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ARTICLE INFO ABSTRACT

Keywords: The frequency and intensity of heat waves (HW) in cities are on the rise due to climate change as
Urban land use well as urban fabric materials and anthropogenic activities that affect heat accumulation. The
Heat waves

efficacy of HW mitigation strategies depends on a city's specific and unique morphology, land use,
building materials, climate and geography. In this study, we show the effectiveness of cool roofs
and vegetation in reducing temperature in the Metropolitan Area of Barcelona (AMB). We use the
Weather and Research Forecasting (WRF) model with the urban scheme BEP+BEM, includingl1
urban classes to simulate a HW that occurred in August 2015. We find that cool roofs reduce
temperature best during the day (0.67 °C average and 2.22 °C maximum reductions), while
additional green areas moderate temperatures to a lesser degree but also more evenly during the
day and at night (average reductions of 0.15 °C and 0.17 °C, respectively). However, when
irrigation is increased, the temperature reduction during the day is intensified due to the cooling
effect of more evapotranspiration. The thermal regulation of combining the two strategies is the
most evenly distributed over the AMB and has the highest impact, with an average and maximum
reduction of 1.26 °C and 4.73 °C at 13:00UTC.

Cool roofs

Urban green

WRF BEP+BEM

Urban thermal regulation

1. Introduction

Heat waves (HWs) are extended periods of unusually high atmosphere-related heat stress that usually result in adverse health
consequences (Ward et al., 2016) and increased heat-related mortality (Smid et al., 2019; Ingole et al., 2020). The severity and fre-
quency of HWs have increased worldwide in recent decades, and this trend is expected to continue (Kysely, 2010; Pachauri and Meyer,
2015; Holtanova et al., 2014; Lhotka and Kysely, 2015). In Europe, a HW in 2003 resulted in more than 70,000 associated deaths (Li
and Bou-Zeid, 2013), and the HW of 2010 in Russia and Eastern Europe produced 50,000 fatalities in addition to numerous fires and a
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severe drought period (Schneidereit et al., 2012; Barriopedro et al., 2011). During the summer of 2015, many parts of Europe were
affected by various extraordinary HWs, most of which had high thermal index values over 35 °C; in addition, western and central
Europe experienced tropical nights (Hoy et al., 2017). High temperatures have significant indirect effects, such as increased energy
consumption due to the intensified use of air conditioning, which further exacerbates heat accumulation (Tan et al., 2010). For
example, during the first week of a HW in Spain in July 2015, electricity increased 8% compared to normal consumption for that time
period (REE, 2016).

HW episodes are especially intensified in cities due to urban street canyons, excessive heat accumulation caused by construction
materials, a lack of vegetation and green spaces, and/or a lack of open spaces that facilitate the release of waste heat from air con-
ditioning and other energy uses (Stewart and Oke, 2012). This microclimatic effect can be intensified during hot summers, and
exposure to high temperatures can lead to heat stress (Guarino et al., 2014). Extremely high temperatures can increase the demand for
energy and water usage and lead to an increase in harmful air pollutants (Santamouris, 2014). The urban heat island effect (UHI) refers
to the phenomenon in which urban areas have higher temperatures than their surrounding rural and peri-urban areas (Oke, 1982;
Moreno-garcia, 1994; Arnfield, 2003). That is why, in urban regions, HWs are often further intensified by the UHI effect.

Currently, the urban landscape is home to more than half of the world's population, and projections indicate that by 2050, it will
rise to 70%, reaching 6.3 billion inhabitants (UN, 2015). In Europe, 75% of the population currently resides in cities, and this number is
expected to grow to 82% by 2050 (Guerreiro et al., 2018; Habitat, 2013). The growing urbanization accompanied by an aging pop-
ulation trend is intensifying the impact of heat waves, and there is an urgent need to implement mitigation measures to reduce heat
stress (Luber and McGeehin, 2008). In recent decades, different strategies have been proposed and developed to reduce the negative
effects of urban heat during HWs in urban areas, such as the use of reflective materials on roofs to increase albedo. These “cool” roofs
increase the reflection of incident solar radiation and reduce total net radiation (Gago et al., 2013; Li et al., 2014) as well as heat
accumulation in buildings (Akbari et al., 2001; Campra et al., 2008; Synnefa et al., 2008; Campra, 2011; Yang et al., 2015; Li and
Norford, 2016; Gonzalez et al., 2019). A cool roof is characterized by high solar reflectance and an albedo value above 0.65, according
to the Environmental Protection Agency (EPA) of the United States, and high infrared emission, thereby reducing surface temperature
(Bretz and Akbari, 1997) since cooler surfaces have lower heat convection (Synnefa and Santamouris, 2012). This simple strategy is
especially attractive because it promotes existing unused rooftops worldwide, estimated to be 20% of the total area in cities (Akbari
et al., 2009).

A similar strategy is the implementation of green roofs, in which roofs are partially or completely covered with vegetation. This
strategy not only reduces temperature through evapotranspiration (Qiu et al., 2013) and changes albedo but also contributes to re-
ductions in air pollutants (through deposition) and carbon dioxide (through photosynthesis) (Getter and Rowe, 2006; Rowe and Getter,
2015; Li et al., 2010). The effect of urban green spaces on decreasing temperatures has been studied (Fallmann et al., 2013; Feyisa
et al., 2014; Demuzere et al., 2014; Yu et al., 2018) for different types of vegetation, park sizes and city climates (Gago et al., 2013;
Bowler et al., 2010). Some studies have verified that in green areas, there is a decrease in temperature within a one-kilometer radius
(Upmanis et al., 1998), with green spaces being up to 4 °C cooler than their surroundings (Eliasson, 1996). Other studies aimed to
analyze HW mitigation strategies at the building or neighborhood scale (Jaffal et al., 2012; Zinzi and Agnoli, 2012; Morini et al., 2018),
but the results of these studies cannot be extrapolated to determine the effects for the entire city due to the city's land-use complexity,
geography, and climate (Cadenasso et al., 2007; Li et al., 2014; Geletic et al., 2016).

Limited modeling efforts have been undertaken to determine the effects of HW mitigation strategies in entire metropolitan areas
because it is difficult to work at such fine resolutions and correctly represent such varied land-use heterogeneity. As pointed out by a
review of reflective and green roof mitigation technologies in urban environments (Santamouris, 2014), most of the existing studies are
based on mesoscale simulations using regional models that often do not fully represent the heterogeneity of urban land use or the
complex physics occurring in urban canopies. For example, Millstein and Menon (2011) use a regional model to study the large-scale
effect of increasing albedo of US cities up to an additional 0.115 and conclude that cool roofs and pavements contribute to decreasing
average afternoon summertime temperatures by 0.11-0.53 °C. Although this study provides an understanding of the large-scale effect
of these strategies, the simplified urban parameterization does not adequately account for the surface heterogeneity at the urban scale,
significantly simplifying the role of urban heterogeneity in the efficiency of cooling strategies at the city level. Similarly, Oleson et al.
(2010) studied the effects of white roofs on urban temperature using a global climate model and found that by incrementing the albedo
to 0.9 in all urban areas, the annual mean heat island effect decreased by 33%. However, because of the coarse spatial resolution of
these simulations (1.9° latitude by 2.5° longitude), changes in surface climate caused by the increase in roof albedo are not well
understood.

Other studies have coupled regional models with urban canopy models to more accurately represent the surface heterogeneity in
urban environments (Brousse et al., 2016; Ribeiro et al., 2021; Zonato et al., 2020). Li et al. (2014) determined the significant cooling
effect of green and white roofing strategies over the Baltimore-Washington metropolitan area during a heat wave period using the
Weather Research and Forecasting (WRF) model in conjunction with the Princeton Urban Canopy Model (PUCM). The PUCM satis-
factorily resolves the effects of surface heterogeneity in urban canyons, but the urban parameterization is limited to three urban land
class typologies (low-density residential, high-density residential, and industrial/commercial), which might not adequately describe
the heterogeneity of cities. Similarly, simulations incrementing the green areas of Melbourne from 27% to 40% have shown a reduction
in nighttime temperatures of 1.5 °C (Jacobs et al., 2018). In the city of Athens, Papangelis et al. (2012) found that when the vegetation
fraction was increased from 27% to 50%, nighttime temperatures were reduced by 1.98 °C, albeit no cooling effect was found during
the daytime. Both of these simulations were resolved at the urban scale, with resolutions between 500 and 2000 m, but generally
simplified the urban fabric by defining only a few urban built environment typologies. High-resolution simulations that account for
urban morphology and its complex heterogeneous land use, including the interactions between the local climate (i.e., solar radiation
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intensity, ambient temperature and humidity, and wind speed) and the built environment (i.e., thermal capacity and optical variables)
are needed to guide policies for sustainable urban planning and design.

In this study, we aim to add to this pool of knowledge and advance our understanding of the interactions between land/roof use and
the urban atmosphere as well as the specific morphology, climate, and geography of cities and determine the city-wide effects of
several strategies for mitigating the negative effects of heat during HWs. We use a meteorological model (WRF) coupled with an urban
canopy model (UCM), building effect parameterization (BEP) and a building energy model (BEM) (Martilli, 2002; Salamanca and
Martilli, 2010; Salamanca et al., 2010; Brousse et al., 2016; Ribeiro et al., 2021). In recent years, modeling efforts have concentrated on
enhancing resolution by improving urban canopy parameters (UCPs) (Zonato et al., 2020). Several studies show that a good repre-
sentation of UCPs allows accurate simulation of the temperature variability in urban areas (Salamanca et al., 2012; De Ridder et al.,
2015; Li et al., 2018). BEP captures urban surfaces in three dimensions and considers buildings as sinks and sources of heat and as
momentum and turbulent energy, while BEM parameterizes the anthropogenic heat released from inside buildings to the outer at-
mosphere along with the thermal building energy consumption.

The Metropolitan Area of Barcelona (AMB) serves as a case study, and the mitigation strategies analyzed are based on future green
infrastructures defined by the Metropolitan Urban Master Plan (PDU, 2019. We are able to characterize the urban fabric in great detail
thanks to the high-resolution urban fraction data available from the cartography of urban land uses and the classification of the local
climate zones (L.CZs) into 11 urban classes (Stewart and Oke, 2012; Gilabert et al., 2021) at a 100-m resolution. The model is used to
simulate the heatwave that affected the AMB and much of Europe during most of July 2015, when the presence of an anticyclonic ridge
from the Azores along with an inrush of very warm air from northern Sahara caused the daily average temperature to exceed 33.1 °C
for more than three consecutive days. Three mitigation scenarios are explored and compared to the reference scenario to quantify the
potential reductions resulting from the various land-use changes: 1) implementing cool roofs, 2) increasing the vegetation fraction, and
3) a combination of strategies 1 and 2.

This article is organized as follows: Section 2 briefly presents the study area and the heat wave period chosen for the case study;
Section 3 is dedicated to the methods used, including the WRF BEP + BEM configuration and validation methods; section 4 provides a
description of the heat wave mitigation scenarios; Section 5 is dedicated to the validation of the model set up with the heat wave
reference scenario; Section 6 summarizes the main results for each mitigation strategy; Section 7 discusses the results in light of
heterogeneous urban land use and how the various mitigation strategies affect the energy balance; and finally, Section 8 provides the
conclusions.

2. Case study area and period of interest

The Metropolitan Area of Barcelona (AMB) is located in the northeast if the Iberian Peninsula in the Euro-Mediterranean region
(Fig. 1a), The AMB's coast line is oriented from southwest to northeast, a littoral range (near 500 m altitude) in the northwest and two
rivers in the northeast and the southwest. Its Mediterranean climate is characterized by dry summers, with a regime of breezy con-
ditions and warm temperatures (25-27 °C) influenced by the thermoregulatory effect of the sea, which in turn intensifies the heat
sensation due to the increase in humidity. The day and night transitions of the sea/inland breeze together with the UHI effect cause a
complex structure in the atmospheric boundary layer, modifying the temperature and dispersion of contaminants (Soler et al., 2011).
Anticyclonic situations that involve intense heat waves associated with severe pollution episodes are common during the summer. The
AMB has been identified as an urban area with high vulnerability due to the effects of climate change (Giorgi, 2006) and is expected to
experience an increasing frequency of longer lasting and more severe heat waves (Ballester et al., 2009; Altava et al., 2015). This region
covers an area of 636 km? and has a population of more than 3,000,000 inhabitants (the 6th largest urban area in Europe), with
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Fig. 1. Panel (a) shows the three nested domains used to run the WRF BEP + BEM, where the innermost domain is 121 km by 121 km, centered
around the Metropolitan Area of Barcelona at a 1 km resolution, shown in more detail in panel (b) which shows the various land-use categories: 11
urban Local Climate Zone categories and MODIS Land Cover categories for the rest.



Table 1
Summary of parameters characterizing each scenario.
Reference Cool roof Greening Combined
scenario scenario scenario scenario
Built types Definition % of Total roof space Albedo
AMB over total building
area (%)
Compact Tall buildings, few or not trees. Concrete, steel, Stone and glass materials 0.41 46.17 0.15 0.85 0.15 0.85
w 1cz1 high-rise
ﬁ LCZ 2 Compact Dense mix of midrise buildings. Few or not trees. Mostly paved: Stone, 7.36 48.30 0.15 0.85 0.15 0.85
midrise brick tile and concrete materials
dﬁﬁ/ 1CZ 3 Compact Dense mix of low-rise buildings. Few or not trees. Mostly paved: Stone, 1.60 39.43 0.15 0.15 0.15 0.15
low-rise brick tile and concrete materials.
| Open high- Open arrangement of tall buildings to tens of stories. Abundance of 0.02 4.34 0.14 0.85 0.14 0.85
’!M' LCz 4 rise pervious land cover. Concrete, steel, Stone and glass materials
r S | o o Open Open arrangement of midrise buildings. Abundance of pervious land 0.68 15.12 0.15 0.85 0.15 0.85
o 44 = midrise cover. Concrete, steel, stone, and glass construction materials.
S22 1076 Open low- Open arrangement of low-rise buildings. Abundance pervious land cover 8.33 11.88 0.14 0.14 0.14 0.14
SR rise (low plants, scattered trees).Wood, brick, stone, tile, and concrete
construction materials.
-/_, 2= 178 Large low- Open arrangement of large low-rise buildings. Few or no trees. Land cover ~ 11.96 30.35 0.16 0.85 0.16 0.85
-’ rise mostly paved. Steel, concrete, metal, and stone construction materials.
PR n‘ @ 107 9 Sparsely Sparse arrangement of small or medium-sized buildings in a natural 2.24 2.20 0.13 0.13 0.13 0.13
e built setting. Abundance of pervious land cover.
f&“ L Lz Heavy Low-rise and midrise industrial structures (towers, tanks, stacks). Few or 0.71 10.75 0.16 0.16 0.16 0.16
L IL industry no trees. Land cover mostly paved or hard-packed. Metal, steel, and
10 concrete construction materials.
LCZE Asphalt Featureless landscape of rock or paved cover. Few or no trees or plants. 2.61 6.80 0.16 0.16 0.16 0.16
Zone function is natural desert (rock) or urban transportation.
Total area of urban 519 km? 35.92
LCZ
Total non-urban 925 km? 64.08 0.14 0.14 0.14 0.14
area
Total area of AMB 1444 km? 100

0 7 1oqUED T

£98001 (1Z0Z) LE 210w Upql)
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population densities higher than those of New York or Tokyo, reaching 160 inhabitants/ha in the city center.

For our study region, we use the heat wave (HW) definition from the Meteorological Service of Catalonia (SMC), which describes a
HW as an event in which the maximum daily temperature exceeds the 98th percentile of the summer temperatures for at least three
consecutive days (SMC, 2015). The HW selected as a case study took place between 29/06/2015 and 07/07/2015; during this time, the
daytime temperatures reached 40 °C in the interior of the AMB and 35 °C in the coastal area, and the nighttime temperatures did not go
below 25 °C in some downtown neighborhoods for five consecutive days. For a more detailed description of the HW and atmospheric
conditions, please see Supplementary Information Section 2.

3. Methods

We used the Weather Research and Forecasting (WRF) model version 4.0 (Skamarock et al., 2019) coupled with the urban canopy
model (BEP + BEM) (Salamanca et al., 2010). The WRF is a numerical weather prediction (NWP) system used for regional forecasting
and atmospheric research that solves the non-hydrostatic, compressible Euler equations using terrain-following vertical coordinates
(Skamarock et al., 2019). The BEP + BEM scheme (Salamanca and Martilli, 2010) is currently the most sophisticated urban scheme; it
is based on the coupling of a multilayer canopy model (BEP), which recognizes the three-dimensional nature of urban surfaces and the
fact that buildings vertically distribute sources and sinks of heat, moisture, and momentum through the whole urban canopy layer, and
a building energy model (BEM), which explicitly resolves exchanges of energy between the interior of the buildings and the outdoor
atmosphere. The WRF BEP + BEM combination has been previously evaluated and used to simulate urban meteorology, showing good
agreement with observed data with various urban parametrizations and for different urban regions (Salamanca et al., 2011, 2012;
Sharma et al., 2014; Ribeiro et al., 2021). The WRF configuration consists of three two-way nested domains with horizontal resolutions
of 9 km (150 x 145; covering the entire Iberian Peninsula and northern Africa; domain 1), 3 km (118 x 118; covering the entire
Catalan territory and extending to the north above the eastern Pyrenees; domain 2), and 1 km (121 x 121; covering the AMB; domain
3), as shown in panel (a) of Fig. 1. The model is implemented with 57 pressure-based vertical layers, ranging from the surface to the top
at 50 hPa; the resolution in the lowest 50 m is constant (at approximately 5 m) and a progressively increasing resolution is applied
above this height, resulting in 36 numerical layers in the lowest 1.5 km. This allows for a better representation of the vertical fluxes
within the urban boundary layer (UBL).

The initial and boundary conditions were taken from European Centre for Medium-Range Weather Forecasts (ECMWF) ERAS
model-based reanalysis datasets (C3S, 2017), with a 31 km horizontal resolution and a 6-h separation for the lateral boundary con-
ditions. Additionally, sea surface temperature is updated daily with ERA5 data (Hersbach et al., 2020). The physical options for the
simulations in this study include (1) the WRF single-moment 6-class scheme (Hong and Lim, 2006) for microphysics, (2) the Rapid
Radiation Transfer Model for General Circulation Models (RRTMG) scheme (Iacono et al., 2008) for shortwave and longwave radi-
ation, (3) the Kain-Fritsch scheme (Kain and Kain, 2004) (only for the outermost domain) for cumulus parameterization, (4) the 4-layer
Noah land surface model (LSM) (Chen and Dudhia, 2001) for nonurban surfaces, and (5) the Bougeault-Lacarrere (PBL) scheme
(Bougeault and Lacarrere, 1989) and Monin-Obukhov similarity scheme with Zilitinkevich thermal roughness length for the surface
layer.

For the land-use/land-cover (LCLU) classification, the WRF model is adapted and applied to domain 3 following the indications by
Martilli et al. (2016). The local climate zones (LCZs) model developed by the World Urban Database and Access Portal Tools
(WUDAPT) initiative (Bechtel et al., 2015; Brousse et al., 2016) was used and improved through the reclassification and integration of
high-resolution LCLU maps, such as the Urban Atlas 2012 (https://land.copernicus.eu/local/urban-atlas) and the LCLU AMB 2015
(Gilabert et al., 2021). The LCZ model establishes a framework for classifying eleven different urban areas with distinct urban cover,

WRF Parametrizations:

(1) WRF single-moment 6-class scheme for microphysics

(2) RRTMG scheme

(3)  Kain-Fritsch scheme (only for the outermost domain)

(4) 4-layer Noah land surface model (LSM)

(5) Bougeault-Lacarrére (PBL) scheme and Monin-Obukhov similarity

ERAS —\— scheme with Zilitinkevich thermal roughness length
WPS —l
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"/ eachLczpurposed in table $3 WRF
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Urban fraction parameter WRF BEP+BEM
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Building Heights
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Observations Results

Fig. 2. A flowchart depicting the roadmap of the study as well as the interactions between different physical parameterizations in the
modeling process.
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population density, structure, material, and human activity, as shown in Table 1 (Stewart and Oke, 2012). The AMB is made up mostly
of LCZs 2 (compact midrise), 6 (open low rise), and 8 (large low rise). Altogether, the eleven urban LCZs cover close to 36% of the
entire AMB (as shown in Fig. 1(b) in tones of gray). The classification of the rest of domain 3 was completed with the 44 Corine land
cover classes for 2018, reclassified with MODIS data (shown in Fig. 1(b) in shades of green).

Specific values of multiple urban parameters defining the average thermal and radiative properties (albedo and emissivity) of the
buildings as well as the energy consumption and efficiency of air conditioning units (i.e., thermal power) are assigned to each LCZ and
used in the BEP + BEM scheme. The albedo of the roofs and the ground was calculated for each LCZ according to Liang (2001) and
based on 12 monthly images from Landsat 5 TM with a 30 m resolution (USGS, 2019) and ranges from 0.13 to 0.16, as shown in
Table 1. The roof and ground emissivity values are calculated based on the normalized difference vegetation index (NDVI) using
Landsat 8 OLI/TIRS images (Vermote et al., 2016), according to the method proposed by Ndossi and Avdan, 2016. A thermal efficiency
default value of 0.75 was used for all the LCZs. In each LCZ, the heat released by AC units is calculated as the amount emitted when
indoor temperatures are maintained at 21.5 °C, with a comfort range of +3.5 °C. All the thermal and radiative parameters for each LCZ
are summarized in Supporting Information S3. These parameters were determined through communications with urban planners and
architects of the AMB as well as remote sensing and some values proposed by Ribeiro et al. (2021) for the AMB.

The BEP + BEM also requires geometric and surface cover parameters, such as building height and width, street width, and built
and vegetation fractions, which are not defined for each LCZ but are directly introduced into the grid cells of the innermost domain, as
described by Pappaccogli et al. (2017). Building and wall height data were gathered from LiDAR data and a digital surface model with
a resolution of 2 m, freely available at the Institute Cartographic and Geological of Catalonia (ICGC, 2019). Once the building height
map was generated, the Urban Multiscale Environmental Predictor (Lindberg et al., 2018) was applied to generate the wall heights,
and a histogram of building heights was generated as proposed by Pappaccogli et al. (2017).

The urban fraction is calculated using NDVI data from Landsat 8 OLI/TIRS images with a 30 m resolution (USGS, 2019). These
images were reclassified based on ICGC categories (Alamtis et al., 2018), where NDVI <0 represents water or artificial cover, 0 < NDVI
<0.2 represents bare soil and dead vegetation, and 0.2 < NDVI represents all vegetation. The NDVI has been shown to be a good
indicator for differentiating urban areas from vegetated areas, especially at our latitudes and in metropolitan areas (Yuan and Bauer,
2007). With that information, it is possible to generate an urban fraction map of impermeable surfaces where NDVI is less than 0.2. The
rest of the area is considered urban vegetation, of which 30% is treated as permeable bare soil by the Noah LSM. These three fractions
(urban, vegetation, and bare soil) add up to 1, as shown in Table 1. The simulation setup described in the previous paragraphs is
summarized in Fig. 2.

The simulations cover 12 days of the study period, starting on 24/06,/2015 and ending on 07/07/2015, discarding the initial days
from 24/06/2015 to 03/07/2015 as spin-up days and focusing on the three hottest days (04/07/2015-06,/07/2015). The reference
case was validated using hourly observations of temperature, relative humidity, wind speed and direction provided by the 13 mete-
orological stations inside the AMB and three rural stations from the Meteorological Service of Catalonia (see Supplementary Material
Fig. S1 and table S1).

Fig. 3. Urban fraction (gray) and vegetation fraction (green) based on NDVI reclassification. The additional 255.64 ha of urban green proposed by
the Urban Master Plan are shown in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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4. Mitigation scenarios
The next three sections describe the HW mitigation scenarios, summarized in Table 1.

4.1. Scenario 1: increasing cool roofs

The “cool roof” scenario entails incrementing the albedo of certain rooftops to 0.85 by painting them white. This albedo value is
well over the 0.65 threshold for cold roofs (Li et al., 2014) and has been examined by other authors as well such as Sharma et al. (2016).
The albedo is implemented for the rooftops in LCZ's 1, 2, 4, 5, and 8, as shown in Table 1. The buildings in these LCZs have mostly
accessible flat roofs, which are easier to paint than the duo-pitch roofs found in LCZs 6 and 3, the albedo of which remains at 0.14 and

0.15, respectively.
4.2. Scenario 2: greening

This mitigation scenario consists of increasing urban green areas according to the targets set by the Urban Master Plan (PDU) of the
AMB (https:\\urbanisme.amb.cat\en\home), which calls for the addition of 6 urban parks and green areas with a total of 255.64 ha by
2030, as shown in Fig. 3. A new NDVI map is generated with the new additional green areas, and consequently, a new green fraction
and urban fraction is determined for each grid cell in the innermost domain (1 km x 1 km), assuming that the urban morphology
(buildings and street width) remained the same. When we sum the fractions of the urban grid cells in the AMB in this scenario, the
vegetation fraction increases from 32.54 to 35.92 and the urban fraction decreases from 53.04 to 48.68, as shown in Table 1.

The reference case considers a daily irrigation of 2 L/m? from 4:00 to 5:00 UTC, as reported by Ajuntament de Barcelona (2013).
For the greening scenario, we ran two simulations to explore the effects of irrigation of urban green areas on the temperature of the
AMB by increasing irrigation from 2 to 5 L/m?.day, a value above current practices but still within the recommended limits established
by the same report.

® &

RS8R
2m Temperature (“ C)

N
N

Fig. 4. Reference case averages of three days during the heat wave: a) Temperature 2 m (with wind direction) daytime, b) Temperature 2 m (with
wind direction) nighttime, ¢) RH daytime, d) RH nighttime.
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4.3. Scenario 3: combined scenario

The last scenario is a combination of the cool roofs and the additional urban green space, with a higher irrigation (5 L/m?-day
instead of 2 L/m? -day). The aim of simulating this scenario is to see to what extent these two mitigation strategies can complement
each other to obtain more prolonged and/or even distribution of thermal regulation.

5. Validation of reference scenario

The simulation of the heat wave episode (4/06/2015 to 6/06/2015) is validated in terms of temperature and relative humidity by
comparison with observation data available from 16 weather stations (supplementary material Fig. S1, table S1). The root mean square
error (RMSE), mean bias (MB) and Pearson's correlation (R) are calculated over the entire simulation, distinguishing between day and
night, LCZ, and type of weather station (urban or rural).

A strong positive correlation (0.9 for temperature and 0.8 for relative humidity) is found between the observations and the model
(see Fig. S4 in the Supplementary Information). In terms of the temperature, we do not observe a significant difference in the RMSE or
R for the daytime and nighttime urban/rural areas, with 1.5 °C for the RMSE and 0.9 for the R. However, a negative BIAS (—0.3 °C) is
seen during the day, in contrast with the positive BIAS (0.6-0.9 °C) observed during the night, resulting in a positive bias (0.3 °C) for
the whole day. The positive BIAS during the night could be related to a limitation in the definition of soil moisture, which is one of the
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Fig. 5. The 2 m temperature difference between the reference case and the scenarios: a) Cool roof, b) Greening with standard irrigation 2 L/m?day
¢) Greening with increased irrigation to 5 L/m2day and d) Combined. The 2 m temperature is the average temperature over the daytime (9:00-15:00
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most difficult variables to capture (Chen et al., 2007). In general, the model exhibits a better performance over the rural stations,
especially during the nighttime, than over the urban stations, which cover more heterogeneous terrain and are thus more difficult to
simulate, as has been found by other authors (Jacobs et al., 2018; Ribeiro et al., 2021). On the other hand, in terms of the relative
humidity, the model presents errors that range between 8 and 16% on average for all the days, with the highest errors (21%) recorded
during the nighttime. A negative bias is seen throughout the whole day (—4%), especially during the night, when it reaches —9% for
the rural stations. Relative humidity biases may be related to biases found, for example, in temperature but have lower values because
surface patterns and day/night cycles do not resolve as well as temperatures (Ribeiro et al., 2021; Jiménez-Esteve et al., 2018; Jan-
daghian et al., 2018).

Overall, there is congruence between the observed behavior and the simulated HW used in the case study. Fig. 4 shows the daytime
and nighttime modeled temperatures for the three hottest days (4/06/2015 to 6/06/2015). As was observed during the actual HW, the
model shows that maximum temperatures exceed 35 °C during the day in the urban zones located in the most continental part of the
AMB, where the sea has less thermoregulatory influence. The coastal and more peri-urban areas were on average 4 °C lower. During
the day, the lowest simulated temperatures are found at locations with more abundant vegetation or in areas with higher altitudes,
where the vertical gradient has an influence; these temperatures oscillate between 28 °C and 30 °C and coincide with those reported by
the weather report (Meteorological Service of Catalonia SMC, 2015). The nighttime simulations show that the lowest temperature is
approximately 23 °C, similar to data from most weather stations within Barcelona.

In terms of convection, the model simulates well the characteristic low wind speeds associated to heat waves. The daytime breezes
(of 12.7 km/h or 3.5 m/s) which typically start at 9:00 and end at 16:00 (local time) were well depicted by the simulations, as well as
the nighttime land-sea breezes, which were generally calmer (4.9 km/h or 1.4 m/s), lasting from 23:00 to 5:00 (local time). The RMSE
and MB ranged between 0.94 and 2.0 and — 1.8 to 0.9 m/s, respectively, depending on the location of the meteorological station.
Overall, the winds ranged between 0 and 3 out of 12 in the Beaufort scale (Huler, 2004) and were deemed rather insignificant during
the HW, as has been previously seen by other authors (Ackerman and Knox, 2012). Wind direction also showed acceptable validation,
with a MB ranging between —20° a 24° during the day when breezes were highest. Furthermore, we expect wind direction to have little
influence over the AMB over the study period given the low wind speeds.

The relative humidity level during the day is between 30 and 40%, which indicates that the heat index (an index that combines air
temperature and relative humidity) was 1-2 °C above the dry air temperature (Rothfusz and Headquarters, 1990). At night, the relative
humidity increases by an order of 10%, but the temperature is low, which translates into a heat index equal to the temperature of dry
air. Overall, the good performance of our model lends confidence to simulations of heat mitigation strategies.

6. Results

The results are analyzed during the day, when the heat stress and energy consumption are the highest, that is, from 9:00 to 15:00
UTC (11:00 to 17:00 local time), and at night, from 19:00 to 5:00 UTC (21:00 to 7:00 local time), when there is no shortwave radiation
and irrigation takes place. In the next few sections, we highlight the most significant results for each scenario in terms of these two time
periods over the five-day simulations.

6.1. Cool roofs

In the cool roof scenario, net radiation is greatly reduced during the day due to the increased reflective capability of all the new
white roofs, significantly cooling the AMB during the daytime. Fig. 5a (day) shows the reductions in daytime modeled temperature
averaged over a 7-h period (09:00 to 15:00 UTC). The highest reduction (2 °C) is seen in the northern region of Barcelona, close to the
coast, with the most compact, densely populated areas and highest total roof area. At the southern end of the city, which is charac-
terized by peri-urban agriculture, sparse construction, and industrial areas, the cooling effect of white roofs is not as significant, and
temperature reductions range between 0 and 0.4 °C. Furthermore, sea breezes, which normally occur at midday, spread the cooling
effect of white roofs through advection to inland rural areas and nonmodified urban areas. At night, the temperature reductions are less
significant because there is no shortwave radiation, and the change in albedo does not have as much of an effect, as can be appreciated
in Fig. 5a (nighttime). However, a decrease in temperature is still noticeable (up to 0.6 °C), because lower temperatures during the day
result in less heat being stored and released during the night (Li et al., 2014). The simulation results show maximum temperature
reductions of 3.83 °Cand 1.63 °C at 13:00 UTC (15:00 local time) and 5:00 UTC (7:00 local time), respectively (table S4). The locations
where this occurs are represented by red dots in Fig. 5a (day and night). These temperature reductions are comparable to other studies
that simulate increase in albedo as a thermal regulation strategy, such as 2 °C reduction estimated for the city of Terni, Italy (Morini
et al., 2016), and potential 2.5 °C reduction for the Baltimore-Washington metropolitan area (Li et al., 2014).

The modeled relative humidity shows an increase during the day (1.6% on average), which we attribute to the decrease in tem-
peratures due to lower sensible heat fluxes from the rooftops. Consequently, as sensible heat decreases, so does the boundary layer
height, as shown in Fig. 7, after 12:00 UTC, thereby reducing the air mixture and increasing the relative humidity. See Fig. S5 of the
supplementary material for a summary of the results for relative humidity.

6.2. Greening scenario with various irrigation schemes

The simulations show that increasing urban green areas by an additional 255.64 ha, as proposed by the Urban Master Plan, reduces
the thermal storage capacity of the city's surface, and consequently reduces the temperature reduced, albeit not as significantly as in
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the cool roof scenario. As we can see in Fig. 5b, the thermal regulation provided by the increment of green space is more or less similar
during the day and night, with average (over a given time period and for all the urban areas) temperature reductions of up to 0.15 °C
during the day and 0.17 °C at night in similar urban areas of the AMB. The maximum temperature reductions are 1.70 °C and 1.24 °C,
achieved at 11:00 UTC and 3:00 UTC, respectively. The difference between the daytime and nighttime impact is accentuated when we
increase irrigation from 2 L to 5 L/m? day. Then, temperatures are reduced further during the day, because the evapotranspiration
process is intensified, thereby incrementing latent heat to the detriment of sensible heat, as shown in Fig. 5c. We estimated maximum
temperature reductions of 2.46 °C and 1.44 °C at 15:00 and 1:00 UTC, respectively (Supporting Information table S4). The average
daytime temperatures also decreased considerably, from 0.15 °C with 2 L/m? day to 0.61 °C with 5 L/m? day. With increased irri-
gation, the most notable temperature reduction occurs during the day, because the evapotranspiration process occurs when there is
incident shortwave radiation. Even though urban green areas have increased in very specific areas, as shown in Fig. 3, and not in the
more evenly distributed way of cool roofs, cooler air from green areas diffuses over the AMB due to the advection of sea breezes during
the day, as shown in Fig. 5c on the left. The relative humidity also increases more during the day (by an average of 2.2% across the
entire region of interest). Note that the boundary layer also decreases with respect to the reference case (Fig. 7).

6.3. Combined scenario

This last scenario has the combined effect of reducing temperatures during the nighttime due to more urban green areas and during
the daytime due to increased albedo and irrigation (see Fig. 5d), thereby abating the heat wave effect throughout a 24-h period.
Furthermore, white roofs lower the temperature in the central and dense urban areas, whereas more green roofs and irrigation help
lower the temperature in the peripheral areas. The daytime temperature reductions in this scenario are the most widespread over the
AMB and the most significant of all the scenarios, reaching an average temperature reduction of 1.26 °C over 49% of the urban surface
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areas of the AMB, whereas a reduction of only 15% was achieved in the cool roof scenario. The nighttime simulation shows a similar
diffusive effect, reaching average temperature reductions of 0.49 °C, higher than any previous scenario. The simulations show
maximum reductions of 1.88 °C and 4.73 °C at 19:00 UTC (21:00 local time) and at 13:00 UTC (15:00 local time), respectively (table
S4).
The combined scenario has the most notable increase in near-surface relative humidity (up to 3.5%) which is explained by the fact
that it achieves 1) the most significant temperature reductions, 2) the lowest mixing height (see Fig. 7), and 3) an enhanced evapo-
transpiration process (either directly from the soil or from transpiration from plants).

7. Discussion
7.1. The role of urban heterogeneity on temperature reduction potential

The implementation of cool roofs on residential and industrial buildings causes a heterogeneous reduction in temperature, since
there is variability both temporally (albedo affects daytime temperatures) and spatially (the implementation of white roofs depends on
building typologies). This is especially significant for the AMB, which has highly heterogeneous land use, as shown in Fig. 1b. The
impact of incrementing urban green space also depends on urban morphology and its effect on convection. We thus find it informative
to show the temperature reduction potential of the scenarios tested for each LCZ (Fig. 6), which vary in building density, morphology,
and total roof surface area, as described in Table 1. The greening scenarios with both irrigation schemes resulted in similar behaviors in
all the LCZs (with temperature reductions between 0.1 and 0.8 °C), lowering the maximum daytime temperatures from 34.04 to
33.44 °C. This reflects the diffusive nature of the cooling effect of incrementing green space, regardless of the urban morphology. In
contrast, the increment in albedo led to more pronounced differences in temperature reductions among the LCZs. The white rooftops
have the greatest cooling effect for LCZ1 (compact high rise), decreasing temperatures by up to 2.5 °C at noon during the hottest days
of the HW. However, less than 1% of the AMB has this type of urban LCZ, and consequently, such high cooling effects are not
widespread throughout the city. Furthermore, it is difficult to conclude how much of the temperature reduction is due to the net
radiation of LCZ1 and how much is because LCZ1 is surrounded by LCZ2 (compact midrise) in the AMB.

The AMB is made up mostly of LCZ2, LCZ6 (open low rise), and LCZ8 (large low rise), which account for 20, 23, and 33% of the
urban area, respectively, as shown in Table 1. The white roofs on the compact mid-rise buildings belonging to LCZ2 lower temperatures
by 1.2 °C, approximately double the reduction achieved in LCZ8 (0.8 °C), which has large low-rise buildings. This is because LCZ2 has a
higher roof/surface area ratio and consequently a larger net radiation than LCZ8. It is interesting to note that although there is no
change in albedo for LCZ6 and LCZ8, we can appreciate a small temperature reduction given their proximity to and the buffering
effects of LCZ2 and LCZ8. This is not the case for LCZ9 (sparsely built) cells (also with no change in albedo), which are farther away

from LCZ2 and LCZ8.

7.2. How the temperature reduction scenarios affect the energy balance

The energy balance of the urban areas in the study region is the sum of the net radiation received and the various forms of energy
emitted in the form of ground heat, latent heat, and sensible heat, which includes anthropogenic heat fluxes herein. The various
mitigation strategies reduce the sensible heat flux in various ways, with an overall net effect of air temperature reduction. Fig. 8 shows
the difference in the average daily profile between the reference case and each scenario for the various components of the surface
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Fig. 7. Urban boundary layer height for the different scenarios and the reference case averaged over the three days most intense days of the heat
wave 4/06/2015 to 6/06/2015.
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energy balance over the urban area of the AMB (represented in gray shades in Fig. 1b).

In the scenario with increased rooftop albedo, we observe a decrease in the net radiation during the daylight hours, with a reduction
peak of 77 W/m? at 12:00 UTC corresponding to an increase in roof reflectivity. This increase in reflectivity decreases the absorption of
shortwave radiation, consequently decreasing the surface temperature. We conclude that the decrease in the net radiation flux reduces
the sensible heat flux between the surface and the atmosphere, with a reduction peak of 88 W/m? at 12:00 UTC. However, this scenario
also indirectly affects the latent heat component of the energy balance, which decreases by 5 W/m? at 12:00 UTC, most likely due to
more surface moisture limiting evapotranspiration, either directly from the soil or from transpiration from plants. The reduction in the
sensitive heat flow from the roofs of buildings limits the convective growth of the planetary boundary layer (PBL), which increases
until afternoon by the vertical movements of hot air from the surface when the sky is clear and there are periods of high radiation. The
less developed PBL during daytime hours (between 7:00 UTC and 18:00 UTC, see Fig. 7) results in a lower mixing height and a uniform
distribution of the potential temperature and humidity, consequently slightly increasing the surface humidity. Finally, the reduction in
the roof surface temperature means that less energy is transferred in the form of heat to the innermost layers of urban materials, which
is reflected in the peak reduction in ground heat flux (28 W/m? at 8:00 UTC).

A different cooling mechanism is seen for the greening scenario and the various irrigation schemes. More availability of water in the
surface layers in addition to more vegetation increase evapotranspiration by direct evaporation from the soil and transpiration through
vegetation, increasing the latent heat flows, with peaks of 12.5 W/m? at 10:00 UTC and 78 W/m? at 13:00 UTC for the two irrigation
schemes (2 and 5 L/m? day, respectively). Therefore, there is an increase in the latent heat flux to the detriment of the sensible heat and
ground heat flux, causing a decrease in the daytime and nighttime temperatures. The lower irrigation scheme (2 L/m? day) results in a
greater decrease in the ground heat flux (—7.6 W/m?) at a time with a greater latent heat increase and zero change in the sensible heat
flux, suggesting that the greatest impact on temperature is seen during the nighttime hours instead of during the day, as less heat is
retained in the innermost layers of the soil to be later released into the atmosphere. It should also be noted that in these two scenarios,
there is a slight increase in the flow of net radiation, caused in part by the decrease in albedo when the soil is moist and due to the
decrease in the surface temperature of the soil, which increases the balance of the longwave radiation exchange.

Finally, the combined scenario shows a reduction in temperature proportional to the sum of the two scenarios mentioned above,
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because these two mechanisms affect the different surface processes in a similar way (i.e., less shortwave radiation absorption and
more evapotranspiration). This is illustrated by Fig. 8a, where we see that the lowest sensible heat flux for the combined scenario (158
W/m? at 12:00 UTC) corresponds to the period of maximum solar insolation. However, there are certain hours when the temperature
reduction mechanisms of the various mitigation strategies limit each other, albeit to a small extent. We observe a higher net radiation
flux for the combined scenario than for the cool roof scenario during the period with maximum solar radiation (12:00 UTC) (see
Fig. 8a) due to the aforementioned processes that occur in the greening scenarios: a greater absorption of short radiation due to a slight
decrease in albedo and a decrease in the longwave emission due to a decrease in surface temperature. We also observe a lower latent
heat flux for the combined scenario than for the greening scenario with high irrigation (5 L/m?-day, see Fig. 8b) due to the decrease in
the PBL height, which reaches a maximum mean difference of 283 m and consequently increases the surface moisture limiting
evapotranspiration (Fig. 7).

The anthropogenic heat flux of the simulations is limited to the heat produced by air conditioning units and excludes all the heat
produced from industrial processes or vehicle use. The cooling effect of the scenarios results in less use of air conditioning (AC), which
consequently further reduces temperatures, because less anthropogenic heat is released to the atmosphere from the AC units. This heat
flux is an order of magnitude lower than the rest of the fluxes and does not contribute much to the overall energy balance. However, the
energy savings for the city are significant. The simulation of the combined scenario estimates a 26% reduction in electricity con-
sumption due to AC usage at 16:00 UTC (see Fig. S6 in the Supporting Information). When we average these reductions for the entire
urban area and for the three hottest days of the HW, we estimate electricity reductions of 25%, 16%, and 9-10% for the combined, cool
roof, and greening scenarios, respectively, based on the electricity consumption estimated for the reference scenario (211 GWh).

8. Conclusions

The overall aim of this study is to advance our knowledge of the design and efficacy of heat wave mitigation strategies by more
accurately representing the heterogeneity of urban land use in models to better simulate land-atmosphere interactions at the city scale.
To do so, we use eleven urban local climate zone (LCZ) classes and fine-resolution data, characterizing the urban and vegetation
fractions of the study region in an attempt to more accurately resolve the surface heterogeneity effects of the urban fabric using the
WRF BEP + BEM model. We choose the Metropolitan Area of Barcelona during the heat wave of July 2015 as a case study with which to
validate the model, perform the urban parameterization (with RMSE errors below 1.5 °C and a positive BIAS below 0.5 °C) and
simulate three mitigation strategies: 1) the implementation of cool roofs, increasing the albedo to 0.85 for LCZ's that make up 20% of
the urban area, 2) incrementing the urban green space by an additional 255.64 ha, according to the proposal of the Master Urban Plan
for 2030, with two different irrigation schemes (2 and 5 L/m? day), and 3) a combination of the first two complementary mitigation
strategies. We find that cool roofs reduce temperatures mostly during the day, while the additional green areas help to moderate
temperatures evenly during the day and at night. However, when irrigation is increased from 2 to 5 L/m? day, the temperature
reduction potential during the day is intensified due to the cooling effect of more evapotranspiration. The combined scenario (cool
roofs and more green areas with augmented irrigation) leads to a reduction in the temperature proportional to the sum of the two
scenarios, because the two cooling mechanisms affect different surface processes and are generally complementary.

Incrementing the albedo of the roofs resulted in the highest temperature reductions, especially during the day, when the net ra-
diation was largest, with average reductions of 0.67 °C and a maximum reduction of 3.83 °C at 13:00 UTC. The maximum reduction
potential is found for LCZ's 1 and 2, since they have the most roof surface area. Cool roofs are not as effective in reducing temperatures
at night, when there is no shortwave radiation, and the cooling effect occurs mostly because less heat accumulates in the buildings
during the day. Incrementing the urban green areas and maintaining the current irrigation scheme has a moderate impact, with an
average daytime reduction of 0.15 °C and a maximum reduction of 1.70 °C at 11:00 UTC. The thermal regulation potential of the green
scenario is greatly intensified when irrigation is increased, resulting in an average daytime reduction of 0.61 °C, four times more than
that of the less irrigated scenario, and covering a more extensive area of the AMB due to the spreading effect of the daytime sea breezes.
The thermal regulation potential of the combined scenario has the greatest effect over the AMB and the highest impact, with an average
daytime reduction of 1.26 °C and a maximum reduction of 4.73 °C at 13:00 UTC in LCZs 1 and 2 and urban parks. In conclusion, this
study exemplifies how such urban modeling efforts can aid city-level decision-makers in best strategizing urban planning to counteract
the impacts of heat waves, which are foreseen to increase due to global climate change and the intensification of urbanization rates.
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