. 

With this aim, a complete three-dimensional atmospheric modelling of the 2003 heat 
wave (see Step 2 in Fig. 1) is carried out with the Meso-NH non-hydrostatic model (Lafore et 
al. 1998). The 10th of August 2003 is selected as a reference real case, this being a sunny day 
with low winds of the 2003 heat wave according to the previous modelling exercises 
performed by Kounkou-Arnaud et al. (2013) and de Munck et al. (2013). The numerical set-
up is time-computing consuming but makes possible to take into account explicitly the 
retroactions of surface fluxes on the low atmosphere. This reference day of heat wave is 
consequently run for the today city as well as for each urban expansion scenario. Indeed, the 
low atmosphere is influenced in different way according to the size, shape, and other 
characteristics of the city coming from the studied scenarios. 

The Meso-NH outputs, required to force TEB, are extracted and stored with a one-hour 
time step. One single atmospheric level is needed; it is taken 30 m above the top of the urban 
canopy. These meteorological conditions are then modified and adapted to correspond to 
different intensities of heat waves. First, the temperature fields provided by Meso-NH are 
linearly corrected in order to fit the middle value of TX of each intensity class, i.e. 34, 38, 42, 
and 46°C, respectively (see Step 3 in Fig. 1). These heat waves are afterwards referred to as 
HW34, HW38, HW42, and HW46. In order to account for the impact of the temperature 
modifications on other atmospheric parameters, the specific humidity is recomputed by 
considering that relative humidity is unchanged; the long-wave incoming radiation is also 
adjusted to reflect the additional atmospheric emission due to the increase in air 
temperature. Finally, all these conditions available for one daily cycle are duplicated to build 
three-week atmospheric forcing.  

In the end, meteorological forcing are available for the six city scenarios (including the 
today city), for the four intensity classes of heat waves, and for events lasting up to three 
weeks (see Step 3 in Fig. 1). Note that beyond three weeks of heat wave, a sensitivity study 
(not presented here) indicates that the local meteorological parameters, especially air 
temperature in the streets and inside buildings, reach equilibrium or evolve linearly, so that 
the results can be extrapolated for longer events. 
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