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ABSTRACT

High-resolution urban climate projections are needed for local decision-making on
climate change adaptation. Regional climate models have resolutions that are too coarse to
simulate the urban climate at such resolutions. A novel statistical-dynamical downscaling
approach (SDD) is used here to downscale the EURO-CORDEX ensemble to a resolution of
1 km while adding the effect of the city of Paris (France) on air temperature. The downscaled
atmospheric fields are then used to drive the Town Energy Balance urban canopy model to
produce high-resolution temperature maps over the period 1970-2099, while maintaining the
city’s land cover in its present state. The different steps of the SDD are evaluated for the
summer season. The regional climate models simulate minimum(maximum) temperatures
(TN/TX) that are too high(low). After correction and downscaling, the urban simulations
inherit some of these biases, but give satisfactory results for summer urban heat islands
(UHI), with average biases of -0.6 K at night and +0.3 K during the day. Changes in future
summer temperatures are then studied for two greenhouse gas emission scenarios, RCP4.5
and RCP8.5. Outside the city, the simulations project average increases of 4.1 K and 4.8 K
for TN and TX for RCP8.5. In the city, warming is lower, resulting in a decrease in UHIs of -
0.19 K at night (from 2.1 K to 1.9 K) and -0.16 K during the day. The changes in UHIs are
explained by higher rates of warming in rural temperatures due to lower summer precipitation

and soil water content, and are partially offset by increased ground heat storage in the city.

1. Introduction

Cities alter the environment due to their 3D geometry and the materials they are made of
(Arnfield 2003), which influence physical processes such as the exchange of energy, water
and momentum between the surface and the atmosphere (Nunez and Oke 1977; Oke 1988).
These modifications have several effects on the atmosphere near the surface, the most
prominent one being the Urban Heat Island (UHI; Arnfield 2003; Rizwan et al. 2008). The
urban climate (Oke et al. 2017) is associated with multiple impacts on inhabitants like health
risks due to higher air temperature (Endlicher et al. 2008, Tan et al. 2010; Heaviside et al.
2016, 2017, Wong et al. 2017; Santamouris 2020) or air pollution (Leung 2015). Some of
those impacts are expected to increase with ongoing global warming (Wilby 2007; Tyler and
Moench 2012; Masson-Delmotte et al. 2021, Eyring et al. 2021; Seneviratne et al. 2021),
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especially heat stress because of higher temperature (McMichael et al. 2006; Buzan et al.
2020) and more frequent and severe extreme events (Luber and McGeehin 2008; Domeisen
et al. 2023).

The Global Climate Models (GCM) and Earth System Models (ESM) that are used to
project the future warming at the global (Lee et al. 2021) and regional (Doblas-Reyes et al.
2021) scales are not adapted to urban-scale impact studies because of their too coarse
resolution (between tens to hundreds of kilometers). Different avenues exist to bridge the gap
between the global and local scales (Wilby and Wigley 1987; Ekstrom et al. 2015; Xu et al.
2019). Dynamical downscaling (Giorgi and Gutowski 2015; Xu et al. 2019; Tapiador et al
2020; Lucas-Picher 2021) consists of coupling GCMs to limited-area Regional Climate
Models (RCM, Rummukainen 2010, 2016) that now reach the kilometer scale and can
represent cities (Trusilova et al. 2013; Hamdi et al 2014, 2015; Lauwaet 2015a, 2015b; Zhao
et al. 2018; Daniel et al. 2019; Sharma et al. 2019; Lo et al. 2020; Keppas et al. 2021; Keat et
al. 2021; Lind et al. 2022; Lemonsu et al. 2023) when coupled to Urban Canopy Models
(UCM; Oke 1984; Masson 2006; Grimmond et al. 2010). Dynamical downscaling makes it
possible to simulate local physical processes (Rummukainen 2010, 2016) and allows to
represent the feedback between the urban and the regional climate (Daniel et al. 2019) but it
comes at a great computational cost and is often limited in time (some decades for a few
scenarios of greenhouse gas emissions). Statistical downscaling is another methodology
(Giorgi et al. 2001; Wilby et al 2004; Schoof 2013; Doblas-Reyes et al. 2021), which relies
on the establishment of statistical relationships between the global and the local scales over a
period in the past and applies these relationships in the future where the global scale is
simulated but the local scale is missing. Statistical downscaling is computationally cheap
compared to dynamical downscaling but it is associated with uncertainties (Dixon et al. 2016;
Salvi et al. 2016) since it relies on the availability of local scale observations of the past,
which can be challenging for urban environments (Stewart, 2011; Chen et al. 2012), and also
on the hypothesis that the relationships found in the past climate will hold true in the future

climate.

In this study, a combination of both approaches — that is referred as statistical-dynamical
downscaling (SDD; Frey-Buness et al. 1995; Mengelkamp et al. 1997; Fuentes 2000; Boé et
al. 2006; Friih et al. 2011; Zuvela-Aloise et al. 2016; Hoffmann et al. 2018; Schoetter et al.

File generated with AMS Word template 2.0

Accepted for publication in Journal of Applied Meteorology and CIimatoIogR/. DOI 10.1175/JAMC-D-23-0145.1.

Brought to you by Meteo-France | Unauthenticated | Downloaded 06/28/24 06:37 AM UTC



2020; Duchéne et al. 2020, 2022; Le Roy et al. 2021) — is used to add the local effect of the
city on the air temperature to temperature fields simulated by regional climate projections not
taking into account urban land surfaces (Langendijk et al. 2019; Le Roy et al. 2021). The
approach builds on previous work (Hoffmann et al; 2018; Schoetter et al. 2020; Le Roy et al.
2021) and was already presented and evaluated for near surface UHIs by Le Roy et al.
(2021). It is extended here to create above-canopy air temperature fields at the sub-daily time
steps that are then used to drive a land surface model (LSM) coupled to a UCM at high-
resolution over the city of Paris, France. The different steps of the downscaling and the data
used are presented in section 2. The resulting urban climate simulations are first evaluated
against observations (section 3) and then used to study the evolution of future daily minimum
(TN) and maximum air temperature (TX) and associated UHIs (section 4). Previous studies
that have investigated the evolution of UHIs under climate change have found that when
future urbanization is not represented, the UHI intensity change is projected to be an order of
magnitude smaller than the background warming signal (Doblas-Reyes et al. 2021, box 10.3).
They also noted conflicting results regarding the sign of the change depending on the cities
studied and the approaches used. Here, different physical mechanisms are analyzed to better

understand the projected evolution of Paris thermal urban climate (section 5).

2. A downscaling framework for urban climate impact studies

Long-term simulations of the local and urban climate of Paris region (France) are carried
out with a kilometric horizontal resolution and a UCM. This section describes the regional
climate projections used, which are based on multiple couples of GCMs/RCMs, the spatial
downscaling method implemented to combine the RCM results with the influence of the city

on the local climate, and the LSM employed to simulate the surface energy balance.

a. Regional climate change projections

The climate projections on which the spatial downscaling is applied come from the
ensemble of regional climate simulations EURO-CORDEX (Jacob et al. 2014, Jacob et al.
2020, see domain in Fig. 1.a). All the selected RCMs have a resolution of 0.11° (about 12.5
km; Fig. 1.b) and are driven by CMIP5 GCMs and ESMs (Taylor et al. 2012). Two
Representative Concentration Pathway scenarios (RCP; Van Vuuren et al. 2011) are used.
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These are the highest emissions scenario with continuously increasing emissions RCP8.5
(Riahi et al. 2011) and the more moderate RCP4.5 where emissions from fossil fuels use start
to decline around 2040 (Thomson et al. 2011). The choice of scenarios was made to obtain
the greatest number of simulations available with the necessary sub-daily RCM outputs
required to drive the urban climate simulations. In total, 41 couples of GCM/RCM are used
for the historical period and the RCP8.5 scenario, and 14 couples for the RCP4.5 scenario
(Fig. 2). GCM/RCM couples that are available for RCP4.5 but not for RCP8.5 are excluded.
Each GCM is represented a similar amount of times in the two ensembles (around 2 (7) times
in RCP4.5 (8.5), with the exception of the GCMs IPSL-CM5A-MR (1 (4)) and MPI-ESM-LR
(1 (8)). The ensemble of 41 simulations is used for the evaluation of the downscaling in the
historical climate and the ensemble of 14 simulations for the future climate. When justified,
comparisons between the 14 and 41 ensembles statistics are detailed in the text. Uncertainties
are not directly estimated but instead the model spread is displayed as the interquartile range
of the ensemble computed using quantile estimates following the algorithm of Hyndman and
Fan (1996), which is implemented in R as default type 7 (R Core Team, 2022).
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Fig. 1. Simulation domains. a) EURO-CORDEX domain (red) and Meso-NH domain
(black) used for the SDD. b) Meso-NH domain, SURFEX domain (black rectangle) and ring
used to extract rural CORDEX points. ¢) SURFEX domain with the building fraction and the

points defined as urban and rural for the analysis.
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Fig. 2. Matrix of all the CMIP5/EURO-CORDEX GCM/RCM couples used in the present
study under the greenhouse gas emissions scenarios RCP4.5 (14 in dark gray) and RCP8.5
(41 in light and dark gray). “r1”, “r2” and “r3” represent the ensemble member used for each
simulation (rlilpl, r2ilpl and r3ilpl). References of each GCM and RCM can be found in
Table S1 and Table S2 in the online supplemental material.

The use of a subset of simulations instead of the full “ensemble of opportunity” can have
an impact on the projected degree of warming (Mezghani et al, 2019). Here, the smaller
ensemble of 14 simulations is quite close to the full ensemble with a slight overestimation of
warming over the whole year (ANN, not exceeding 0.2 K) and in winter (DJF) for TN and
TX, in summer (JJA) for TN, and an underestimation of TX in JJA (Fig. S1 in the online
supplemental material).

The spatial downscaling method is applied to the ensemble of climate projections. To
prevent the possible double counting of urban effects when RCMs describe urban areas as
rocky covers (Langendijk et al. 2019), all the RCM variables used are extracted and averaged
from points located in a ring between 30 and 60 km away from Paris center (Fig. 1.b). This
simple approach is possible for the Paris region, because there are only small height

differences, no large water bodies, and a relatively homogeneous land use. To apply the
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downscaling framework to cities located in more geographically complex regions, the
selection of points representing the rural environment might have to be refined based on the
difference in altitude with the city center, the presence of water bodies, or other geographical
features. As this area does not have a large difference in altitude with Paris or large bodies of
water (at this resolution), it is considered sufficiently representative of the Paris climate. In
addition, to produce impacts indicators associated with temperature thresholds, the RCM
variables need to be corrected. Here the choice is made to only correct the RCM temperature
outputs, using monthly averages of daily average temperature (TM=(TN+TX)/2) from the
spatialized observation dataset AURELHY (Canellas et al. 2014) over the period 1976-2005

(see section A in the online supplemental material for more details).

b. A statistical-dynamical downscaling for the Urban Heat Island

The SDD approach builds on previous work devoted to the downscaling of UHI in
climate projections (Hoffmann et al 2018, Schoetter et al. 2020; Duchéne et al. 2020). The
different steps are highlighted in Figure 3 and the approach was first described in Le Roy et
al. (2021) who used it to produce and evaluate 1 km resolution maps of UHI at 2 m above

ground level covering the Paris region and the time period 2000-2009.
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Fig. 3. Flow chart of the approach used to downscale regional climate projections to the
city level.

The SDD makes use of two databases. The first one is a reference climatology of Local
Weather Types (LWT) produced by Jougla et al. (2019) for several French cities, following a
clustering approach developed by Hidalgo et al. (2014) and Hidalgo and Jougla (2018). The
clustering model regroups different days in multiple classes with similar local weather
conditions based on the daily temperature amplitude, the daily accumulated precipitation, and
the daily averages of specific humidity, wind speed, and wind direction. Based on these LWT
climatologies, Schoetter et al. (2020) simulated the urban climate of several of the most

File generated with AMS Word template 2.0

Accepted for publication in Journal of Applied Meteorology and Climatolog%/. DOI 10.1175/JAMC-D-23-0145.1.
e

Brought to you by Meteo-France | Unauthenticated | Downloaded 06/28/24 06:37 AM UTC



representative days for each LWT using the mesoscale atmospheric model Meso-NH (Lafore
et al. 1998; Lac et al. 2018) coupled to the same land surface modeling system as detailed in

section. 2.3.

Schoetter et al. (2020) used both databases to reconstruct daily maps of the UHI for
Toulouse and Dijon (France) by linking day-to-day information on current LWT and
simulated UHI per LWT. By applying the method to reanalysis-driven RCMs for Paris, Le
Roy et al. (2021) have shown that it is able to reconstruct the past climatologies of nighttime
UHIs with a bias of 0.1 K in JJA. Here it is applied in a similar fashion to downscale, and
correct with the UHI effect, the temperatures of EURO-CORDEX regional climate
projections for the time period 1970-2099 in the strongly urbanized Paris region. Compared
to the SDD introduced by Le Roy et al. (2021), here the 3-hourly variables are downscaled,
and instead of near surface, above canopy (50 m) UHI fields are produced following the
iterative method of Lemonsu et al. (2013). More details regarding the configuration of the
Meso-NH model are given by Schoetter et al. (2020) and Le Roy et al. (2021). See section B

in the online supplemental material for more details on the sub-daily downscaling approach.

c. Land Surface Modeling

To simulate the evolution of the urban climate of Paris, we use the LSM SURFEX
(Masson et al. 2013), which incorporates the latest version of the TEB model (Masson 2000,
Redon et al. 2020) to represent cities, and the ISBA model (Noilhan & Planton, 1989;
Noilhan & Mahfouf, 1996) for natural areas. TEB is a state-of-the-art UCM that represents
the city as a representative infinitely-long street canyon and computes separate energy
budgets for each surface of the canyon (i.e. roof, wall, and road). Numerous features have
been added to TEB since its initial version. These are: multiple atmospheric levels inside the
canopy layer (Hamdi and Masson, 2008), urban ground vegetation and trees (Lemonsu et al.
2012, Lemonsu et al. 2021, Redon et al. 2017, Redon et al. 2020), Building Energy Model
(BEM, Bueno et al. 2012, Pigeon et al. 2014) with detailed behaviors of inhabitants regarding
energy usage (Schoetter et al. 2017), and the computation of outdoor thermal comfort indices
(Kwok et al. 2019, Redon et al. 2020).
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For the present study, the simulation domain (Fig. 1.c) covers the French administrative
region Tle-de-France at 1 km horizontal resolution (157 km x 128 km). SURFEX needs
detailed information of the land cover and associated physical parameters, e.g. leaf area index
for the vegetation or building height in the city. The default database used by SURFEX is
ECOCLIMAP (Champeaux et al. 2005; Faroux et al. 2013). It contains a 1 km resolution map
of land cover and associated land surface parameters. It is here combined with the MApUCE
urban indicators database (Bocher et al. 2018) to refine the city description, i.e. the
morphology parameters as well as the type and use of buildings. Updated urban vegetation
maps separating low vegetation and tree strata have been produced by Bernard et al. (2022)
using a database of the Paris region urban planning agency. Except for the refinement of low
and tree vegetation, the urban database is the same as that of the Meso-NH simulations that

are used to produce the atmospheric forcings (section 2.2; Schoetter et al. 2020).

SURFEX is employed in a stand-alone configuration, i.e. driven by prescribed
atmospheric conditions. These include downwelling direct and diffuse solar and terrestrial
radiation, atmospheric pressure, liquid and solid precipitation rate, air temperature, specific
humidity, and wind speed. SURFEX is driven by the climate projection results (section 2.1)
from 1970 to 2099 at a three-hourly time frequency; the first two years are used as spin-up
and not analyzed. Since the direct and diffuse components of the solar radiation are not
always available, they are computed from the total solar radiation using Erbs et al. (1982)
formulation. Similarly, total precipitation rate is divided into liquid and solid usinga 1 K
threshold following Jennings et al. (2018) (see section B in the online supplemental material

for more details).

The land cover does not evolve during the simulation, which allows to study the effect of
a changing climate on a static (present-day) city. In future studies, the same downscaling
framework could be applied to an evolving city (Lemonsu et al. 2015, Lemonsu et al. 2021)
based on socioeconomic scenarios (Viguieé et al. 2014; Aguejdad et al. 2016) to analyze the

combined effects of urbanization and climate change (Chapman et al. 2017).
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3. Evaluation of the historical climate simulations

The simulations are made in transient mode from 1970 to 2099; three time periods are
analyzed. These are the historical period 1976-2005, the near future 2030-2049, and the far
future 2080-2099. The historical period is the same as the one used to correct the ensemble
average temperature, but twenty-year periods are chosen for the future to better capture the
effect of climate change at the end of the century under RCP8.5 (Scherrer et al. 2006;
Krakauer and Devineni, 2015; Rigal et al. 2019). Over the historical period, the annual
average TM of the ensemble (41 simulations) is 12.9 °C [12.8 °C — 13.1 °C] over the city and
11.1 °C[11.0 °C —11.1 °C] in the countryside. The temperature ranges from 6.6 °C [6.2 °C —
6.8 °C] in winter (DJF) to 19.7 °C [19.5 °C — 19.8 °C] in JJA inside Paris, and 4.3 °C [4.3 °C
—4.4°C] to 18.2 °C [18.2 °C — 18.3 °C] in the surrounding rural areas.

a. Observation-based data

The urban climate simulations are evaluated for the historical period by comparison with
local observations of radiation, precipitation, and temperature (Table 1). The variables are
evaluated over different time periods depending on their availability; the RCP8.5 simulations
are used for the years after 2005. The downwelling total shortwave (SW) and long-wave
(LW) radiation are measured at the IPSL’s atmospheric observatory SIRTA between 2003
and 2017 (Haeffelin et al. 2005). The daily amount of precipitation is retrieved from the
COMEPHORE re-analaysis of hourly precipitation at 1 km resolution over the 2000-2017
period (Tabary et al. 2012). The temperature observations come from the 1.25 km resolution
gridded dataset developed specifically for the IDF region by Kounkou-Arnaud & Brion
between 2000 and 2017 (2018; KAB18) to spatialize TN and TX recorded by the Météo-
France weather stations by accounting for the urbanization effects on temperature. This
product has been presented and used in a previous study of Paris UHI climatology (Le Roy et
al. 2021) and for model evaluation (Lemonsu et al. 2023). Over non-urbanized areas, it is
comparable to the product AURELHY, which was used for the RCM correction in section
2.2. In order to be comparable with observations, SURFEX calculates TN and TX daily from
the lowest and highest temperatures at each model time step (5 minutes). The nighttime UHI
(UHIn) is calculated with a daily time step as the difference between the minimum daily

temperature averaged over urban grid points (TNurs) and the minimum daily temperature
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averaged over non-urban grid points (TNrur). The daytime UHI (UHIx) is calculated in the
same way based on daily maximum temperature (TX). The urban and rural masks shown in
Fig. 1.c are computed using the MApUCE urban database. All the points in a radius smaller
than 30 km defined as “Continuous buildings with enclosed island” or “Tall buildings” are
considered urban while all the points outside a radius of 30 km and for which no information
regarding building type is available — and consequently where the TEB model is not run — are

considered rural.

For both the incident radiation components and the precipitation, the biases are
exclusively inherent to the EURO-CORDEX members used to build the climate forcings of
the SURFEX simulations. For surface air temperature, the differences in the simulations
result from the combination of biases in the RCMs, UHI biases introduced into the forcings
by the SDD method, and biases inherent to the SURFEX model itself.

13
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Observation | Simulation Simulation Bias (14) Bias (41)
(14) (41)

Average (Sd) |Average (Sd) Awverage (Sd) |Average Average
SW (W.m?) |224 (74) 228 (22) 234 (23) +4.0 (+1.6%) +9.9 (+4.4%)
LW(W.m?2) [353 (21) 353 (22) 350 (23) +0.4 (+0.1%) -2.8 (-0.8%)
RR (mm.d?l) |2 2.4 2.2 +0.4 (+18%) +0.1 (+7%)
TNurs (°C)  |15.4 (2.9) 16.3 (2.6) 16.4 (2.8) +0.8 +1.0
TNrur (°C)  [12.7 (3.0) 14.2 (2.8) 14.2 (2.9) +1.5 +1.6
TXurs (°C)  [24.8 (4.4) 24.1 (4.1) 24.0 (4.2) -0.7 -0.8
TXrur (°C)  |24.4 (4.3) 23.2 (4.2) 23.3 (4.3) -1.2 11
TMurs (°C) |20.1 (3.3) 20.2 (3.2) 20.2 (3.3) 0.0 +0.1
TMrur (°C) 185 (3.1) 18.7 (3.3) 18.7 (3.4) +0.2 +0.2
UHIN(°C)  |2.8(L.4) 2.1(0.7) 2.2(0.8) 0.7 -0.6
UHIx(°C) 0.5 (0.6) 0.9 (0.5) 0.8 (0.5) +0.4 +0.3
PooUHIN (°C) 4.6 3.0 3.2 -1.6 -1.4
PgoUHIx (°C) |1.2 1.5 1.4 +0.3 +0.3

Table 1. Summer (JJA) average and standard deviation of different observation datasets,
of the 14 simulations ensemble and average biases. Observation datasets used: temperature
KAB18 (2000-2017); shortwave (SW) and long-wave (LW) radiation — SIRTA (2003-2017);
precipitation (RR) - COMEPHORE (2000-2017). Simulation refers to SURFEX simulations
for the temperatures and RCM outputs for SW, LW and RR. The simulation values are
computed using the historical experiment before 2005 and the RCP8.5 afterwards. The
standard deviation of the simulations represents the square root of the average of each
simulation variance rather than the ensemble average of each simulation standard deviation.
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b. Downwelling radiation and precipitation

The EURO-CORDEX models capture well both shortwave and long-wave incoming
radiation between 2003 and 2017. Average daytime SW is overestimated by 9.9 W.m
(4.4%) [-10.7 W.m — 25.1 W.m2]; with the overestimation being mostly due to the direct
component. Average LW is underestimated by 2.8 W.m (0.8%) [-8.5 W.m? — 2.3 W.m™].
As noted by previous studies, the EURO-CORDEX RCMs simulate too much precipitation
both when driven by reanalysis data (Kotlarski et al. 2014; Prein et al. 2016) and by GCMs
(Vautard et al. 2021). This is confirmed here with 0.1 mm too much rain per summer day
(7%) between 2000 and 2017, and with a clear influence of the driving GCM. For example
CNRM-CMS5 simulates the highest precipitation amount (GCM average of 2.7 mm.d vs. the
ensemble [41] average of 2.2 mm.d™) and HadGEM2-ES the lowest (GCM average of 1.7

mm.d™?).

c. Temperature and Urban Heat Island

TN and TX of the RCMs are corrected before running the SURFEX simulations by the
monthly TM bias, using the AURELHY data for 19762005 as a reference. Before the bias
correction, the full ensemble (41) simulates too high TNya with 0.7 K [-0.3 K- 1.4 K] (Table
S4 in the online supplemental material) and too low TXja with -1.3 K [-2.6 K —-0.3 K]
(TMyA bias: -0.3 K [-1.4 K - 0.5 K]), which was already found by Vautard et al. (2021). The
small ensemble average bias in TNya results from a compensation of negative biases in
RACMO22E and RCA4 and positive biases in the other simulations, notably the one driven
by HadGEM2-ES. After the TM correction, the ensemble biases are 1 K [0.7 K — 1.3 K] and -
1 K [-1.3 K—-0.6 K] for TNya and TXya, respectively; the simulated daily temperature
amplitude is therefore too low.

Compared to the KAB18 dataset over the period 2000-2017, the simulations have positive
biases in TNya over both urban and rural areas, but of different magnitudes (0.8 K and 1.5 K,
respectively). Given that TMrcm Was corrected, the final biases in TMurs and TMrur are
necessarily introduced by the SDD and the SURFEX simulations. It is found that the SDD
and SURFEX do not add significant TM biases (+0.1 K and +0.2 K for TMurs and TMRgur,
respectively; Table 1). The stronger rural bias results in an average underestimation of UHIn
by 0.6 K, with a 41-simulation average of 2.2 K [2 K — 2.3 K] vs. 2.8 K in the observation.
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Every simulation but one (IPSL-CM5-A-MR—HIRHAMDS) underestimates average UHIn
with some variations between simulations and a stronger influence of the RCM than of the
GCM. Besides average UHIn values, the ensemble tends to slightly overestimate small UHIn
intensities and underestimate higher ones. All simulations but five (IPSL-CM5A-MR—
HIRHAMS and the four REMO2015 simulations) underestimate every percentile above the
25" and the whole ensemble has smaller values after the median. The underestimation of
UHIn increases with greater intensities and is highest above the 90" percentile (Pgo). The
ensemble average of PooUHIn is 1.6 K below the observed one (3.2 K[2.9 K- 3.5 K] vs. 4.6
K, Table 1). As with average JJA values, a positive, albeit smaller, bias in TNgrur is also
found for summer days where UHIn is above the PogoUHIn (+0.8 K vs. +1.5 K; Table S5 in
the online supplemental material), but the main difference is in urban areas where TNurs IS
underestimated (-1.1 K vs. +0.8 K).

In contrast to TN, cold biases are found for TX with similar magnitudes in the city and its
surroundings (-0.8 K and -1.1 K, respectively). This results in a slight overestimation of
UHIx of 0.3 K (0.8 K[0.7 K- 0.9 K]) that is much closer to the observation (0.5 K) than for
UHIn. All ensemble members, except for two RegCM4-6 simulations, overestimate UHIx.
The influence of the RCMs is less apparent than for UHIn and no clear pattern of a GCM or
RCM doing better or worse is noted, with the exception of HIRHAMS who systematically
simulates higher UHIx (average bias 0.7 K), and RegCM4-6 who has lower UHIx than the
ensemble (0.5 K vs 0.8 K) and is closer to the observation (bias 0 K). For the highest UHIx
(P90), unlike UHIn where biases increase with greater intensities, PooUHIx biases remain

similar to the average ones (0.3 K, Table 1).

Overall, the results of the whole SDD and SURFEX offline simulations chain are quite
satisfactory. The RCMs simulate shortwave radiation and precipitation well with the latter
being slightly overestimated. The underestimation of UHIn values is systematically due to a
stronger positive bias observed over rural temperatures while TNurg is better simulated, their
biases are less than 1 K; this is to be kept in mind if the results are to be used to analyze other
impact indicators such as heat stress or building energy consumption over the city. UHIx are
on average low to non-existent in the observation, which is well captured by the statistically-
downscaled RCM ensemble.
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4. Future climate projection of temperature and Urban Heat Island

intensity

a. Regional climate trends

The SDD makes it possible to simulate the local effects of climate change on the Paris
region, with spatial responses that may vary according to the elevation and land cover.
Nonetheless, despite the spatial variability in temperature simulated by SURFEX, the
evolution of rural background temperature in future climate is found on average consistent
and comparable to the one simulated by the RCMs. For RCP4.5, the expected average annual
warming between the periods 2080-2099 and 1976-2005 is +1.9 K [1.7 K — 2.2 K] for TNrur
and +2.0 K [1.7 K — 2.2 K] for TXrur. For RCP8.5, TNrur increases by 3.6 K [3.2 K—-3.8
K] and TXrur by 3.8 K [3.3 K- 4.5 K] (average warming is only 0.1 K higher in the 41
simulations ensemble, Fig. 4 and Table S6 in the online supplemental material). Seasonal
differences of up to 1.8 K are observed in warming rates. They are more pronounced at the
end of the century than in the near future, for RCP8.5 compared with RCP4.5 and for TX
compared with TN (Cattiaux et al. 2015; Lindvall and Svensson 2015). Generally speaking,
JJA (and sometimes SON) warm the most with 4.1 K [3.4 K — 4.7 K] for the 14 simulations
TNrur at the end of the century, and 4.8 K [3.9 K — 5.6 K] for TXrur. MAM warms the least,
followed by DJF with 3.4 K [3.0 K — 3.8 K] for TNrur and 3.3 K [2.9 K — 3.8 K] for TXrur
for RCP8.5.
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Fig. 4. Projected temperature change in the near and far future (2030-2049 and 2080-2099)
in comparison to the historical period (1976-2005) for the RCP4.5 (orange) and RCP8.5
(red). The black dot represent each model. In addition to the mean (blue cross), the spread of
the ensemble is represented by the percentiles 25 and 75 (boxplot) and whiskers (percentiles
10 and 90).
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Previous studies have highlighted that the EURO-CORDEX RCMs project significantly
less temperature increase than their driving CMIP5 GCMs (Boé et al. 2020, Gutiéerrez et al.
2020), especially in summer with a future temperature increase over France that is more than
1 K lower than in the GCMs (Ribes et al. 2022). Sgrland et al. (2018) have shown that non-
EURO-CORDEX-RCMs could inverse the sign of temperature changes simulated by their
driving GCMs over Europe. Even if some added-value of RCMs has been shown compared
to GCMs (e.g. over mountainous or coastal areas, or when simulating extreme weather
events) for the historical period (Rummukainen 2016, Sgrland et al. 2018, Solman and
Blazquez, 2019), the question of diverging trends between GCMs and RCMs remains open.
Two hypotheses are put forward: (1) RCMs do not incorporate the temporal evolution of
aerosols (Bartok et al. 2017; Boé et al. 2020, Gutiérrez et al. 2020), and (2) RCMs do not
explicitly model the physiological effects of vegetation under changing atmospheric CO2
concentration (Schwingshackl et al. 2019, Boé et al. 2021). That should be kept in mind when
comparing the results at the end of the century between the two scenarios, relative to the
historical period or in relation to other studies that might be based on simulations with greater

warming trends.

b. Projected Urban Heat Island and urban temperature changes

Rural areas exhibit a higher warming rate than urban areas. This is reflected by the
temporal evolution of average UHI intensities. Focusing on JJA, Fig. 5 represents the
evolution of average urban temperatures, average UHI intensities, and the 90" percentile of
UHI intensities (PooUH]I); both at night and during the day. Over the 1976-2005 period,
SURFEX simulates an average summer UHIn of 2.06 K on average [1.96 K — 2.13 K] (2.17
K [2.00 K — 2.30 K] for the 41 models; Table S7 in the online supplemental material). The
most extreme UHIn (Pgo) can reach 3.02 K [2.86 K —3.11 K] (3.23 K [2.96 K — 3.5 K] for the
41 models; Table S8 in the online supplemental material). Because of the relatively small
changes in UHI intensities compared to their natural variability over the historical period, i.e.
less than 0.2 K compared to standard deviations of up to 1 K for UHIn (not shown), the
significance of UHI changes is assessed using two-sample unpaired Wilcoxon-Mann-
Whitney rank sum tests with continuity correction (Wilcoxon, 1945; Mann & Whitney 1947),

with p.values smaller than 0.01.
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Fig. 5. Projected evolution of summer air temperature and UHI. (a) urban daily minimum
temperature, (b) urban daily maximum temperature, (c) average nocturnal UHI intensity and
(d) average diurnal UHI intensity, (e) 90™" percentile of nocturnal UHI, (f) 90" percentile of
diurnal UHI. The solid lines represent the average of the ensemble of 14 GCM/RCM couples
common to the two RCP scenarios and the shaded areas represent their spread (25" and 75"
percentiles). The horizontal lines represent the 1976-2005 averages.
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From 2030-2049, small but significant changes in UHIn average intensities are found for
9 out of 14 models for both RCPs scenarios, with different models between the two scenarios.
For RCP4.5, every model but two project a decrease of UHIn in JJA. Only CNRM-CM5—
RACMOZ22E projects a significant increase of 0.08 K and CNRM-CM5-ALADING63 a non-
significant increase of 0.01 K. The average decrease of UHIy in the 14 simulations is -0.06 K
[-0.11 K—-0.01 K] (Table S9 in the online supplemental material). For RCP8.5, CNRM-
CM5—RACMO22E projects again a significant increase of 0.07 K, as does HadGEM2-ES—
RACMO22E (+0.002 K, not significant), while the other 12 models project a decrease. The
average decrease of UHIn in the 14 RCP8.5 simulations is -0.05 K [-0.08 K —-0.04 K]. The
low UHIn differences between the two RCPs are explained by the fact that temperatures
diverge only after the 2060s between these scenarios.

By 2080-2099, similar values of UHIn to 2030-2049 are found for RCP4.5. All
simulations project a decrease of UHIn, except CNRM-CM5—RACMO22E (+0.05 K, not
significant [p.value 0.0109]) with 9 out of 13 having a significant decrease. The average
decrease of the 14 simulations is -0.07 K [-0.11 K —-0.04 K]. For RCP8.5, the trend is
intensifying in response to temperatures that continue to rise after the middle of the 21
century. All simulations except CNRM-CM5—RACMO22E (+0.01 K not significant) project
significantly lower UHIy intensities. The average decrease of the 14 simulations is -0.19 K [-
0.24 K--0.14 K] (-0.22 K [-0.29 K — -0.13 K] taking 41 simulations). Summer UHIn values
in 2080-2099 are 1.99 K [1.87 K — 2.03 K] for RCP4.5 and 1.88 K [1.74 K — 1.95 K] for
RCP8.5 (1.95 K [1.84 K — 2.02 K] for the 41 simulations; Table S10 in the online
supplemental material). The 41 simulations ensemble simulates a greater decrease of UHIy
and higher end-of-century values than the 14 simulations ensemble because it starts with
higher values over the historical period (+0.11 K). The extreme UHIy intensities (PooUHIn)
decrease more (by -0.24 K [-0.31 K- 0.21 K] (-0.33 K [-0.22 K — -0.22 K]; Tables S11 and
S12 in the online supplemental material) than the average ones leading to a change in the
shape of the UHIy distribution with a less heavy tail of very high UHI. .

During the day, SURFEX simulates slightly higher urban than rural temperature, which
leads to an average summer UHIx of 0.87 K [0.80 K —-0.94 K] (0.78 K [0.63 K — 0.90 K] for
the 41 simulations) over the historical period. Similarly to UHIn, UHIx decreases for the
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majority of models in the near future: 12 out of 14 for RCP4.5 (the decrease is significant for
8 out of the 12 simulations) and 10 out of 14 for RCP8.5 (the decrease is significant for 6 out
of the 10 simulations). Only HadGEM2-ES—RCAA4 projects a significant increase of 0.04 K
and 0.08 K in 2030-2049 for RCP4.5 and RCP8.5, respectively; the other increases are not
significant. The UHIx decrease is on average -0.05 K [-0.08 K — -0.02 K] for RCP4.5 and -
0.03 K [-0.08 K — 0.00 K] for RCP8.5 (-0.04 K [-0.09 K — 0.00 K] for the 41 simulations).

In 2080-2099, for RCP4.5, 11 of the 14 simulations project a decrease of UHIx. The other
3 are HadGEM2-ES—RACMO22E, CNRM-CM5—RCA4, and HadGEM2-ES—RCA4,
which project increases of 0.04 K, 0.03 K, and 0.04 K, respectively. The ensemble average
decrease of UHIx is -0.07 K [-0.12 K —-0.05 K]. For RCP8.5, all simulations project a
significant decrease of UHIx, except for the CNRM-CM5—RACMO22E simulation which
projects a non-significant decrease; the ensemble average UHIx decrease is -0.16 K [-0.22 K
—-0.09 K] (-0.16 K [-0.23 K —-0.07 K] for the 41 simulations). Unlike for UHIy, the more
extreme UHIx intensities (PooUHIx) do not decrease more than the average ones, but by half
as much: -0.08 K [-0.10 K —-0.02 K]. At the end of the century, summer UHIx intensities are
0.80 K [0.70 K—0.89 K] for RCP4.5 and 0.71 K [0.60 K — 0.81 K] for RCP8.5 (0.63 K [0.46
K —0.75 K] for the 41 simulations).

As noted by previous studies (Doblas-Reyes et al. 2021), the projected evolution of UHI
intensities, when changes in urbanization are not taken into account, is an order of magnitude
smaller than the regional climate warming and nighttime UHI intensities remain positive.
Consequently, these changes do not represent an improvement of thermal conditions in the
city. At the end of the century, the SURFEX simulations project that the maximum of TXya
could reach up to 27.4 °C [25.8 °C — 28.4 °C] for RCP4.5 (Table S13 in the online
supplemental material) and 30.2 °C [29.1 °C — 31.1 °C] for RCP8.5 at night (TNurg), and
40.2 °C [37.7 °C - 41.9 °C] and 43.9 °C [40.8 °C — 46.5 °C] during the day (TXurs); with the
maximum of the ensemble drawing near the 50 °C threshold (49.5 °C by RCA4 driven by
IPSL-CM5A-MR).

The projected UHI decreases may result from a divergent response of urban and rural
areas to changing climate forcings. To clarify the mechanisms involved, changes in

temperature patterns over the region are investigated.

Fig. 6.a represents the ensemble average summer UHIn maps for the historical period, i.e.
the difference between air temperature at each point and the average rural temperature (Fig.
22
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S2 in the online supplemental material for the 41 ensemble maps). During the historical
period, the highest TN match the most urbanized areas with values being 2.6 K above the
rural temperature at some grid points. Urban effects are combined with a regional warming
gradient from the north-west to the south-east, found in all simulations with only varying
magnitudes. The maps of UHIn differences projected at the end of the century for both
scenarios (Fig. 6.c,e) show that the south-east of the domain warms faster than the north-west
of the domain and also faster than the city. The difference in warming rates is quite small but
apparent in most simulations. It is up to 0.1 K for RCP4.5 and 0.18 K for RCP8.5 between
2080-2099 and 1976-2005. On the other hand some parts of the city warm 0.3 K less than
the rural areas for RCP8.5.

During the day (Fig. 6.b), the historical regional temperature gradient is less pronounced,
and the urban-rural contrasts smaller. The same areas that are warming faster at night also
warm faster during the day, but the magnitude of the warming rate is smaller. For both night
and day, a small transition area appears in the south-west—north-east diagonal of the domain
(points in Fig. 6.c to 5.f) where the simulations do not agree on the sign of the temperature
change (less than 2/3 of the models).

To understand the reason behind the intensification of the regional temperature contrasts,
the changes in LWT occurrence frequencies, in summer precipitation, in the soil moisture

content, and in the surface energy balance are investigated.
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Fig. 6. Average seasonal UHIn and UHIx maps for JJA over the historical period 1976—
2005 and differences in 2080-2099 for scenarios RCP4.5 and RCP8.5 and the 14 simulations.
Daily UHI maps are obtained by subtracting TNrur/TXrur from the temperature field. The
gray areas represent points with more than 5% water body coverage that are removed. The
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gray dots represent points where less than 66% of the models (10/14) agree on the sign of the
change.

5. Investigation of physical mechanisms potentially explaining the projected

UHI decrease

Multiple studies have looked at the projected evolution of UHIs around the globe, using
GCMs (McCarthy et al. 2010; Oleson et al. 2011; 2012; Fischer et al. 2012), RCMs
(McCarthy et al. 2012; Hamdi et al. 2015; Lauwaet et al. 2015a; Lauwaet et al. 2015b; Zhao
et al. 2018; Sharma et al. 2019; Lo et al. 2020), Convection Permitting Models (CPM; Keat et
al. 2021; Keppas et al. 2021; Lind et al. 2022), LSMs (Lemonsu et al. 2012; Hamdi et al.
2014; Nogueira et al. 2020; Duchéne et al. 2022) and statistical downscaling methods
(Hatchett et al. 2016; Sachindra et al. 2016; Hoffmann et al. 2018). They project different
trends depending on the area of the globe (i.e. climatic region) and the city. Results are
sensitive to the approach used (dynamical versus statistical downscaling) but nevertheless
show small UHI changes when compared to the regional warming: between less than a
degree (Lauwaet et al. 2015b) to 1 K (Zhao et al. 2018). Several hypothesis have been put
forward to explain the relatively small changes of UHI over the 21" century. Oleson et al.
(2011) explain the decrease of UHIn around the world by an increased amount of long-wave
radiation coming from higher future temperatures, which warms rural areas more than urban
areas because of different ground heat storage capacities (Oleson et al. 2011; 2012; Fischer et
al. 2012). Furthermore, Lauwaet et al. (2015b) noted that at night, due to stronger thermal
inversions over rural areas, the extra heat is trapped closer to the surface, whereas over the
city more mixing occurs and energy is distributed over a greater vertical extent. Lemonsu et
al. (2012), Lo et al. (2020), and Keat et al. (2021) attributed the UHIs changes to drier soils in
the future climate, which is due to changes in spring/summer precipitation and increased

temperature.

a. Projected future change of local weather types

An aspect little investigated by previous studies is a potential change in weather patterns
that might influence the UHI evolution. Ozturk et al. (2021) have shown that the EURO-
CORDEX ensemble projects small changes in summer wind fields over Europe but with a
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significant increase in mean sea level pressure over the northern Atlantic with a strengthening
of the Azores anticyclone, which could increase the occurrence frequencies of LWTs
associated with wind coming from the North. Additionally, Rgste and Landgren (2022) noted
a significant increase of north-westerly flows for half of the ensemble members, a decrease of
the Central-Eastern European high, the Scandinavian low and of south-southeasterly flow in

summer.

In this study, the 14 simulations ensemble simulates a systematic increase of the
frequency of LWT12 (north-east; +13% [7% — 18%]) and LWT9 (north-west; +8% [6% —
10%]) for RCP8.5 (+6% [5% — 8%] and +4% [3% — 5%] for RCP4.5), which are associated
to medium and high UHIn, respectively, (Le Roy et al. 2021). This could lead to an increase
of UHIn in the future. Changes in atmospheric temperature fields at 50 m above the surface
(built with the SDD) between 1976-2005 and 2080-209 are shown in Fig. 7 for summer at 3
UTC (Fig. S3 in the online supplemental material for the 41 ensemble maps). In contrast to
near-surface temperature presented in Fig. 6, there is no change over the city, only an
intensification of the regional gradient is found. The same is observed during the day (15
UTC, Fig. 7.d,f). Consequently it appears that the change of LWT frequencies is not
responsible for the UHI changes projected in the future, at least not via its effect on the air

temperature forcing.
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a) UHIy5 JJA 1976-2005 (14)

b) UHI5 JJA 1976-2005 (14)
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Fig. 7. Average seasonal forcing UHI maps (50 m) at 03 UTC and 15 UTC for JJA over
the historical period 1976-2005 and differences in 20802099 for scenarios RCP4.5 and

RCP8.5 and the 14 simulations.
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b. Future evolution of precipitation and soil moisture

Lemonsu et al. (2012), Lo et al. (2020), and Keat et al. (2021) also found that future
temperature increases faster in rural areas than in the city and hypothesized that it could be
due to a decrease in the soil moisture content in the future because of decreasing precipitation
in spring and summer. Projections of precipitation over France show uncertain evolution
during the winter but significant decrease during the summer associated with increased risks
of droughts (Spinoni et al. 2018). The EURO-CORDEX ensemble average projects a
decrease in average daily rainfall for JJAS at the end of the 21" century for both scenarios,
that is the most pronounced in July and August and greater for RCP8.5 than for RCP4.5.
Some models project a decrease during JJA following a maximum in May, while the others
project a later driest period extending to September. Focusing only on JA, the ensemble
average (14 simulations) decreases by 30% [-39% — -25%] (from 2.2 mm.day™ [1.8 mm.day™*
— 2.5 mm.day?] to 1.6 mm.day? [1.1 mm.day?* — 1.7 mm.day™]).

The precipitation from the RCMs is applied uniformly over the SURFEX domain,
without downscaling. However, its seasonal variability and its evolution with climate change
can impact the soil moisture content simulated by SURFEX. Fig. 8 shows the yearly cycle of
the amount of liquid water in the ground (WG) simulated by SURFEX for all natural areas
surrounding the city. It follows the seasonal cycle of precipitation with maximum amounts in
winter (around 36%) and minimum at the end of the summer (around 28%). In DJF, WG is
almost identical across simulations. The soil is saturated and WGpyr is insensitive to the
differences in precipitation between the RCMs. During JJA, WG is lower due to decreasing
precipitation and increasing demand from vegetation for evapotranspiration. The evolution of
WG follows that of precipitation with a one-month lag for all simulations, except for CNRM-
CM5—RCAA4. The average decrease of WGya is -0.7% [-1.3% — -0.1%] (from 28.5% [27.3%
— 29.5%)] to 27.8% [27.4% — 27.9%]) for RCP4.5 compared to -1.5% [-2.1% — -0.8%] (from
28.5% [27.3% — 29.5%] to 27% [26.4% — 27.7%]) for RCP8.5. All simulations simulate a
decrease of WGysa, except for CNRM-CM5—KNMI-RACMO22E, which, in contrast to all
other models simulates an increase of MJJAS precipitation. This leads to a much smaller
WGi;a decrease of -0.8% and -0.1% for RCP4.5 and RCP8.5, respectively.
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Fig. 8. Historical (a) and future monthly precipitation amounts and fractions of ground
water for RCP4.5 (b) and RCP8.5 (c). Barplot represent the ensemble average of monthly
precipitation, error bars the spread of the ensemble (interquartile range). The line represent
the ensemble average of ground water fraction and the shaded area the spread of the
ensemble. Historical values are also represented on the future plots (black).

c. Future evolution of the summer Surface Energy Balance

The amount of energy received by the surface is expected to be altered in the future due
to changes in incoming long-wave radiation (L|) associated with higher air temperature and
possible changes in incoming shortwave radiation (S|) resulting from evolution of cloud
cover conditions or aerosols, although their evolution through the 21" century might not be
well represented by the CORDEX RCMs (Boé et al. 2020). Even with more upwelling long-
wave radiation (L1) — enhanced by higher future surface temperatures — all simulations
project greater net allwave radiation (Q*) for 2080-2099 than for1976-2005. The different
ways this additional energy is distributed between sensible heat (Qn), latent heat (Qg) and
ground heat (Qg), as well as the difference between urban and rural response, could explain

the projected UHI evolution.

The future changes in S| and ST come from RCMs only because the SDD is not applied
to these variables and because the land cover does not evolve during the whole period (no
changes in albedo). S| in the 14 RCMs increases by 13 W.m™? [5.9 W.m — 18.2 W.m?] from
226 W.m2 [210 W.m™% — 241 W.m?] to 239 W.m2 [221 W.m2 — 256 W.m?] for RCP8.5. L|
is also taken from the RCMs but is modified by the SDD which takes into account the
modification of the air temperature above the canopy by the city and keeps the original
apparent air emissivity of the RCMs (Unsworth & Monteith, 1975; Sedlar & Hock 2009).
Because of higher air temperature, L| simulated by the RCMs is projected to increase by 26.6
W.m?[23.5 W.m? —27.1 W.m?] from 349 W.m? [347 W.m? — 352 W.m?]. The

29
File generated with AMS Word template 2.0

Accepted for publication in Journal of Applied Meteorology and CIimatoIogR/. DOI 10.1175/JAMC-D-23-0145.1.

Brought to you by Meteo-France | Unauthenticated | Downloaded 06/28/24 06:37 AM UTC



contribution induced by the local warming derived from the SDD should only represent a few
W m because the increase in air temperature forcing resulting from a change in LWT

frequencies in SDD remains less than 0.3 K on average.

Table 3 compiles average summer components of the SEB for 1976-2005 and 2080-2099
for RCP8.5 both in urban and rural areas (Fig. 9). Historical UHIn intensities come from the
combination of (1) greater Qg values (urban-rural difference of +7.9 W.m-2 [7.7 W.m? —
10.3 W.m]) over the city (35 W.m2 [33 W.m2 — 40 W.m]) than over rural areas (27 W.m
[25 W.m™2 — 30 W.m™?]), (2) higher Qn values (urban-rural difference of 38.2 W.m [35.7
W.m? —41.8 W.m]) — that include anthropogenic fluxes (Qr), and (3) conversely lower Qe
(urban-rural difference of -45.4 W.m [-52.2 W.m™ — -40.0 W.m]). This highlights the
greater capacity of the city to capture heat during the day and restore it during the night thus
limiting the cooling of the air near the surface and its lower ability to cool through

evaporative processes (Nunez and Oke, 1977).

Qu (W.m?) Qe (W.m?) Qe (W.m?) B=Qn/Qe

Urb |98 [89 —109] 84 [75—94] 35 [33 - 40] 1.17
1976-2005 |Rur |60 [47 — 69] 129 [115 - 145] 27 [25 - 30] 0.46

Dif |38.2[35.7— 41.8] |-45.4[-52.2—--40] |7.9[7.7-10.3] 0.71

Urb |119 [110 — 134] 75 [62 — 87] 43 [37 - 50] 1.59
2080-2099

Rur |81 [71-98] 116 [97 — 135] 31[26 - 35] 0.70
RCP8.5

Dif |37.4[34.1-40.6] |-41.4[-48.6- -35] |12.4[11.2—-15.6] |0.89

Urb (20.2[11.4-30.3] |-9.1[-142--29] |8.1[7.5-9.8] 0.42
Difference |Rur |21.1[10.2 -32.2] |-13.1[-19.6--5.8] |3.6 [2.7 —4.8] 0.24

Dif |-0.8[-2.2-1.7] 4[1.9-5.9] 45[3.5-54] 0.18

Table 2. Summer ensemble average (and interquartile range) of the components of the
Surface Energy Balance over urban and rural areas for the historical period 1976-2005 and
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the end of the century 2080-2099 (under RCP8.5). Are also presented the difference between
urban and rural areas, as well as the difference between the two periods.

a) WG JJA 1976-2005 (14) b) AWG JJA 2080-2099 RCP8.5 (14)
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Fig. 9. Average seasonal maps for JJA over the historical period 1976-2005 and change
in the future for RCP8.5 for soil water content (WG, a, b), latent heat flux (QE, c, d), sensible
heat flux (QH, e, f) and ground heat flux (QG, g, h)

Summer UHIn and UHIx intensities are produced by different mechanisms as can be seen
by the absence of a significant correlation between them over the historical period (not
shown). Since there is also no significant correlation between their changes in future climate
(AUHIN and AUHIY), it is therefore expected that their change in the future is also governed
by different physical processes. Fig. 10 represents average changes in summer UHIs and their
relation to changes in other variables. AUHIN is most correlated to ALWrcwm (a) at least for
RCP8.5 (r2 = 0.32; p.value < 0.05) in agreement with Oleson et al. (2011) and Lauwaet et al.
(2015b)‘s findings. During the day (e), the inverse effect is noted for RCP4.5 (1> =0.31;
p.value < 0.05); the main drivers are AQw,urs (f) and AQe,urs (g). Over the whole domain,
Qn is expected to increase at the expense of Qg, because of the projected decrease of WG
associated with lower precipitation, resulting in an increase of the Bowen ratio (B = Qn / Qg).
Ba;a increases more in absolute terms in the urban areas than in the rural surroundings (+0.42
vs. +0.24, see Table 3), but in relative terms, it increases by 52% in rural areas comparing to
36% in urban areas. Similarly to Oleson et al. 2011, 2012 and Fischer et al. 2012°s findings,
the increase of LW is also linked to increasing Qg in the future, both over urban and rural
areas. Even at the end of the century, Qgc,ure remains greater than Qg rur and so do AQg,urs
and AQgrur (both in absolute or relative terms), which should in theory translate to an
increase of UHIn (because of more heat being stored during the day in the city and released at
night). Nevertheless, some of the simulations projecting the greatest increase in Qg are also
those with the greatest decrease of WG (d, h). Consequently, while TNurs is expected to
increase because of the release of Qg at night, TNrur increases faster because the soil dries

out, reducing the cooling potential through evapotranspiration of the vegetation.

32
File generated with AMS Word template 2.0

Accepted for publication in Journal of Applied Meteorology and CIimatoIogR/. DOI 10.1175/JAMC-D-23-0145.1.

Brought to you by Meteo-France | Unauthenticated | Downloaded 06/28/24 06:37 AM UTC



1 1
00+ & = = = = _ SIS CRunge [N O A S e 00 === = === = == _ M 00t e e e e ==
. ! = N
: 01 [ ] g 1 L g C L] g 0.1 ! \Qz.
= - . =z . ] =z (1] =z 1 e u
T {8 - T ! n @ L ] - T ! ~H
= [ S o0z4 1 [ N S oz [ I | S g2d 1 -
< LA =l l 5, " < . '] = "
LR ! [ u ; - ® RCP45
0.3 L] = 341 n 4 u 034 1 -
u | ] u \ B RCP85
. " . | T ' v ' ' | T S e S
10 20 30 0 10 20 30 Zl -10 0 0 2 4 6 8 10 12 14
e -2 2
ALWeey (W.m™) AQyurp (W.M™) AQe yrs (Wm ) AQg yra (W.m?) AWG (%)
2
1
€) f) g) h) 0
. . -
. : 3
004 = = = p'= g=-=-===- ) 4= -h!. .................... . 104 tbm === m——-——- 2
[ ] N B ] - r 5
—_ || —_ | e —_ s — ! u 6
¥ 01 Uy X ! n X .01 ] j‘ X 011! ggn 4
x x ! x 7 x s s
T A I 1 L] I LIPS ¢ I 1 L ° L] o
=] 024 1 .2 1
a 02 " a 021 Sl | 3 02 e = R =
[] | w m s \ n
0 ] ! ] ™ L7 m ) ! u
1 1
., | + . n u : : | r
10 20 30 0 10 20 30 20 -10 0 0 2 4 6 8 10 12 14
2. -2 -2,
ALWgcy (W.m™) AQy ure (W.M™) AQg yrs (W.M™) AQg ura (W.m™?)

Fig. 10. Potential drivers of summer Urban Heat Island intensities change at the end of
the century (2080-2099) compared with the historical period (1976-2005) for two emission
scenarios (RCP4.5, orange circles and RCP8.5 red squares). Rows: nighttime and daytime
summer Urban Heat Island intensities. Columns: all hours downwelling long-wave radiation
(a,e), daytime urban sensible heat flux (b,f), daytime urban latent heat flux (c,g), daytime
urban ground heat flux and all hours rural ground water content (d,h). Linear regression lines
are displayed when significant (0.01 < p.value < 0.05).

6. Conclusion

The statistical-dynamical downscaling approach developed by Le Roy et al (2021) has
been applied to the large ensemble of EURO-CORDEX regional climate projections for the
two RCP4.5 and RCP8.5 scenarios to refine them to the urban agglomeration scale by adding
the impact of the city of Paris on the regional climate simulated by the RCMs. These forcings
are used to drive the SURFEX land surface model coupled to the TEB urban canopy model in
order to carry out simulations at 1 km resolution over the Tle-de-France administrative region
and the period 1970-2099.

The urban simulations have been evaluated against different datasets taking account of
urbanization, especially for air temperature. Similar biases than those inherited from the
RCMs have been found in the downscaled data, with TN too high and TX too low. More
importantly, different biases have been found for the city and its surroundings, resulting in an
underestimation of UHIn of 0.6 K and an overestimation of UHIx of 0.3 K (-1.4 K and +0.3
K for the 90" percentiles). Changes in TN and TX are then analyzed over the century
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focusing on the two periods 2030-2049 and 2080-2099. In the near future, TNurs and TXurs
are expected to increase in similar proportions for both scenarios. At the end of the century,
there are greater differences in warming between TN and TX and between the scenarios. The
season with the greatest warming is JJA for TN (4.0 K) and TX (4.6 K). The rural warming is
almost identical to that predicted by the RCM on average, but important spatial variations and
urban-rural contrasts are noted. In JJA, urban warming is weaker than rural warming for TN
and TX, resulting in a significant decrease in UHIn and UHIx of -0.19 K and -0.16 K,
respectively for RCP8.5 in 2080-2099. Various mechanisms have been studied to explain
these changes. The impacts of the change in mesoscale circulation already noted by previous
studies and their impact on local weather conditions were found to have an effect on regional
temperatures with an intensification of a north-west to south-east gradient, but not in the city.
Future summer rainfall decreases in the RCMs, leading to a decrease in soil moisture content,
but none of the variables or their future change were correlated with UHIn (unlike UHIx). All
RCMs project an increase in net radiation and ground heat flux in urban areas, which could
potentially lead to an increase in UHIn. However, this is counterbalanced by lower soil
moisture in rural areas leading to a stronger increase of rural air temperature compared to
urban air temperature. Two different processes are found to compensate each other: on the
one hand, the increase of ground heat flux due to a greater amount of incoming shortwave
radiation and, on the other, the decrease in precipitation leading to lower soil moisture values.
This could explain the difficulty of previous studies in agreeing on the sign of change in

future UHIs around the world when looking at different cities or using different approaches.

Nevertheless, as noted by previous studies, the decrease of UHIy is an order of magnitude
smaller than the projected increase of regional air temperature and urban areas remain
warmer than rural ones in the future. At the end of the 21% century, the JJA-averaged urban
temperatures could reach up to almost 20 °C at night (19.7 °C) and close to 30 °C during the
day (28.2 °C).

The high-resolution urban simulations carried out as part of this study have made it
possible to analyze the expected changes in temperature and UHIs in the future, but they will
also be used to study various impacts of climate change in Paris, such as changes in the
thermal comfort of residents (via the Universal Thermal Climate Index, UTCI) or changes in

the energy consumption of buildings due to heating and cooling.
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SUPPLEMENTAL MATERIALS LE ROY ET AL. 2024

Table S1. List of the Global Climate Models that were downscaled by the EURO—CORDEX

ensemble used in the

resent study.

Modeling Center
CNRM-CERFACS
ICHEC

IPSL

MOHC

MPI-M

NCC

Global Climate Model

CNRM-CM5

EC-EARTH

IPSL-CM5-MR

HadGEM2-ES

MPI-ESM-LR

NorESM1-M

Reference

Voldoire et al. (2013)
Hazeleger et al. (2010; 2012)
Dufresne et al. (2013)
Collins et al. (2011)
Giorgetta et al. (2013)

Bentsen et al. (2013) and Iversen et al.

(2013)

Table S2. List of the Regional Climate Models from the EURO-CORDEX ensemble used in

the present study.

Modeling Center
CNRM
CLMcom-ETH
DMI

MOHC

KNMI

SMHI

ICTP

GERICS

Regional Climate Model
ALADING63
COSMO—-crCLIM—-v1-1
HIRHAMS
HadREM3-GA7-05
RACMO22E

RCA4

RegCM4-6

REMO2015

Reference
Daniel et al. (2019)
Serland et al. (2021)

Christensen et al. (2007)

van Meijgaard et al. (2008; 2012)
Samuelsson et al. (2015)
Giorgi et al. (2012)

Jacob et al. (2012)
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Fig. S1 Average warming statistics obtained by resampling 10,000 times n simulations from
the full ensemble of 41 simulations (blue) and the subset of 14 simulations (red). Warming is
computed between 20802099 and 1976-2005 under scenario RCP8.5 for TN and TX and for
ANN, DJF and JJA. Following the boostrap resampling approach of Mezghani et al. (2019).
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A. Correction of Regional Climate Model outputs

Given that one of the goal of the downscaling framework is to be able to produce impacts
indicators related to air temperature such as energy consumption of buildings or thermal
comfort of inhabitants, the RCMs need to be corrected. The choice is made to apply a simple
correction scheme that changes the occurrence frequencies of LWTs simulated by the RCMs
as little as possible. Given that the LWTs are defined using daily thermal amplitude (dT) we
therefore correct the daily average temperature (TM) as to not change dT. Monthly averages
of TM are computed over the period 1976-2005 (12 values) for each RCM and compared to
the one obtained using the AURELHY spatialized observation dataset. AURELHY points are
selected in the same way as EURO—CORDEX ones: as the average of a ring between 30 and
60 km on each dataset native grid. Monthly TM biases are then computed and used to correct
(1) daily TN and TX over the whole period 1970-2099 and (2) 3-hourly air temperature

based on the month.

Two other variables related to air temperature are also corrected. Longwave radiation is
modified according to the corrected air temperature and to keep the original emissivity of the
RCM (LW.or = £0i6Teor'). Likewise, the specific humidity is corrected to keep the relative
humidity simulated by the RCM. Now, since the daily average specific humidity is also used
to define the LWTs it is also modified, which has only a slight impact on the occurrence

frequencies of LWTs.

Note that the daily average specific humidity of a day might be different than the average
of the 3—hourly values of the same day depending if it is a diagnostic directly computed by
the model or post processed afterwards. To take that into account we compute the ratio of
daily average specific humidity to average of 3—hourly specific humidity for each day and use

it to find the corrected value.
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B. Adaptation of the statistical-dynamical downscaling for the production

of atmospheric forcings

Le Roy et al. (2021a) developed a statistical-dynamical downscaling (SDD) approach to
reconstruct 2—meters Urban Heat Island (UHI) maps over the period 2000-2009. Here the
method has been extended to produce atmospheric forcings that can then be used to drive the

Land Surface Model SURFEX (Table S3).

Table S3. Description of the climate data required for the SURFEX forcing and the
downscaling reconstruction. RCM denotes the values provided by the RCM, Meso—NH the
spatialized fields calculated from the high-resolution simulations, and SPA the spatialized
field combining RCM and Meso—NH. Adapted from Le Roy (2021Db).

Variable Unit Source Resolution
Air temperature (K) £ (Trem, Tviesonn) 1 km
Atmospheric pressure (Pa) /' (PSrem, PSmesonn) 1 km
Longwave radiation (W.m=-2) |f(LWrewm, Tspa) 1 km (€rcm™* uniform)
Air specific humidity (kg.kg—1) |f (Urem™*, Tspa, PSspa) | 1 km (Urcn™* uniform)
Liquid precipitation rate (mm.s—1) | (RRrem, Tspa) 1 km (RRgrcm uniform)
Solid precipitation rate (mm.s—1) | (RRrem, Tspa) 1 km (RRgrcm uniform)
Direct shortwave radiation |(W.m—-2) [SWgewm Uniform
Diffuse shortwave radiation |(W.m—2) |[SWgem Uniform
Wind speed (m.s—1)  |FFrem Uniform
Wind direction ) Constant Uniform

* grcm refers to the apparent emissivity of the air defined by€ RCMZLZV#, with 0 =

RCM

5.670374419% 10°* W.m>.K™".

** Urcwm refers to the absolute humidity of the air.
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1 Attribution of a Local Weather Type and the associated urban footprint

Daily variables are extracted from one Regional Climate Model of the EURO-CORDEX
ensemble, corrected, and used to define the Local Weather Types (LWT) of each day, in the
historical period as well as in the future. The necessary variables for the LWT attribution are:
thermal daily amplitude, daily average specific humidity, precipitation, wind speed and

direction.

A “Meso—NH day” (see Le Roy et al. 2021a) is associated to each day based on the LWT
that was attributed. The urban footprint on air temperature at different heights (starting at 2

m) is available for every hour of each “Meso—NH day”.

11. Computation of missing variables

Some variables required to drive SURFEX are not provided by the EURO-CORDEX
ensemble: the separation of precipitation into snow and rain, and the separation of the

downwelling shortwave radiation into direct and scattered.

Following Jennings et al. (2018) analyses of the rain—snow temperature threshold across
the Northern Hemisphere we consider that if the air temperature is inferior to 1 K, the total

precipitation is defined as rain and snow otherwise.

To separate the downwelling shortwave radiation we use the statistical model by Erbs et

al. (1982).

1II. Correction of the height of the RCM outputs

Three hourly variables are extracted and corrected from the EURO—-CORDEX ensemble.
They are located near the surface (2 m) and need to be corrected to the desired forcing height
(50 meters in our case). First the wind speed is corrected using a logarithmic wind profile
with a standard zero displacement height for vegetation. Then the height correction is done
following the method developed by Lemonsu et al. (2012): SURFEX is forced a first time
over a typical natural point using the 2 m outputs from the RCM but prescribed at the desired
height (50 m). The difference between the SURFEX output (2 m air temperature) is then used

to correct the original forcing (RCM); the simulation is carried out again with this time the
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corrected RCM outputs. 3 iterations of simulations are enough for the temperature to
converge. For the first iteration the original wind speed of the RCM is used, afterwards the
corrected 50 m values are used. After each iteration the specific humidity is adjusted with the
new air temperature to keep the original relative humidity of the RCM. The same thing is
done for downwelling long—wave radiation to keep the apparent air emissivity of the RCM

(Unsworth & Monteith, 1975; Sedlar & Hock 2009; Lauwaet et al. 2015).

1V. Addition of the urban footprint to the RCM outputs

We now have 50 m three—hourly variables with no urban effect. The urban footprint is
added on air temperature, as well as atmospheric pressure, using the “Meso—NH day” hourly
values of step 1. Given that the nighttime UHI is influenced by the atmospheric conditions of
the previous day the correction is made from 9 UTC to 6 UTC the following day. Following
what was done in step 3, humidity, long—wave radiation and snow and rain are spatialized
using the new temperature incorporating the urban footprint. For the other variables
(shortwave and wind speed) we simply apply the RCM values uniformly over the domain.
We end up with 3—hourly 1-km horizontal resolution maps for the variables listed in Table

S3.
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Table S4. TN, TX and TM biases of the ensemble of 41 simulations (average and inter
quartile range) before and after the correction of TM over the period 1976-2005.

TX ™
Before TM After TM Before TM After TM Before TM
correction correction correction correction correction
DJF 0.5[-0.1-1.2] | 03[0.0-0.7] | -0.2[-0.7-0.5] | -0.3[-0.7—-0.1] | 0.2 [-0.4—0.7]
MAM 03[-04-15] | 0.7[0.5-1.0] |-1.1[-2.1--0.3]|-0.7[-1.0—-0.5] | -0.4 [-1.0 — 0.6]
JJIA 0.7[-03-14] | 1.0[0.7-1.3] |-1.3[-2.5--0.3]|-1.0[-1.3—-0.6] | -0.3 [-1.4 —0.5]
SON 04[-04-12] | 07[03-1.0] |-1.1[-1.7--0.5]|-0.7[-1.0—-0.3] | -0.4[-0.8 —0.2]
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Table S5. As for Table 1 in main document: average temperatures and UHI intensities for all
the summer days over the period 2000-2017, plus averages of the days with UHIy and UHIx
above their respective 90" percentiles.

Observation | Simulation |Simulation |Bias (14) |Bias (41)
(14) 41)
TNurs (°C) [15.4 16.3 16.4 +0.8 +1.0
TNrur (°C) |12.7 14.2 14.2 +1.5 +1.6
All JJA UHIy (°C) |2.8 2.1 2.2 -0.7 -0.6
days (2000-
2017) TXurs (°C) |24.8 24.1 24.0 -0.7 -0.8
TXrur (°C) [24.4 23.2 23.3 -1.2 -1.1
UHIx (°C) |0.5 0.9 0.8 +0.4 +0.3
TNws (°C) |16.6 15.5 16.0 -1.1 -0.6
JJA days
with UHIN | TNgur (°C) [11.3 12.2 12.4 0.8 1.1
> PyoUHIn
UHIx (°C) |5.2 34 3.6 -1.8 -1.6
TXurs (°C) |26.1 23.8 233 -2.3 -2.8
JJA days
with UHIx | TXrur (°C) |24.3 22.0 21.6 -2.3 -2.7
> PooUHIx
UHIx (°C) |1.6 1.7 1.7 +0.1 +0.1
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Table S6. Projected rural temperature change in the near and far future (2030-2049 and
2080-2099) in comparison to the historical period (1976-2005). In addition to the mean, the
spread of the ensemble is represented by the percentiles 25 and 75.

TNrkur TXrur
2030-2049 2080-2099 2030-2049 2080-2099
ANN [12]1.0-12] 19[1.7-22] |[12[1.0-13] 2.0[1.7-22]
DIF [12[1.0-13] 2.0[1.7-2.1] |LI[L.1-13] 1.9[1.8-2.0]
RCP4.5(14) MAM [1.0[09-12] 1.7[1.5-19] [1.0[0.9-13] 1.5[1.5-1.7]
A |12[1.0-15] 20[1.7-23] |L3[L1-17] 2.1[1.7-2.5]
SON [12[1.0-13] 2.1[1.9-22] [1.3[1.0-1.7] 23[1.9-2.8]
ANN [1.2[1.0-14] 3.6[3.2-3.8] [13[0.9-1.5] 3.8[3.3-4.5]
DIF |12[1.0-14] 3.4[3.0-3.8] |1.2[0.9-14] 3.3[2.9-3.8]
RCP8.5(14) MAM [1.0[0.9—-1.1] 3.0[27-3.4] [09[07-12] 2.9[2.4-3.3]
A [14[1.0-17] 4.1[34-47] |1.4[08-1.8] 4.8[3.9-5.6]
SON [1.4[1.1-15] 3.8[33-4.1] [1.5[1.1-1.8] 4.1[3.4-4.4]
ANN [13[1.1-16] 3.7[33-4.0] |13[L.1-15] 3.9[3.4—4.4]
DIF |14[1.0-18] 3.6[3.0-4.1] |13[1.0-14] 3.6[3.1-4.0]
RCP8.5 (41) MAM |[1.1[0.9-1.3] 3.2[28-3.5] [0.9[0.9-1.0] 3.0[2.7-3.3]
A [14[1.0-16] 42[3.7-4.6] |13[1.0-1.6] 4.7[4.3-52]
SON [1.5[1.2-1.5] 4.1[3.4-4.1] [1.5[1.1-1.8] 4.3[3.5-4.6]
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Table S7. Average UHI over the historical period (1976-2005) for the 14 and 41 simulations
ensemble. In addition to the mean, the spread of the ensemble is represented by the

ercentiles 25 and 75.

UHIx

19762005

UHIx

1976-2005

DJF

MAM
Historical (14)

JJIA

SON

2.40 [2.19 - 2.55]
2.52[2.29 - 2.67]
2.06[1.96 - 2.13]

2.32 [2.26 - 2.36]

2.01 [1.78 — 2.05]
1.33[1.12 - 1.2]
0.87 [0.80 — 0.94]

1.36 [1.15 — 1.25]

DJF

MAM
Historical (41)

JIA

SON

2.43[2.14-2.63]
2.62 [2.36 —2.79]
2.17 [2.00 — 2.30]

2.49[2.28 —2.71]

2.02 [1.75 - 2.34]
1.34[1.15 - 1.44]
0.78 [0.63 — 0.90]

1.32[1.14 - 1.32]

Table S8. Same as table S4 but for the 90" percentile of UHI instead of the average UHL

PooUHIn

19762005

PyUHIx

19762005

DJF

MAM
Historical (14)

JJIA

SON

3.57[3.34 — 3.84]
3.86 [3.64 — 4.1]

3.02 [2.86 —3.11]
3.41[3.29 - 3.42]

3.21[2.85 - 3.32]
1.97 [1.63 — 2.03]
1.47 [1.38 — 1.46]
2.27[1.92-2.18]

DIJF

MAM
Historical (41)
JJIA

SON

3.69 [3.25 — 4.03]
4.11 [3.78 — 4.58]
3.23 [2.96 — 3.5]

3.72 [3.37 - 4.15]

3.17 [2.72 - 3.69]
2.01[1.67—2.18]
1.41 [1.31 — 1.45]

2.25[1.94 - 2.42]
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Table S9. Projected average UHI change in the near and far future (2030-2049 and 2080—
2099) in comparison to the historical period (1976-2005). In addition to the mean, the spread
of the ensemble is represented by the percentiles 25 and 75.

AUHIx

2030-2049

2080-2099

AUHIx

2030-2049

2080-2099

-0.02 [-0.05 — 0.01]
-0.02 [-0.07 — 0.03]
-0.06 [-0.11 — -0.01]

-0.03 [-0.05 — 0.00]

-0.03 [-0.06 — 0.01]
-0.04 [-0.09 — 0.00]
-0.07 [-0.11 — -0.04]

-0.08 [-0.12 — -0.05]

-0.08 [-0.11 — -0.04]
0.00 [-0.01 —0.01]
-0.05 [-0.08 — -0.02]

-0.04 [-0.06 — -0.02]

-0.12 [-0.13 —-0.10]
0.00 [-0.01 — 0.01]
-0.07 [-0.12 — -0.05]

-0.06 [-0.09 — -0.02]

-0.03 [-0.06 — 0.01]
-0.02 [-0.07 — 0.02]
-0.05 [-0.08 — -0.04]

-0.05 [-0.09 —-0.01]

-0.03 [-0.07 — 0.05]
-0.11 [-0.23 — 0.00]
-0.19 [-0.24 — -0.14]

0.14[-0.21 —-0.07]

-0.10 [-0.15 — -0.06]
-0.01 [-0.02 — 0.00]
-0.03 [-0.08 — 0.00]

-0.04 [-0.07 — -0.02]

-0.13 [-0.2 — -0.10]
0.00 [-0.03 — 0.02]
-0.16 [-0.22 — -0.09]

-0.10 [-0.12 — -0.08]

DJF
RCP4.5 MAM
14 A
SON
DJF
RCPg.5 MAM
14 A
SON
DJF
RCPg.5 MAM
@D A
SON

0.00 [-0.05 — 0.05]
-0.02 [-0.07 — 0.02]
-0.07 [-0.11 — -0.04]

-0.05 [-0.09 —-0.01]

0.02 [-0.04 — 0.07]
-0.10 [-0.17 — -0.03]
0.22 [-0.29 — -0.13]

-0.14 [-0.19 — -0.06]

-0.08 [-0.12 — -0.02]
0.00 [-0.01 — 0.02]
-0.04 [-0.09 — 0.00]

-0.05 [-0.07 — -0.02]

-0.13 [-0.22 — -0.07]
0.02 [-0.02 — 0.06]
-0.16 [-0.23 —-0.07]

-0.10 [-0.13 —-0.08]
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Table S10. Projected average UHI in the near and far future (2030-2049 and 2080-2099) in
comparison to the historical period (1976-2005). In addition to the mean, the spread of the
ensemble is represented by the percentiles 25 and 75.

UHIx

2030-2049

2080-2099

UHIx

2030-2049

2080-2099

2.38[2.21 -2.52]
2.50 [2.31 - 2.60]
2.01[1.92 —2.03]

2.29[2.21-2.31]

2.37[2.19 — 2.49]
2.48[2.31 —2.55]
1.99 [1.90 — 2.03]

2.24[2.17 - 2.25]

1.94 [1.69 — 1.94]
1.33 [1.13 - 1.18]
0.83 [0.75 — 0.88]

1.33[1.13 - 1.25]

1.89 [1.68 — 1.85]
1.33 [1.11 - 1.20]
0.80 [0.70 — 0.89]

1.30 [1.10 — 1.24]

2.37[2.18 - 2.51]
2.49[2.32 - 2.59]
2.01[1.91 —2.03]

2.27[2.20 - 2.30]

2.37[2.27 - 2.48]
2.41[2.27 - 2.46]
1.88 [1.74 — 1.95]

2.18[2.11 -2.19]

1.91 [1.69 — 1.94]
1.32[1.10 - 1.21]
0.84 [0.77 — 0.92]

1.32[1.10 - 1.23]

1.88 [1.63 — 1.85]
1.33[1.10 - 1.22]
0.71 [0.60 — 0.81]

1.26 [1.04 — 1.23]

DJF
RCP4.5 MAM
14 A
SON
DJF
RCPg.5 MAM
14 A
SON
DJF
RCPg.5 MAM
@D A
SON

2.441[2.21 - 2.66]
2.60 [2.37 - 2.75]
2.09 [1.96 —2.19]

2.44[2.22 - 2.70]

2.45[2.25 - 2.62]
2.52 [2.28 — 2.70]
1.95 [1.84 — 2.02]

2.36 [2.13 - 2.60]

1.94 [1.68 — 2.18]
1.34 [1.15 — 1.44]
0.74 [0.59 — 0.85]

1.27 [1.08 — 1.29]

1.89 [1.64 — 2.08]
1.35[1.18 — 1.39]

0.63 [0.46 — 0.75]

1.22[1.03 — 1.23]
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Table S11. Projected 90™ percentile UHI change in the near and far future (2030-2049 and
2080-2099) in comparison to the historical period (1976-2005). In addition to the mean, the
spread of the ensemble is represented by the percentiles 25 and 75.

UHIx

2030-2049

2080-2099

UHIx

2030-2049

2080-2099

-0.05 [-0.12 —-0.01]
-0.04 [-0.11 — 0.04]
-0.08 [-0.12 — -0.03]

-0.08 [-0.13 —-0.02]

-0.07 [-0.17 — 0.00]
-0.09 [-0.15 — -0.03]
-0.09 [-0.14 — -0.06]

-0.15[-0.21 —-0.09]

-0.23 [-0.33 —-0.12]
0 [-0.02 — 0.03]
-0.02 [-0.04 — 0]

-0.02 [-0.06 — 0.01]

-0.31[-0.34 — -0.23]
0.01 [-0.03 — 0.06]
-0.04 [-0.05 — 0.01]

-0.04 [-0.09 — 0.00]

-0.06 [-0.13 — 0.02]
-0.04 [-0.12 — 0.05]
-0.07 [-0.12 — -0.04]

-0.08 [-0.15 —-0.03]

0.04 [-0.16 — 0.13]
-0.23 [-0.42 — -0.05]
0.24 [-0.31 —-0.21]

0.21[-0.32 —-0.11]

-0.29 [-0.37 — -0.16]
0.01[-0.01 —0.02]
-0.01 [-0.04 — 0.02]

-0.04 [-0.07 — 0]

-0.39 [-0.47 — -0.32]
-0.01 [-0.07 — 0.02]
-0.08 [-0.10 — -0.02]

-0.07 [-0.11 —-0.04]

DJF
RCP4.5 MAM
14 A
SON
DJF
RCPg.5 MAM
14 A
SON
DJF
RCPg.5 MAM
@D A
SON

0.02 [-0.06 — 0.12]
-0.03 [-0.13 — 0.06]
-0.1 [-0.15 —-0.05]

-0.09 [-0.15 — -0.04]

0.05 [-0.05 — 0.14]
-0.21 [-0.38 — -0.04]
-0.33 [-0.42 — -0.22]

-0.22 [-0.33 —-0.13]

-0.21 [-0.32 — -0.08]
0.01 [-0.01 — 0.04]
-0.02 [-0.05 — 0.01]

-0.04 [-0.08 — 0]

-0.36 [-0.48 — -0.22]
0.02 [-0.07 — 0.09]
-0.08 [-0.15 — -0.02]

-0.09 [-0.12 — -0.04]
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Table S12. Projected 90" percentile UHI in the near and far future (20302049 and 2080
2099) in comparison to the historical period (1976-2005). In addition to the mean, the spread
of the ensemble is represented by the percentiles 25 and 75.

UHIx

2030-2049

2080-2099

UHIx

2030-2049

2080-2099

3.52[3.4-3.76]
3.82[3.62 - 4.01]
2.94[2.78 — 2.99]

3.33[3.17 - 3.37]

3.49[3.29 - 3.79]
3.77 [3.58 — 3.87]
2.92 [2.75 - 2.97]

3.26 [3.09 — 3.36]

2.98 [2.67 —2.96]
1.98 [1.63 - 2]
1.45[1.35 — 1.44]

2.25[1.91-2.1]

2.9 [2.55-2.83]
1.99 [1.62 — 2.03]
1.43 [1.33 — 1.44]

2.23[1.91-2.12]

3.51[3.36 - 3.78]
3.83 [3.66 — 3.94]
2.95[2.79 — 2.99]

3.32[3.16 - 3.41]

3.53[3.47 -3.72]
3.63 [3.42 — 3.66]
2.78 [2.59 — 2.85]

3.2[3.07-3.28]

2.92[2.58 - 3.01]
1.98 [1.6 — 2.06]
1.46 [1.36 — 1.5]

2.23[1.87 - 2.08]

2.82 [2.46 - 2.76]
1.96 [1.55 - 2]
1.39[1.29 — 1.47]

2.2[1.87 —2.08]

DJF
RCP4.5 MAM
14 A
SON
DJF
RCPg.5 MAM
14 A
SON
DJF
RCPg.5 MAM
@D A
SON

3.71[3.37 - 4.11]
4.08 [3.7 - 4.53]
3.13[2.93 - 3.38]

3.63[3.28 — 4.07]

3.74 [3.46 — 4.13]
3.9[3.49 — 4.33]
2.9[2.71 - 3.13]

3.49 [3.08 — 3.87]

2.96 [2.58 — 3.46]
2.03 [1.68 —2.16]
1.39 [1.27 - 1.46]

2.21[1.89 —2.28]

2.81[2.43 - 3.07]
2.03[1.74 - 2.14]
1.33[1.21 — 1.41]

2.17[1.87 - 2.26]
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Table S13. Projected maximum TNygrs and TXugs in the near and far future (2030-2049 and
2080-2099) in comparison to the historical period (1976-2005). In addition to the mean, the
spread of the ensemble is represented by the percentiles 25 and 75.

TNurs TXurs
2030-2049 2080-2099 2030-2049 2080-2099
DJF |157[148-16.1] 166[15.6—17.8] |21.4[197-22.5] 228 [21.6—23.5]
RCP4S MAM [225[22.1-23]  222[213-235]  |337[322-345]  33.1[316-34]
(14)  JJA  [26.1[249-266] 274[258-284] |39.8[38.6-41.6] 402 [37.7—41.9]
SON [224[21.7-22.6] 23.5[23.1-243] |35[332-37.2]  35.6[32.7-38.5]
DJF [157[149-16.1] 17.8[168—186] |21.7[203-23]  23.5[21.5-25.9]
RCPg.S MAM [212[19.9-218]  24.5[23.5-247)  |327[313-334] 352 [34436]
(14)  JJA  |264[253-274] 302[29.1-31.1] |39.1[37.5-404]  43.9[40.8 —46.5]
SON [232[226-239] 259[243-269] |33.9[32.5-362] 385 [35.8 —40.8]
DJF |153[144-159] 17.7[165-182] [21.2[192-22.6]  23.2[21.3—24.4]
RCPg.S MAM (21920723 249[24-257]  [33.1[31.6-341] 362 [342-38.1]
(41)  JJA  [2751258-288] 309[295-32]  [394[37.1-417]  43.7[40.7 - 46.6]
SON [23.5[225-242] 264[25-278]  |33.9[32.2-36.1] 383 [35.8-41.4]
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a) UHIy, JUA 1976-2005 (41)

b) UHIy JJA 1976-2005 (41)
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Fig. S2. Average seasonal UHIy and UHIx maps for JJA over the historical period 19762005
and differences in 2080-2099 for scenario RCP8.5 and the 41 simulations. Daily UHIs maps
are obtained by subtracting TNrur/TXrur from the temperature field. The gray areas represent
points with more than 5% water body coverage that are removed. The gray dots represent
points where less than 66% of the models (27/41) agree on the sign of the change.
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a) UHIy5 JJA 1976-2005 (41) b) UHI,5 JJA 1976-2005 (41)
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Fig. S3. Average seasonal forcing UHI maps (50 m) at 03 UTC and 15 UTC for JJA over the
historical period 19762005 and differences in 2080-2099 for scenario RCP8.5 for the 41
simulations.
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