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ARTICLE INFO ABSTRACT

Keywords: This study presents a comprehensive modeling approach for simulating the spatiotemporal distribution of urban
Urban heat island air temperatures with a modeling system that includes the Weather Research and Forecasting (WRF) model and
WRF model the Single-Layer Urban Canopy Model (SLUCM) with a modified treatment of the impervious surface tem-
gz‘;"t““/‘;iz"py model perature. The model was applied to simulate a 3-day summer heat wave event over the city of Athens, Greece.

The simulation, using default SLUCM parameters, is capable of capturing the observed diurnal variation of urban
temperatures and the Urban Heat Island (UHI) in the greater Athens Area (GAA), albeit with systematic biases
that are prominent during nighttime hours. These biases are particularly evident over low-intensity residential
areas, and they are associated with the surface and urban canopy properties representing the urban environment.
A series of sensitivity simulations unravels the importance of the sub-grid urban fraction parameter, surface
albedo, and street canyon geometry in the overall causation and development of the UHI effect. The sensitivities
are then used to determine optimal values of the street canyon geometry, which reproduces the observed
temperatures throughout the simulation domain. The optimal parameters, apart from considerably improving
model performance (reductions in mean temperature bias from 0.30 °C to 1.58 °C), are also consistent with
actual city building characteristics — which gives confidence that the model set-up is robust, and can be used to
study the UHI in the GAA in the anticipated warmer conditions in the future.

Sensitivity analysis
Urban canopy parameters

1. Introduction research shows that UHIs interact synergistically with heat wave (HW)

events exacerbating their effect on urban residents (e.g., Li and Bou-

Urban expansion is accelerating worldwide and results in the re-
placement of green and natural surfaces by human-made structures and
roads. These constructions fundamentally alter land-surface character-
istics, which in turn modifies the surface energy budget (SEB) and land-
atmosphere interactions (Loupa et al., 2016). The urban heat island
(UHI) effect, referred to the excess warmth of cities compared to the
surrounding non-urbanized territories (Arnfield, 2003; Christen and
Vogt, 2004; Giannaros et al., 2014; Kourtidis et al., 2015; Peng et al.,
2012; Sismanidis et al., 2015), is perhaps the most representative en-
vironmental problem arising from local climate modifications due to
urbanization (Georgescu et al., 2014; Oke, 1982, 1987; Santamouris,
2007; Ward et al., 2016; Zhao et al., 2014). A considerable body of
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Zeid, 2013; Tan et al., 2010), and as a result heat-related death risk
under exceptional hot weather conditions in urban environments is
much higher than in the rural surroundings (Conti et al., 2005;
Heaviside et al., 2016; Gabriel and Endlicher, 2011). UHI effects be-
come even more important when considering that in a changing cli-
mate, the frequency of HWs will increase together with their intensity
and duration (e.g., Beniston, 2004; Founda and Giannakopoulos, 2009;
Meehl and Tebaldi, 2004). Furthermore, > 50% of the world popula-
tion is living in urban areas, with a projected 60% (66.4%) by 2030
(2050) worldwide (United Nations, 2014). The combined effects of
rapid urbanization, global warming, and UHIs are expected to make the
urban residents more vulnerable to the adverse health impacts arising
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from extreme heat conditions. However, not every mega city and urban
environment is equally susceptible to these changes. Therefore a ra-
tional approach is required to adapt each urban population to thermal
stress and develop specific mitigation strategies to minimize associated
risks.

Numerical models can be a valuable tool in this direction due to
their ability to provide detailed spatiotemporal information on UHI
effect regarding attribution, operational forecasting, future climate
projection, and investigation of mitigation scenarios. Extensive research
over the past decade contributed significantly to a better understanding
and representation of the processes involved in the formation of UHI
through the application of mesoscale numerical weather prediction
(NWP) models. The parameterizations of urban effects in meteor-
ological models follow two main approaches (Kusaka et al., 2001): (a) a
modified surface energy balance through improved soil and surface
characteristics (e.g. surface albedo) to better represent urban areas
(Giannaros et al., 2013; Liu et al., 2006; Miao et al., 2007), and (b) a
coupling with an urban canopy model that considers the street canyon
geometry for describing in more detail the sub-grid scale atmospheric
dynamics and thermodynamics in cities (Best, 2005; Dupont et al.,
2004; Martilli, 2002; Hamdi and Schayes, 2008). Both approaches re-
quire the specification of surface parameters, while urban canopy
properties (UCPs) are necessary for the realistic representation of urban
morphology in the second method. Such data are unique for each city,
and remote sensing and GIS techniques (e.g. Ching et al., 2009) have
been utilized for the acquisition of them. However, the availability of
them is limited to few geographical areas and, hence, alternative
methods need to be addressed. Additionally, the identification of how
each surface parameter and UCP operates and contributes to the diurnal
temperature response is very crucial for the faithful replication of UHI
effect, especially during HW event periods.

Despite previous substantial efforts and progress on the predictive
understanding of UHI, the above challenges in implementing reliable
UHI modeling systems remain open, especially for the East
Mediterranean, which is one of the most vulnerable areas regarding
climate change. For this, the present study aims to provide a compre-
hensive approach for constraining, studying and simulating urban
temperatures (and UHI effect) with the Weather Research and
Forecasting (WRF) model coupled with an urban canopy model (Li and
Bou-Zeid, 2014; Meng et al., 2011; Salamanca et al., 2012; Vahmani
and Ban-Weiss, 2016; Chen et al., 2014). The performance of WRF
under different urban parameterizations and code modifications was
evaluated over the greater Athens area (GAA), Greece. We system-
atically explore the sensitivity of the model response to highly un-
certain land surface and urban canopy properties, which subsequently
were used to define an optimal set of parameters and model config-
uration that best reproduced the temperature distributions measured
during a 3-day HW episode (July 24-July 26, 2009) that occurred over
the E. Mediterranean and strongly affected the GAA.

2. Methodology
2.1. Area of interest and data sources

The study area is Athens, the capital and largest city of Greece. The
greater Athens area (GAA) covers 450 km?, and the built-up zone ex-
tends throughout the central plain of a basin known as the Attica Basin.
The city of Athens is characterized by a complex geomorphology as it is
bounded by four high mountains (Mount Parnitha to the north, Mount
Penteli to the northeast, Mount Aigaleo to the west and Mount
Hymettus to east), and it is open to the sea (Saronic Gulf) from the
southwest (Fig. 1a). High-intensity residential areas are located in the
core of the city, while the suburbs include built-up areas (e.g. Helliniko
airport) and low-intensity residential (Fig. 1b). The main industrial
zone of Athens is located in Elefsina at the northwest part of the basin
(Fig. 1a-b).
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Athens has a typical Mediterranean climate, characterized by warm
and dry summers with July and August being the hottest months. An
important climatic feature in the GAA is the increasing frequency, in-
tensity, and duration of heat wave episodes (Founda et al., 2004),
during which peak daytime temperatures can exceed 37 °C (e.g., 46 °C
in the summer of 2007; Kourtidis et al., 2015). Heat waves are often
accompanied by severe air quality episodes, given that both occur
under conditions of high insolation and stagnation which strongly
promotes the levels of photochemical pollution and levels of Saharan
dust (Papanastasiou et al., 2010, 2015), giving average daily con-
centrations of Oz and particulate matter that exceed 120 ug/m°® and
50 ug/m>, respectively.

Understanding the extent of UHI effects on urban temperatures
throughout the GAA requires a careful characterization of surface
properties, building structures and spatially distributions of tempera-
ture during HW episodes. This was the focus of the THERMOPOLIS
2009 campaign (Daglis et al., 2010a, 2010b), when satellite, airborne
and ground-based observations between July 15 and July 31, 2009,
were combined to characterize the UHI of Athens. Of the data collected,
we focus on near-surface air temperature measurements from 19
ground-based stations operated by the Democritus University of Thrace
(DUTH), the National Observatory of Athens (NOA), the Hellenic Na-
tional Meteorological Service (HNMS) and the National and Technical
University of Athens (NTUA). The characteristics of each observational
site are listed in Table 1, while the locations of the sites are shown in
Fig. 1b.

2.2. Urbanization in the WRF modeling framework

The modeling system used in the current study is the WRF, version
3.5.1 (Skamarock et al., 2008) coupled with Noah land surface model
(LSM) (Tewari et al., 2004) that represents land-atmosphere interac-
tions through heat, momentum and moisture fluxes. The Noah LSM
treats urban areas as homogeneous, flat surfaces with properly modified
thermal, radiative, moisture and aerodynamic properties to account for
the urban effects. The enhancements of the urban surface properties in
the Noah LSM include: (a) a decreased green vegetation fraction (GVF)
of 0.05 to reduce evaporation, (b) a reduction of surface albedo to 0.15
to represent the enhanced absorption of short-wave radiation, (c) a
reduced surface emissivity to 0.88 to decrease nocturnal radiative
cooling, and (d) an increased surface roughness length of 0.50 m to
parametrize the strengthened drag and blocking effects. This is the
standard approach used for the urbanization of the WRF and is referred
as the bulk urban parameterization (Liu et al., 2006).

A more detailed treatment of the urban environment in the WRF/
Noah modeling system requires its coupling with an urban canopy
model. An urban canopy model includes the effects of urban geomor-
phology on the dynamic, radiation and thermodynamic processes at the
model sub-grid scale. Such an approach requires precise urban land use
data and parameters that represent the canopy geometry, where the
urban fraction (F,) parameter defines the percentage of the im-
pervious to water surfaces (e.g. buildings) in the WRF sub-grid pro-
portion (Chen et al., 2011). The single-layer urban canopy model
(SLUCM) by Kusaka et al. (2001) and Kusaka and Kimura (2004) dis-
tinguishes three types of urban surface: (i) low-intensity residential
(LIR), (ii) high-intensity residential (HIR), and (iii) industrial/com-
mercial (IC), each of which can contain ground, wall, and roof facets.
For a given urban grid cell that is dominated by LIR, 50% (F, = 0.50)
of the grid cell is covered by the impervious urban facets, while the
remaining fraction is treated as a pervious, vegetated surface. The
corresponding percentages for urban grid cells that characterized as
HIR and IC, are 90% (Fy», = 0.90) and 95% (Fy, = 0.95), respectively
(Chen et al., 2011).

In the current modeling framework, the Noah LSM is first called to
compute the surface fluxes and land surface temperature (LST) for the
grass-covered part; the SLUCM is then called to calculate the LST and
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Fig. 1. (a) Topography of GAA with identification of the main geomorphological features. (b) Land use (CORINE dataset) and locations of the ground-based measurement sites. (c) Three
2-way nested WRF modeling domains (Lambert Conformal Projection).

Table 1

Summary of the characteristics of the 19 ground-based measurement sites.

Station ID Monitoring network Station name Latitude (°N) Longitude (°E) Altitude(m a.s.l.%) Land use classification
LIR-1 NTUA Tlioupoli 37.92 23.76 206 Low intensity residential
LIR-2 NTUA Menidi 38.11 23.73 210 Low intensity residential
LIR-3 HNMS Nea Filadelfia 38.05 23.66 245 Low Intensity Residential
LIR-4 DUTH Papayannis 38.06 23.81 235 Low intensity residential
LIR-5 DUTH Pellis 38.03 23.82 211 Low intensity residential
LIR-6 NOA Penteli 38.05 23.87 495 Low intensity residential
LIR-7 DUTH Thalias 38.02 23.83 217 Low intensity residential
HIR-1 DUTH Anaximenous 37.97 23.75 125 High intensity residential
HIR-2 NTUA Galatsi 38.03 23.76 176 High intensity residential
HIR-3 DUTH Kountouriotou 37.93 23.71 29 High intensity residential
HIR-4 DUTH Pipinou 38.00 23.73 101 High intensity residential
HIR-5 DUTH Serifou 37.96 23.66 8 High intensity residential
HIR-6 NOA Thisio 37.97 23.72 95 High intensity residential
UB-1 NTUA Ano Liosia 38.08 23.67 184 Urban and built-up

UB-2 NTUA Helliniko 37.90 23.74 6 Urban and built-up

I1C-1 HNMS Elefsina 38.07 23.55 30 Industrial/commercial
1C-2 NTUA Mandra 38.12 23.56 258 Industrial/commercial
1C-3 NTUA Zografou 37.98 23.79 181 Industrial/commercial
NVM NTUA Pikermi 38.00 23.93 133 Croplands/natural vegetation mosaic

@ Above sea level.
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surface fluxes over the impervious region. By default, the land surface
characteristics for the pervious part of the urban grid cells correspond
to that of the “croplands/natural vegetation mosaic” land use type, with
an unvarying GVF of 0.8, a surface albedo of 0.18, emissivity of 0.98,
and roughness length equal to 0.14 m (Vahmani and Ban-Weiss, 2016).
Application of the SLUCM does not consider a GVF for the impervious
part of the urban grid cell but requires 20 urban canopy parameters
(UCPs) for each urban class type (LIR, HIR, IC) that are specified in a
look-up table (URBPARM.TBL; Chen et al., 2011). Among these para-
meters are F,;;, mean building heights, roof and road widths, albedo
and emissivity for the ground, the building walls, and roofs. The default
albedo of ground, building walls and roofs s is 0.20, while the default
emissivity of the ground is 0.95, and of walls and roofs is 0.90. Con-
cerning the parameterization of roughness length, the SLUCM calcu-
lates three relevant parameters: (i) the canyon aerodynamic roughness
length (z0,), (ii) the canyon thermal roughness length (z0,), and (iii) the
roof aerodynamic roughness length (z0,), using the semi-empirical
formulations of Macdonald et al. (1998) — which in turn require the
mean building height, the roof and road widths, and the standard de-
viation of roof height (i.e. building height variability).

The ultimate goal for UHI and HW impacts is to calculate the near-
surface air temperature (SAT), defined at 2 m above ground level. SAT
is a WRF diagnostic variable, interpolated between the lowest model
layer height and surface (Shin and Hong, 2011) and calculated using an
alternative expression of the sensible heat flux that uses atmospheric
variables at 2 m (Li and Bou-Zeid, 2014):

SH
PCr2Us

SAT = LST-

(€8]

where SH is the total urban grid-scale sensible heat flux, p is the air
density (kg/ms), Cho is the turbulent heat transfer coefficient at 2 m,
and U, is the wind speed at 2 m.

The LST of an urban grid cell is computed as the weighted average
of the impervious LST (LST,,) and natural vegetated LST (LSTyeg):

LST = F;pLSTuw + (l_Furb) LSTveg 2
Likewise, SH is also weighted by the respective areal coverage:
SH = F,SHyp + (1-Fup) SHveg 3

where SHy,, is the sensible heat flux calculated by SLUCM for the im-
pervious surfaces and SHy., is the sensible heat flux from Noah LSM for
the pervious surface. It is worth mentioning that the LST,., is calculated
as a prognostic variable by the Noah LSM using the properties of
grasslands, while the LST,, is generated as a diagnostic variable by the
SLUCM following:

SHurb

LSTup = Ta-
urb A pChU

(C)]
where T, is the air temperature at the first level of the model, C;, the
turbulent transfer coefficient, and U is the wind speed that corresponds
to the first atmospheric layer of the model (Li and Bou-Zeid, 2014). Ta,
Cy, and U are all WRF-derived prognostic variables.

Li and Bou-Zeid (2014) reported an inconsistency in the computa-
tion of the impervious surface temperature (Eq. (4)) which lead to
significant biases in the simulated urban surface temperatures (Eq. (2))
which in turn contribute to errors in the calculation of the SAT (Eq. (1)).
The problem is related to the turbulent transfer coefficient C, for the
whole urban grid cell which is inaccurately calculated using only the
momentum and thermal roughness lengths of the grass-covered surface
portion. To remove these errors, Li and Bou-Zeid (2014) proposed a
revised calculation of LST,, based on the prognostically-computed
temperatures of the roof surfaces (Tyoo) and the canyon (Tcanyon):

LSTurb = 1:';'oomeof + (l_Froof) Tcunyon (5)

where F,.¢ is the roof fraction of the impervious surface, i.e. plan area
index, which is calculated as:
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Weoof

Boot = —————
\Nroof + v‘/'ma\d

(6)

where W, oor and Wy,q are the width of the roof and the road, respec-
tively.

The Cy,, used in the Eq. (1) is also calculated using only the thermal
and momentum properties over grass. However, the SAT is much less
sensitive to the turbulent transfer coefficient than the LST (Li and Bou-
Zeid, 2014) and is considered a reliable diagnostic variable that can be
used for the simulation of urban air temperatures as well as for the
estimation of the canopy layer UHI.

2.3. Numerical simulations and experimental design

2.3.1. Model set-up

Fig. 1c shows the WRF domain configuration used in the present
study. The model was applied over three 2-way nested modeling do-
mains with horizontal grid resolutions of 18 km (d01), 6 km (d02) and
2 km (d03). The largest domain (d01) covers most of Europe and North
Africa, d02 includes the E. Mediterranean and Balkan Peninsula, and,
d03 focuses on the GAA. Each domain has 28 unevenly spaced full
sigma layers in the vertical direction with the model top defined at
100 hPa.

The WRF simulations were initialized and forced at its lateral
boundaries with the operational atmospheric analysis surface and
pressure level data of the European Centre for Medium-range Weather
Forecasts (ECMWF), provided at 0.25° x 0.25° spatial and 6 h temporal
resolution. All simulations were conducted from 1200 UTC on July 23
to 0000 UTC 27 on July 27, 2009, with an output frequency of 1 h. The
first 12 simulated hours were treated as spin-up period, while the re-
maining 72 h represented the 3-day heat wave episode over the city of
Athens. The identification of the heat wave was based on IPCC's defi-
nition of extreme temperature index, TX90p (IPPC, 2013), according to
which a warm day is determined when the daily maximum temperature
exceeds the 90th percentile of the late-20th century period 1961-1990
(Giannaros et al., 2017).

The land use/land cover (LULC) data for domains 1 and 2 were
taken from the 20-category and 30-arc-sec spatial resolution modified
moderate resolution imaging spectroradiometer/international geo-
sphere-biosphere project (MODIS-IGBP) global data. The MODIS-IGBP
dataset includes only a single category (urban and built-up, UB) for
representing urban areas and, thus, is considered to be inadequate for
urban modeling applications, despite its relatively high horizontal re-
solution (~1 km). A more accurate urban LULC representation over the
d03 domain is obtained from the 250 m spatial resolution European
Environment Agency (EEA) CORINE land use data set (version 12/
2009), remapped to the corresponding MODIS-IGBP LULC categories
(Giannaros et al., 2014; Supplementary material Table S1). The
CORINE LULC enables the three additional urban categories (HIR, LIR,
IC), which are necessary for the implementation of SLUCM. Fig. 1b
highlights the land use over the GAA according to the CORINE LULC
data set.

The physical parameterization schemes applied in all domains in-
clude: (a) the WRF single-moment six-class scheme for handling the
microphysics processes (Hong and Lim, 2006), (b) the asymmetric
convection model 2 (ACM2) scheme for the planetary boundary layer
(Pleim, 2007), (c) the revised MM5 scheme for parameterizing the
model surface layer (Jiménez et al., 2012), (d) the Noah LSM (Tewari
et al., 2004) for the land surface processes, (e) the Eta geophysical fluid
dynamics laboratory (GFDL) scheme (Schwarzkopf and Fels, 1991), and
the Dudhia scheme (Dudhia, 1989) for the longwave and shortwave
radiation, respectively. Cumulus parameterization was used only for
d01 and dO2 by employing the Kain-Fritch scheme (Kain, 2004). The
urban parameterization options are presented in the next section
(Section 2.3.2).
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Table 2
Summary of simulations.
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Scenario Urban parameterization Modified model code for SLUCM  Albedo  Emissivity = Mean building height  Road width ~ Urban fraction
BUL Bulk - - - - - -
UCh Single-Layer Urban Canopy Model (SLUCM) - - - - - -
UucM Single-Layer Urban Canopy Model (SLUCM) X - - - - -
UCM_SAL Single-Layer Urban Canopy Model (SLUCM) X X - - - -
UCM_SEM  Single-Layer Urban Canopy Model (SLUCM) X - X - - -
UCM_SBH Single-Layer Urban Canopy Model (SLUCM) X - - X - -
UCM_SRW  Single-Layer Urban Canopy Model (SLUCM) X - - - X -
UCM_SUF Single-Layer Urban Canopy Model (SLUCM) X - - - X
UCM_OPT  Single-Layer Urban Canopy Model (SLUCM) X X X X X

2.3.2. Design of the numerical experiments

A series of nine simulations were carried out in the present work
(Table 2). The three first experiments, namely BUL, UCD, and UCM,
were implemented to investigate the performance of the WRF model
under different urban parameterization approaches. In the BUL simu-
lation, the bulk urban parameterization of WRF/Noah modeling system
was used. During the UCD scenario, the default SLUCM was utilized for
the domain that covers the study area (d03), while the code of SLUCM
was modified for the UCM experiment in order the impervious surface
temperature (LSTy; Eq. (5)) to be computed as proposed by Li and
Bou-Zeid (2014). It is worth mentioning that when an urban grid cell is
classified as UB, then the SLUCM corresponds this grid cell to the HIR
type, concerning its tabulated UCPs. Table 3 shows the values of those
characteristics that are subject to the current work. To ensure con-
sistency during the evaluation and sensitivity analysis processes, the
surface albedo and emissivity of SLUCM simulations were set equal to
those of BUL scenario. For this, the SLUCM code was modified to assign
the same values of albedo and emissivity to both pervious and im-
pervious parts, including the three urban facets (roads, walls, roofs), of
each urban grid cell. Another minor change concerns the building
height variability, which was set equal to 3 m (= 1-floor height; www.
statistics.gr) for all urban LULC types, to be representative for the city
of Athens. Moreover, it should be noted that the SLUCM provides a
default anthropogenic heating (AH) diurnal profile, which is user-edi-
table, per urban LULC category (Sailor et al., 2015) to be added to the
urban sensible heat flux term. However, there is a lack of AH databases
for the city of Athens, as well as for many other cities, due to the high
uncertainty in the specification of the AH spatial and temporal varia-
bility (Sailor and Lu, 2004). For this, in the current study, the AH model
option was set off.

The UCM simulation was used as the base case scenario for con-
ducting the sensitivity analysis to five critical surface and urban geo-
metry properties. In the UCM_SAL experiment, the surface albedo of
urban grid cells was reduced, while the surface emissivity was increased
during the UCM_SEM simulation. These parameters are marked with
high importance in the UHI causation and development. The specifi-
cation of their values per urban LUCL category is highlighted in Table 3
and was based on the satellite-retrieved data (Giannaros et al., 2014)
collected in the framework of the “UHI-UT” project funded by ESA.
During the UCM_SBH, UCM_SRW and UCM_SUF scenarios, the mean
building height, the road width and the urban fraction were reduced by
50%, respectively (Table 3). The building height and road width are of
great importance in representing the complex geometry of street can-
yons, while interventions on urban fraction by increasing the remainder
urban grass-covered portion (e.g. urban parks) can affect the local en-
vironment beneficially through the reduction of the UHI effect.

During the UCM_OPT simulation, the values of the examined surface
and urban canopy properties were calibrated based on the sensitivity
analysis, to be representative of the city of Athens and, consequently,
lead to more adequate model SAT results. In particular, the land surface
albedo and emissivity were replaced by the satellite remotely sensed
data acquired during the “UHI-UT” project (Table 3), as several studies
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pointed out that the utilization of satellite-derived land surface para-
meters improves the performance of NWP models (Ban-Weiss et al.,
2015a, 2015b; Vahmani and Hogue, 2014; Vahmani and Ban-Weiss,
2016). The mean building height of LIR and HIR LULC class was in-
creased by 80% and 100%, respectively, while it was decreased for IC
LULC type by 40%. The road width parameter was not altered over IC
sites, while it was raised from 8.3 m to 10 m and from 9.4 to 12 m over
LIR and HIR areas, respectively. Finally, the urban fraction of LIR sites
was increased to 80% (Table 3). These values of UCPs are close to those
reported and used in other studies focusing on the urban area of GAA
(Papangelis et al., 2012; Salvati et al., 2013; Shashua-Bar et al., 2010;
Stathopoulou et al., 2009).

3. Results and discussion
3.1. Performance evaluation of BUL, UCD and UCM experiments

Fig. 2 presents the diurnal variation of SAT, averaged for July 24-26
2009, from observations and simulations over the 19 THERMO-
POLIS2009 campaign ground-based meteorological stations used in the
current study at the GAA. The maximum temperature over the majority
of the urban sites exceeded 37 °C, while the minimum temperature
during the night over the HIR areas, which are located in the city core,
remained above 28 °C. A much lower daily maximum temperature was
observed over rural territories (NVM at Pikermi; Fig. 2s). These features
indicate that the effect of the 3-day heat wave episode is amplified by
the UHI in the interior urban fabric of Athens.

The BUL experiment lacks ability in simulating the magnitude of the
diurnal variation of SAT, as it significantly underestimates the daily
maximum temperature over all urban stations. It is characteristic that
the absolute maxima daytime model errors vary from — 1.74 °C (LIR-4
at Papayannis; Fig. 2d) to — 5.2 °C (HIR-6 at Thiseio; Fig. 2m). Thus, it
is evident that the BUL simulation cannot capture the high-temperature
weather pattern and the SAT temperature contrast between the urban
and rural districts. This poor performance arises mainly from the in-
adequate representation of the urban environment in the BUL scenario.
In particular, it seems that the modified land surface properties used by
Noah LSM (Section 2.2) to describe the atmospheric and thermal dy-
namics in cities are deficient for capturing the sub-grid scale features of
the UHI effect. The main disadvantage of this approach is that it con-
siders urban surfaces as homogeneous and flat, while urban environ-
ments are more complicated in reality, with different artificial and
natural surfaces.

UCD and UCM experiments provide a more detailed approach for
handling the characteristics of the different urban LULC types and take
into account the thermal and radiative processes related to the urban
geometry. However, it is interesting to see that the UCD simulation is
not capable of producing better results compared to the BUL scenario.
Contrary, Fig. 2 illustrates that UCD simulates slightly lower daily
temperatures. One important reason for this is the introduction of
pervious, grass-covered land into the urban grid cells through the F
parameter. The role of urban grass is more evident during the night
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3 over the LIR sites where the UCD experiment simulates much lower
B nocturnal SATs. This is because 50% of the LIR grid cells are covered by
Ol RBR &8 B8 8 &.LR% pervious surface (Fy, = 0.50), which store less heat during the day and
has a higher nighttime cooling rate. As mentioned in Section 2.2, F, is
@ 3 one of the UCPs required to drive the SLUCM. Hence, it is evident that
.2 E ] the SAT results are sensitive to key UCPs. Also, it seems that the default
°:, §|T| &8 & & & % U values of UCPs are inappropriate for the city of Athens.
% a The impact of F,;, on night time LIR SATs is also present during the
£ g s 2 UCM simulation, while it is also evident that UCM produces even lower
-:E %’ " B 3 temperatures over the majority of the urban stations during the night,
5813 0 8B88 B8 B 8 8&Ll8¢L resulting to higher negative biases. On the other hand, the modified
SLUCM code used in the UCM scenario reduces remarkably the daytime
g biases compared to the other two experiments. This performance is
B primarily attributed to the revised calculation of the impervious surface
S 2228 2 2 wl=2 = temperature (Eq. (5)) during the UCM experiment. In particular, Eq. (5)
combines the temperatures of roofs and street canyon. The complex
- s g canyon geometry increases the urban surface compared to a plane area
1= 3 N and introduces radiation-trapping effects. Hence, more radiant energy
& E R I BT can be absorbed and trapped, contributing to higher urban surface
g £ temperatures during both the day and night (see Supplementary ma-
g go _ S terial Figs. Sla, b). Roof temperatures have a different contribution in
S :3 S LZ’ Eq. (5). Because roofs are more exposed to the open sky, they absorb
g g | = mmm o oo ATe o more shortwave radiation during the day, whereas they emit more
AL B A longwave radiation in the night. Thus, the temperatures of roofs in-
_ _ crease further the daytime impervious surface temperatures, while they
g N decrease the urban surface temperatures significantly following sunset
ol 222 = f CHE= z (see Supplementary material Figs. Slc, d). Overall, the UCM scenario
reproduces more accurately the diurnal variation of temperatures over
~ the majority of the urbanized sites. The existence of UHI, revealing from
<18 og § the excess warmth of the urban stations in comparison with the rural
E z 2 wwe v BT7un w47 one, is captured well by the UCM simulation. Additionally, the absolute
-Eioﬁ S B errors from the measured extreme, due to the heat wave episode,
2% _ _ daytime maximum temperatures are limited to a range from — 3.49 °C
g § o.: § (LIR-3 at Nea Filadelfia; Fig. 2c) to 1.28 °C (IC-1 at Elefsina; Fig. 2n).
E g % Ceow e 2 w e ot Thus, it is pronounced that the estimation of correct urban surface
temperatures through Eq. (5) is crucial for simulating air temperatures
_ _ that are closest to reality.
§_ § Even so, the model results still deviate noticeably from the ob-
5 22383 5 % 2 3 3 5 E servations. As already pointed out, this' is prol?ably c?used by t.he ir-
| eeee ovwe o o ov relevant for the study area UCPs. Despite the increasing effort in de-
veloping UCP data sets by utilizing remote-sensing data and multiple
3 . ;ﬁ :ﬁ GIS techniques (Ching et al., 2009; Ratti et al., 2002; Burian et al.,
E - 5 2888 S 2 8 8 5 S 2004; Molnar.et al., 20.16), the ava.lle?blhty of such data is limited to .a
g %0 Tl 33838 st & & 3% few geographical locations. Thus, it is necessary to analyze the sensi-
._E 5 tivity of the modeled urban temperatures to critical UCPs and adapt
5 go 2 2 their values for the GAA.
3 3 3
g g 3 = 8888 578 8 8 §7% 3.2. Sensitivity analysis
E _ = To quantify the impact of the selected factors on the spatial dis-
& g g tribution of urban temperatures, the partial derivative of SAT on each
e 0w Lo o % T T T S NT parameter (xx) was calculated as the fraction of the SAT difference
E 2|88 S S S Sw between the corresponding UCM_Sxx experiment and the UCM simu-
& lation to the relative xx difference:
8 3-8 & % GSAT _ SATucwso-SATycu
T f2|5|2588808 8 8 8 80 X s @
3 é § The values of SAT on Eq. (1) were averaged for the three-day heat
5;; '“i %0 % % wave period (July 24-26, 2009) and the analysis focused on the day-
B3 g I PP 2w o o . 2 S time (1200 UTC) and nighttime (0200 UTC). Figs. 3-7 presents the
E SE&|5|12333L8 2 2 2 2L spatial distributions of SAT sensitivities to each studied parameter over
3 the urban grid cells as well as the diurnal variation of the averaged SAT
N 2 B K zZ o from observations and simulations at six characteristic sites.
B E % S 8 8 8 7 %.
28|5 |5/3888 8§ 3 &8 & & 3.2.1. Surface albedo
SR Albedo is critical for the radiation balance of any surface, as it
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Fig. 2. Diurnal variation in near-surface air temperature from ground-based observations and BUL, UCD, and UCM numerical experiments over LIR (a-g), HIR (h-n), IC (p-1), UB (s-t),
and NVM (u) sites. Values are averaged for 24-26 July 2009.

represents the portion of the incoming shortwave solar radiation that is urban fabric of Athens, where the HIR stations are located, results in an
reflected back to the atmosphere. Lower values, as in the UCM_SAL increase of the simulated SAT by 7.10 (0.71) °C to 8.33 (0.83) °C.

scenario, lead to an increased absorption of radiation and, conse- The UCM_SAL experiment also simulated higher values of air tem-
quently, to a higher surface net radiation. Due to the negligible irri- perature over the majority of the urban grid cells during the night, as
gation, the reduced moisture availability and the absence of vegetation, Fig. 3aillustrates. This is caused by the release of the enhanced daytime
small latent heat fluxes are observed in urban areas (Christen and Vogt, heat storage that begins during the evening transition and hinders the
2004). As a result, the surplus of daytime radiant energy is partitioned nocturnal fall of the SAT. The complex canyon geometry contributes
into sensible heat flux, while the remainder is consumed in increasing further to this direction, as it inhibits the efficiency with which the
the daytime surface heat storage. The daytime upward sensible heat urban areas lose heat through radiative cooling. However, there are
flux warms the overlying air by conduction and advection (Oke, 1987). some regions (e.g. LIR-1 at Ilioupoli) where the modeled SAT was de-
This leads to higher SAT, as Fig. 3b indicates. The impact of this process creased, with the reduction reaching up to 10.60 (1.06) °C per 1 (0.1)
is greater over the UB, HIR, and IC regions because of the higher (less) unit of albedo decrease. These outliers are associated with albedo-in-
urban fraction (vegetation fraction) that characterizes these sites. It is duced changes on the local atmospheric circulation. In particular, the
characteristic that a reduction of albedo by 1 (0.1) over the central wind speed was reduced over the exceptionally urban grid cells, leading
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Fig. 3. Spatial distribution of SAT sensitivities to surface albedo during (a) the night, and (b) the day. (c-h) Diurnal variation in SAT from ground-based observations and UCM, and
UCM_SAL numerical experiments over six characteristic sites. Values are averaged for 24-26 July 2009.

to a decrease of the nighttime downward sensible heat flux of both
pervious and impervious surface. As a result, the vegetated LST, cal-
culated by the Noah LSM, was reduced. Thus, the total grid LST was
decreased as well as the SAT, consequently. It is worth mentioning that
the impervious LST was not affected by the reduction of the urban
sensible heat flux because of its modified calculation in the SLUCM code
(Eq. (5)). The aforementioned analysis is included in the Supplementary
material (Figs. S2-S8) and shows that the spatiotemporal variability of
urban temperatures is not only dependent on the land surface and
urban geometry characteristics, but also on the local meteorological
circulations.

In more detail, the modification of wind circulation could be at-
tributed to the change of the thermal structure of the atmosphere at a
local scale due to the modification of albedo in the urban areas. This is
because the wind speed is driven by pressure gradient forces depending
on horizontal temperature gradients and altitude variations (Kumar
et al., 2014). Particularly for the night, Fig. S2a (see Supplementary
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material) illustrates that the mean synoptic flow modeled by the UCM
simulation is north-northwest. Wind speeds are higher than 10 m/s in
the complex terrain areas close to mountains Parnitha and Penteli,
whereas the wind is much lower in the urban fabric of Athens. During
the UCM_SAL experiment (see Supplementary material Fig. S2b), even
though the circulation pattern is the same, a modest displacement of the
sea level pressure gradients is evident. Hence, the indirect interaction
between the albedo change and local atmospheric dynamics influences
the urban temperatures and contributes to the UCM_SAL model re-
sponse.

3.2.2. Surface emissivity

The role of surface emissivity in UHI causation is frequently ig-
nored, as noted by Oke et al. (1991). However, a surface with increased
emissivity remains cooler because it emits more longwave radiation to
the open space. Consequently, less heat is transmitted to the atmo-
sphere leading to lower air temperatures.
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Fig. 4. Spatial distribution of SAT sensitivities to surface emissivity during (a) the night, and (b) the day. (c-h) Diurnal variation in SAT from ground-based observations and UCM, and
UCM_SEM numerical experiments over six characteristic sites. Values are averaged for 24-26 July 2009.

Indeed, Fig. 4 shows that the model simulates a reduction of SAT
when the emissivity of the urban surface and facets was raised from
0.88 to 0.97. As solar shortwave radiation reduces to zero during the
night, the main driver of the surface energy balance is the outgoing
longwave terrestrial radiation. As a result, the sensitivities of the SAT to
emissivity are higher during the nighttime (Fig. 4a), varying, on
average, from — 1.33 (0.13) °C per 1 (0.1) unit of change over IC sites
to —2.84 (or 0.28) °C/1(0.1) emissivity change over LIR stations, and
to — 3 (0.3) °C/1(0.1) emissivity change over HIR and UB areas. It is
worth mentioning that these values are comparable to those found in
the studies of Atkinson (2003) and Hamdi and Schayes (2008). How-
ever, over two regions located at the foot of mountain Penteli and
Hymettus, respectively, the reduction of the simulated SAT reach up to
10.70 (1.07) °C per 1 (0.1) unit of emissivity increase. These excep-
tional sensitivities are originated from the alteration of local wind cir-
culation as in the case of the albedo-induced outliers reported in Section
3.2.1. Fig. S2c (see Supplementary material) shows that the shift of the
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local atmospheric pressure systems during UCM_SEM experiment is
even higher than in the UCM_SAL (see Supplementary material Fig.
S2b) scenario, indicating stronger variations in the wind. The fact that
the exceptional diversities in the simulated temperatures response are
located in the same territories as those during the UCM_SAL experiment
shows that the complicated geomorphology of the study area plays an
important role by introducing local heterogeneities and dynamical ef-
fects, especially during the night when the mechanical turbulence is
dominant.

During the day, the outgoing thermal radiation flux has a less im-
portant role in regulating the radiation balance. Thus, the increase of
emissivity leads to lower modeled SAT reduction (Fig. 3b). The urban
air temperature decrease per 1 (0.1) unit of emissivity increase varies,
on average, from 0.5 (0.05) °C at suburban areas (LIR) to 0.82 (0.08) °C
over the HIR and UB sites, and to 1.4 (0.14) °C over industrial and
commercial (IC) areas. These daytime variations, as well as those above
during the night, arise from the different street canyon morphology and
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Fig. 5. Spatial distribution of SAT sensitivities to mean building height during (a) the night, and (b) the day. (c-h) Diurnal variation in SAT from ground-based observations and UCM, and
UCM_SBH numerical experiments over six characteristic sites. Values are averaged for 24-26 July 2009.

topography of each urban LUCL type, resulting in various radiative
geometry (e.g. radiation trapping) effects.

3.2.3. Mean building height

The mean height of buildings is involved in the parameterization of
three important physical processes in the urban boundary layer (UBL),
simulated by the SLUCM. Firstly, building heights control the shadow
effects in the street canyons (Kusaka et al., 2001). The second para-
meterization influenced by the building heights is the sky view factor
(SVF) (Oke, 1988), i.e. the portion of the earth's atmosphere that can
been seen from a given point on the street canyon, which has a sig-
nificant effect on the efficiency with which the urban canyons can lose
heat through the escape of outgoing long-wave radiation to the open
sky. Last, but not least, the mean building height (BH) affects the
parameterization of the roughness length parameters mentioned in
Section 2.2, and, consequently, impacts the turbulent mixing processes
and urban canopy wind speed.
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Having the above in mind, lower BHs, as in the UCM_SBH experi-
ment, lead to lower shading and as a result, the urban surface tends to
warm and to store more heat during the day. Thus, it would be expected
that higher daytime SATs would be modeled. However, Fig. 5b high-
lights positive dSAT/0BH sensitivities, indicating that the reduction of
BH resulted in lowering urban temperatures. This is because the
UCM_SBH simulated lower urban roughness length parameters and
greater values of SVF, compared to UCM scenario (see Supplementary
material Table S2). During the day, smaller thermal roughness (z0,)
values reduce the turbulent heat exchange (Voogt and Grimmond,
1999) through the UBL and results to lower air temperatures. Ad-
ditionally, the reduction of the urban aerodynamic roughness length
factors, i.e. z0. and z0,, led to less drag and blocking effects. As a result,
the UCM_SBH wind velocities in the urban canopy were stimulated and,
in turn, the near-surface air cooling was enhanced. Higher values of SVF
also contributed to heat loss, even though the radiative cooling has a
secondary role after the sunrise. The SAT reduction is larger over HIR,
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Fig. 6. Spatial distribution of SAT sensitivities to road width during (a) the night, and (b) the day. (c-h) Diurnal variation in SAT from ground-based observations and UCM, and
UCM_SRW numerical experiments over six characteristic sites. Values are averaged for 24-26 July 2009.

UB, and IC areas, reaching up to 0.27 °C/m, due to the higher urban
fraction that characterizes these LULC categories.

In the nighttime, shear plays the dominant role in the development
of mechanical turbulence (Cao and Lin, 2014), which is responsible for
the downward entrainment of hot air at the elevated inversion base.
The decreased z0. and z0, values during the UCM_SBH scenario wea-
kened the production of shear and resulted in the simulation of lessened
SATs over the majority of the urban grid cells, as Fig. 5a illustrates. The
enhanced SVF values contributed further to this direction because of
the more efficient post-sunset radiative cooling. The sensitivities of
nocturnal SAT to BH ranges from 0.05 °C/m to 0.25 °C/m over the HIR,
UB, and IC sites, while they take their higher values (up to 0.55 °C/m)
in the suburban areas.

On the other hand, the modeled SAT was increased by 0.16 °C/m
(LIR-4 at Papayannis) and 0.22 °C/m over two suburb areas, located
close to mountain Penteli. Fig. S2d (see Supplementary material)
highlights that these areas are exposed to steep wind speeds due to the

complex topography of the region, while an alteration of the mean sea
level pressure gradient is evident compared with the UCM simulation
(see Supplementary material Fig. S2a). Thus, these abnormal sensitiv-
ities are the result of the same local dynamical effect as that which
produced the outliers during the UCM_SAL and UCM_SEM simulations.
This time the change in the local circulation acted on the opposite di-
rection. The wind speed was increased, and therefore the downward
sensible heat flux was strengthened, especially over the previous sur-
face. Hence, the LST,, was increased and led to the rise of the total grid
LST and, consequently, of the SAT (see Supplementary material Figs.
S9-S15).

3.2.4. Road width

The road width (RW) parameter in SLUCM affects the same physical
processes as those mentioned in Section 3.2.3 for BH. Also, it influences
the computation of the revised impervious surface temperature (Eq.
(5)) by moderating the weighted factor F,,.¢ (Eq. (6)). In particular, the
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Fig. 7. Spatial distribution of SAT sensitivities to urban fraction during (a) the night, and (b) the day. (c-h) Diurnal variation in SAT from ground-based observations and UCM, and
UCM_SUF numerical experiments over six characteristic sites. Values are averaged for 24-26 July 2009.

reduction of RW in the UCM_SRW simulation led to (a) more shading,
(b) reduced thermal and aerodynamic roughness length parameters, (c)
lower SVF values, (d) decreased urban canopy wind speeds, and (e)
larger Fo0f, in comparison with UCM scenario (Supplementary material
Table S2).

Enhanced shadowing during the day, results in less available heat in
the street canyons. Moreover, as in the UCM_SBH experiment, the tur-
bulent heat transfer is weakened due to the lower z0, values, while the
decreased z0. and z0, would expected to lead to higher canopy winds.
However, the canopy wind is lower during UCM_SRW simulation be-
cause narrow street canyons do not favor the development of steep
wind speeds. Additionally, the reduced SVFs introduce less longwave
radiation loss. While roof surfaces are warmer than the street canyons
during the day because they are more exposed to solar radiation and,
consequently, absorb more short-wave radiant energy (see
Supplementary material Fig. Sla, c). The greater F,.or increased the
contribution of T in the modified calculation of the LST,;, (Eq. (5)),

and, taking into account that the SLUCM simulates higher values of
Troof compared to the Teanyon Values, this led to the rise of the im-
pervious surface temperatures. The last modifications counteract the
first two, concerning the evolution of urban air temperatures. However,
as Fig. 6b indicates, the higher shadow effects and the lower heat tur-
bulence are dominating and lead to the simulation of lessened daytime
SATs. The spatial distribution, as well as the magnitude, of SAT re-
duction during the day is the same as in the UCM_SBH simulation. The
higher sensitivities to RW appearing over the sites with the larger urban
fraction, ranging, on average, from 0.23 °C/m over the HIR and UB sites
to 0.27 °C/m over the IC stations.

During the night, despite the reduced radiative cooling in the street
canyons due to the decreased SVF, the UCM_SRW experiment also si-
mulated lower urban temperatures over the most of the urban LULC
cells (Fig. 6a). This is because the roofs cool more efficiently than the
urban canyon (see Supplementary material Figs. S1b,d) and, hence, the
larger roof fraction led to decreased simulated LST, values.
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Furthermore, as in the UCM_SBH simulation, the decreased urban
aerodynamic roughness lengths resulted in significantly inhibited me-
chanical turbulence, reducing the entrainment of hot air from the free
troposphere in the UBL. As Fig. 6a highlights, the magnitude of the SAT
decrease is greater over the LIR locations, reaching up to 0.20 °C per
1 m of RW.

The unexpected increase of nocturnal SATs over some regions, po-
sitioned between, and at the foot of, mountain Penteli and Parnitha, is
attributed to the alteration of the local wind pattern (see
Supplementary material Fig. S2e), as it was described in Section 3.2.3
for the BH-induced outliers. Also, it is worth mentioning that the
change of RWs and BHs can affect the anthropogenic heat released in
the urban areas. However, as denoted in Section 2.3.2, no AH was
considered in the model set-up because of the lack of a relevant in-
ventory for the city of Athens. Therefore, it is important to emphathize
that changes in the AH do not affect the UCM_SBH and UCM_SRW si-
mulations, and, consequently, the results discussed above.

3.2.5. Urban fraction

As noted in previous sections, the urban fraction variable has a
critical role in the coupling of WRF/Noah modeling system with the
SLUCM and affects the simulated urban temperatures directly, espe-
cially during the night. Fig. 7 highlights this influence of Fy, on the
modeled thermal environment of Athens. The reduction of F, by 50%
during the UCM_SUF experiment leads to a reduction of, both daytime
and nighttime, SATs. The sensitivities of SAT spans from 0.030 °C/% to
0.055 °C/% during the day, while they take higher values that reach up
to 0.1 °C/% during the night.

This is because the greater portion of urban vegetation modifies the
SEB compared to the UCM simulation. The increased grass-covered land
on the sub-grid scale introduces larger amounts of moisture availability
and, consequently, shifts the partitioning of the energy budget from
sensible to latent heat flux. As a result, the evaporative cooling of the
total grid surface is enhanced, and the urban temperatures drop during
the day (Fig. 7b). Additionally, the vegetation thermal properties ac-
count for the lower daytime total-grid heat storage and the higher
nighttime cooling rate that lead to a greater reduction of nocturnal
SATs (Fig. 7a). The results above are in agreement with those of other
studies investigated the potential beneficial effects of decreasing (in-
creasing) the urban (vegetation) fraction in cities (Shashua-Bar and
Hoffman, 2000; Hamdi and Schayes, 2008; Papangelis et al., 2012).

3.3. Validation of UCM_OPT

Three statistical metrics, namely: (i) the mean bias error (MBE), (ii)
the mean absolute error (MAE), and (iii) the index of agreement (I0A),
were computed for SAT in order to quantitatively compare the model
performance between the base case scenario simulation, UCM, and the
UCM_OPT simulation with the optimal set of surface and urban canopy
parameters. Table 4 shows the calculated model performance measures
grouped by the three LULC urban categories, while Fig. 8 presents the
spatial distribution of temperature MBs for the two numerical experi-
ments, as well as the diurnal variations of the averaged SAT from ob-
servations and simulations at six characteristic measurement stations.

The UCM case produced the largest biases and absolute errors
(Table 4). The model was found to highly underestimate the urban

Table 4
SAT statistical measures for UCM and UCM_OPT experiments.
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temperatures by — 1.97 °C over the LIR sites, while it overestimated
SAT of industrial and commercial regions (IC), as it is evident in Fig. 8a.
The calibration of surface properties and UCPs during the UCM_OPT
simulation minimized remarkably the errors. In particular, the model
was found to be biased cold over the LIR locations, underestimating
SAT by 0.39 °C (1.87 °C) in terms of MB (MAE) under the UCM_OPT
scenario. Minimal positive biases were occurred for the same experi-
ment in HIR/UB and IC stations where SAT deviates from observations
by 2.17 °C and 2.00 °C, respectively. Also, the UCM_OPT simulation
produced higher values of IOA over all urban land use classes, in-
dicating a better correlation between the modeled and observed urban
temperatures.

The improved model performance over the LIR regions is primarily
due to the 80% increase of urban fraction, because SAT is very sensitive
to this parameter, as shown in Section 3.2.5. The rise of building
heights and road widths also contributed to the more accurate simu-
lation of urban temperatures. Thus, the realistic parameterization of
UCPs is crucial for the replication of the elevated temperatures, caused
by the synergy of UHI and HW weather conditions, over urban en-
vironments. However, the model still lacks ability in representing the
nocturnal SATs adequately (and the UHI effect) over some locations
(e.g. LIR-1 at Ilioupoli; Fig. 8c, and HIR-6 at Thisio; Fig. 8f). An im-
portant source of this inconsistency is the fact that the canopy para-
meters may vary significantly over the same urban LULC type and even
over the same model grid cell that covers an area of 2 km?. Hence, the
use of a single set of properties over a 2 km? urban area is not com-
pletely realistic, especially for the study area, as the city of Athens is
characterized by inconsistent urban planning with irregular positioning
of buildings (Salvati et al., 2013). Additionally, the ground-based
measurements usually represent the weather conditions over a limited
area of 1 km?. Thus, the spatial disparity between the observations and
the modeled output contributes to the model biases.

4. Conclusions

In the current study, a mesoscale NWP model (WRF) was used for
investigating the spatial and temporal distribution of near-surface air
temperature at an urban scale. Urban temperatures are directly affected
by the UHI effect, and they are amplified during heat wave episodes.
For this, the comprehensive modeling study of the present paper was
conducted during a 3-day HW event (July 24 to July 26, 2009) over the
city of Athens. Observational data obtained during the
THERMOPOLIS2009 campaign were used for the same period to eval-
uate the performance of WRF during various sensitivity scenarios and
tune-up its efficiency, concluding to an optimal model configuration
that best replicated the temperature distributions.

A set of three numerical sensitivity simulations was carried out to
see how the model responds under different urban parameterizations
and code modifications regarding temperature changes over time and
space. The use of the revised calculation of the impervious surface
temperature in the WRF/SLUCM modeling system (Li and Bou-Zeid,
2014) reproduced more accurately the observed diurnal variation of
urban temperatures, compared to the bulk and the default SLUCM
configurations, and captured the existence of Athens' heat island sa-
tisfactorily. The largest improvements were found for the daytime
maximum temperatures, while the nocturnal temperature biases were

Scenario MB MAE I0A

LIR HIR/UB 1C LIR HIR/UB IC LIR HIR/UB 1C
UCcM -1.97 -0.76 0.39 2.61 2.18 2.15 0.88 0.90 0.92
UCM_OPT -0.39 0.06 0.09 1.87 2.17 2.00 0.93 0.91 0.93
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Fig. 8. Spatial distribution of SAT mean biases for (a) UCM, and (b) UCM_OPT simulation. (c-h) Diurnal variation in SAT from ground-based observations and UCM, and UCM_OPT

numerical experiments over six characteristic sites. Values are averaged for 24-26 July 2009.

still significant. The latter deviations are of great importance as the UHI
effect is primarily a nighttime phenomenon. For this, a series of five
additional numerical experiments were implemented to further in-
vestigate the sensitivity of the simulated temperatures to highly un-
certain land surface and urban canopy properties. The direct sensitivity
of urban temperatures to each parameter provided an unprecedented
insight on how each parameter affects the UHI causation and evolution:

e The reduction of surface albedo leads to significant increase of
daytime temperatures, with maximum sensitivities of around 10 °C
(1 °C) per 1 (0.1) unit of albedo change in the calculated range. The
same effect, but with a lower magnitude, is produced during the
night.

e Surface emissivity has a lower impact on the urban temperatures.
The increase of this parameter leads to a maximum temperature
decrease of 3 °C (0.3 °C) per 1 (0.1) unit of emissivity change in the
range of 0.88 to 0.97 during the night, while the same effect is

99

imperceptible in the daytime.

The reduction of mean building height and road width influences
various physical processes and mechanisms. In both cases, the me-
chanisms that contribute to the reduction of urban temperatures
dominate during the day, as well as during the night, leading to
maximum sensitivities of 0.55°C/m and 0.27 °C/m for building
height and road width, respectively, restricted to the examined va-
lues ranges.

The simulated urban temperatures are highly sensitive to urban
fraction. The reduction (increase) of the urban (vegetation) fraction
by 1% can lead to a drop in near-surface air temperature by 0.1 °C in
the examined range during the night when UHI is more intense. This
finding is of great importance as the introduction of green areas (e.g.
parks) in Athens could be a very effective mitigation strategy to
counteract the UHI effect.

It should be noted that during albedo, emissivity, building height,
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and road width sensitivity experiments a few outliers were found in the
nighttime over some regions with complex topography. The analysis
pointed out that these exceptional sensitivities, showing a different
impact on urban temperatures, are associated with induced alterations
of the local wind circulation. This reveals that, apart from the surface
and street geometry characteristics of a city, the local meteorological
conditions affect the intra-urban temperature variability essentially,
especially over areas with complex geomorphology and during the
night, when the mechanical turbulence is dominant. Anthropogenic
heating is also an important factor contributing to the temperature
variability in urban areas. However, AH does not affect the results and
conclusions mentioned above, as it was not included in the model set-
up due to the lack of relevant data. As efforts for the construction of AH
emission inventories are increasing, a subsequent study focusing on the
sensitivity of the model results to AH could be expected, once such a
database exists.

The above findings were used for optimal parameter estimation to
enhance the performance of the WRF/SLUCM modeling system over the
study area. The optimal model set-up simulation reproduced the ob-
served near-surface air temperature field over the city of Athens,
showing lower values of MB (—0.39°C < MB < 0.09 °C) and MAE
(1.87°C < MAE < 2.17°C), especially over the low-density re-
sidential locations. The improved performance in matching the ob-
served urban temperatures is attributed to the use of more accurate
land surface and urban canopy properties, which are consistent with the
actual city surface and geometry characteristics. This gives confidence
that the model is robust and, although further improvements in certain
areas of steep topography and in AH effects need to be carried out, can
be used for studying the UHI effect and its role in heat-related health
effects in the GAA in the projected warmer future climate.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.atmosres.2017.10.015.
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