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Abstract: The main aim of this study is to model the Nature-based solution of Green Roofs (GRs)
in order to assess their efficiency as a mitigation strategy for UHI effects and extreme summertime
temperatures over Attica in Greece. The area of study is a region that encompasses Athens, the largest
Metropolitan area of Greece, and the suburbs. The analysis has been performed with the use of an
advanced modeling system that consists of the mesoscale Weather Research and Forecasting model
(WRF) and the advanced multilayer urban canopy scheme building energy parameter and building
energy model (BEP/BEM). The two modules are fully coupled, forming WRF urban. For a better
description of the urban environment and in order to use the full capabilities of the urban canopy
scheme, 11 urban classes corresponding to the WUDAPT Local Climate Zones (LCZ) were used
instead of the 3 traditional urban classes that the default version uses. Sensitivity tests for a major
heatwave that affected the area of study have been performed in order to evaluate the impact of GRs
on the UHI structure. Results indicate that the modification of the roof energy budget decreased the
maximum temperature during heatwaves and altered the spatio-temporal pattern of the effect.

Keywords: urban heat island effects; nature-based solutions; green roofs; WRF; multi-layer urban
scheme; local climate zones; heat waves; Attica

1. Introduction

One of the most important problems of middle-sized and large-sized cities is the urban
heat island (UHI) effect. As the urban population increases and the green/vegetated areas
in the city decrease, the UHI effect strengthens. Climate change has had two important
effects on heat islands: it has increased the mean global temperature, which strengthens the
heat islands, and it has produced more frequent and prolonged heat waves, which affect
the extreme heat conditions of urban areas. In this context, urban planning aims to find
methods to mitigate these effects.

GRs are one of the proposed Nature-based solutions for the reduction of the heat
island effect. Using GRs in a built-up environment with limited vegetation can reduce
both the roof and the ambient temperature significantly, especially during daytime and
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periods of excessive heat. They can also reduce building energy consumption for cooling
by 0.7% compared to conventional roofs, and, as a result, they can reduce peak electricity
demand [1,2]. In this study, an advanced numerical modeling approach is used along
with a detailed description of the urban landscape in order to assess the impact of GRs on
ambient temperature and on the alleviation of the heat island effect.

2. Materials and Methods
2.1. Study Area

The study region is the Attica basin, which includes the greater Athens area and the
built-up zone that extends beyond the central plain. It is characterized by a complex and
unique geomorphology since it is a coastal area that is bounded by mountains to W–NW
and E–NE. During summer months, HWs are frequent events, especially during July and
August [3]. The period of study in this paper is during the prolonged HW event from
28 July to 05 August 2021. Three days during this event were selected to study the impact
of GRs on the UHI. The adopted methodology is described in this section.

2.2. Modeling System

The modeling system utilized for this study is the mesoscale Weather Research and
Forecasting model (WRF v4.3.3) [4]. In the standard version, the land-atmosphere interac-
tion is represented through the Noah land surface model. The latter considers urban areas
as horizontal homogeneous surfaces with specific urban surface properties (USP) (albedo,
surface emissivity, soil moisture availability, etc.). The USPs are assigned either according
to MODIS urban class or to USGS Land Use classification [5]. In this study, WRF is set up to
use an Urban Canopy Model (UCM) instead of the Noah LSM model when urban areas are
considered. Utilizing a multi-layer UCM to describe heat, momentum, and TKE exchanges
inside the urban canopy layer is the most accurate approach because sources/sinks do not
exist only at the ground surfaces but are also vertically distributed on building walls and
roofs [6].

The UCM used for the estimation of the city scale effects on the dynamics, thermody-
namics, and radiation estimation inside the urban canopy is the BEP/BEM. The selected
parameterization is considered as the most advanced method to investigate the UHI effect
because the BEP/BEM is a multi-layer Building Energy Parameter (BEP) scheme coupled
with a Building Energy Model (BEP/BEM) [6,7]. The BEP computes the impact of the urban
buildings and surfaces, horizontal (roof and canyon floor) and vertical (building walls), on
the momentum, heat, and turbulent kinetic energy [6], while the BEM has the advantage
that it accounts for the anthropogenic heat component and, in particular, models the impact
of air-conditioning and heat exchange between the interior of buildings and the outer
environment. It was found that fluxes exchanged between buildings and the atmosphere
play an important role in the urban climate [7]. Finally, the BEP/BEM incorporates a
land-surface scheme for GRs [8,9]. It is a 1D model that calculates the energy and moisture
budget by taking into account the incoming net radiation, the precipitation or irrigation,
the evapotranspiration heat exchange, and the diffusion of heat and moisture from soil [9].

In order to use the full capabilities of such an advanced urban canopy scheme, the
default urban land cover from MODIS is replaced by 11 new urban categories that are
based on the Local Climate Zones classification [10]. This classification is universal, and
is a product of the World Urban Database and Access Portal Tools (WUDAPT) project.
It is a community-based project that aims to acquire and provide information on urban
morphology that is relevant to climate, weather, and environment studies on a worldwide
basis [11]. The LCZ classification comprise 17 zones, 10 of which are referred to as urban
and 1 as rock and paved (Table 1). The classification is based on the surface structure (e.g.,
building and tree height, density) and surface cover (pervious vs. impervious) properties.
Each zone is local in scale, representing horizontal distances of 100 s of m to several km.
LCZs link distinct urban types to important surface parameters, which can be used in urban
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modeling. A total of 11 urban LCZ, as retrieved from the European LCZ map, were used to
define the urban land cover inside WRF for the Attica region (Figure 1b) [12].

Table 1. Extra Local Climate Zones categories inside LANDUSE table of WRF (#MODIS).

WRF-Urban Classes LCZ Classes LCZ Characterization

31 LCZ1 Compact high-rise
32 LCZ2 Compact midrise
33 LCZ3 Compact low-rise
34 LCZ4 Open high-rise
35 LCZ 5 Open midrise
36 LCZ6 Open low-rise
37 LCZ7 Lightweight low-rise
38 LCZ8 Large low-rise
39 LCZ9 Sparsely built
40 LCZ10 Heavy industry
41 LCZE11 Rock and paved 1

1 Has been added to the traditional ten urban classes to take into account large asphalt surfaces, such as big
parking lots or airstrips [9].
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Figure 1. (a) The three domains of WRF with spatial resolution from coarser to finer: 9 km, 3 km, and
1 km. (b) The LCZ categories used in the inner 1 km domain to characterize the urban areas of Attica.

2.3. Sensitivity Analysis

WRF-BEP/BEM was set up to operate with three two-way nested domains. The parent
domain extends over the entire European continent and Northern Africa with a 9 km
horizontal resolution. The first nested grid extends over Greece with a resolution of 3 km,
while the final high-resolution grid covers Attica at a 1-km resolution (Figure 1a). Vertically,
all of the domains are described by 45 layers. The first four levels were selected to be inside
the urban canopy (about 10 m thick each). The initial and the boundary conditions used
are retrieved from the ERA5 reanalysis dataset (ECMWF) with a horizontal resolution of
0.25◦ × 0.25◦, and they are updated every 6 h.

To study the effect of GRs on urban temperature and the extent and intensity of the
UHI over Attica during a HW event, 72-h simulations were performed for the period
28–31 July 2021. In particular, a control run and two additional simulations for two GR
scenarios were performed: (1) GRASS, which was GRs with grass, and (2) SEDUM, which
was GRs covered with sedum. In both cases, the roofs were considered completely covered
with a green roof. In dry and moderate climates, sedum is assumed to be an ideal vegetation
type that is compatible with NBS and that can withstand weather conditions [8].

3. Results

WRF-BEP/BEM successfully captured the daily variation of air temperature at 2 m,
as indicated by the comparison with data from a met station located in Agia Paraskevi.
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This comparison indicated that the model overestimates the temperature during the night
(Figure 2a). This can be attributed to an overestimation of the anthropogenic heat emitted
during the night by the BEM model [13]. In all of the selected scenarios, GRs reduced
the ambient temperature at 2 m mainly during daytime (Figure 2b). Between the two
GR scenarios, grass provided the highest cooling effect compared to sedum (Figure 2a).
Grass cover reduced the temperature at 2 m, reaching a reduction of 2 ◦C during the
peak radiation hours, while sedum did not show much of a cooling impact during the
same period. This is mainly because sedum vegetation is less effective in converting solar
radiation to latent heat flux [8]. Since grass cover provides the best results, the rest of the
analysis is based on the GRASS scenario simulations.
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Figure 2. (a) Time-series of the temperature at 2 m from the Control Run (WRF-BEP/BEM) and the
temperature at 2 m, as retrieved from a met station located in Agia Paraskevi. (b) Time-series of the
temperature at 2 m at Athens city center from the control run and from the two GR scenarios: GRASS
and SEDUM.

Extending the analysis to an area scale, the modification of the roof energy budget
due to GR altered the spatial pattern of the temperature and reduced the UHI effect
(Figure 3). Compact urban areas that create hotspots with higher temperatures reduce
their temperature under the influence of GR (Figure 3). The areas affected the most by
the implementation of GRs are those with buildings of lower height. Two characteristic
examples are the Athens City center, which is characterized as a compact mid-rise area
by the LCZs inside WRF-BEP/BEM, and the Acharnai Center, which is characterized as
a compact low-rise area (Figure 4). Both of these areas have a dense mix, few to no trees,
and land cover that is mostly paved, and they differ only regarding the heights of the two
buildings. The first area includes buildings of 3–9 storeys, while the second one includes
buildings with 1–3 storeys The analysis indicated that the reduction in temperature at 2 m
was higher in the second case of the mid-rise area. During nighttime, both revealed a small
and comparable reduction (Figure 4).
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Figure 4. (a) Time-series of the mean temperature at 2 m for the control run and the GRASS GR
scenario for Athens for the HW period of 28–31 July 2021. Athens is located at the center of the Attica
basin, and it is characterized as a compact mid-rise area by the LCZs. (b) Time-series of the mean
temperature at 2 m for the control run and the GRASS GR scenario for Acharnai for the HW period
of 28–31 July 2021. Acharnai is located in the NW part of the Attica basin, and it is characterized as a
compact low-rise area by the LCZs.

4. Conclusions

In this study, the effectiveness of GRs as a roof top mitigation strategy to reduce the
UHI over Attica was assessed during a HW event. WRF coupled with the BEP/BEM urban
canopy model was utilized in order to describe the spatial and temporal distribution of
near-surface temperature in the urban environment. For a more detailed description of the
urban environment, 11 urban categories based on LCZ were used.

The results of this analysis indicated that the modeling system proposed is capable of
reproducing the daily profile of the temperatures. The overestimations on temperature and
especially during the night indicate that there is a need for a careful calibration of the urban
canopy properties that have been assigned to the LCZ, which may contain inaccuracies.
The model is sensitive to inaccurate land surface representation, and, thus, extra caution is
needed when an area is misrepresented by LCZ.

Regarding GR, both scenarios reduced the ambient temperature. GRASS compared to
SEDUM yielded better results. However, SEDUM is a more suitable vegetation type that
can withstand weather conditions in dry and moderate climates. The areas that are mostly
affected by the implementation of GRs are the low-rise areas where the rooftops are closer
to the surface. Finally, the spatial distribution and the intensity of UHI was significantly
improved mostly during daytime near the peak of the incoming radiation.
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