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Highlights:
e High resolution modeling of a whole metropolis with 0.5x0.5 km? grid
e Detailed urban land use classification based on ten Local Climate Zones
e 1.4°C maximum of air temperature drop for 0.27 increase of city albedo

e 260 m maximum of planetary boundary layer height drop for 0.27 increase of city albedo

Abstract: The urban overheating calls for the implementation of mitigation actions. The article
aims at demonstrating the advantages and the risks associated with the increase of the city albedo
in Melbourne (Australia), through high resolution numerical analyses based on a detailed urban
land use. The Weather Research and Forecasting model was used to calculate the spatial and
temporal local climate change for three increased albedo scenarios and three different urban
densities. In the scenario with highest albedo, the ambient temperature decreases of about 1.6°C
in the middle and high density zones and 0.9°C in the low density zones. The sea breeze extends
the thermal benefit due to the albedo increase to non-urban areas, despite it is slightly weakened
by the diminished land-sea temperature contrast. The pollutant levels are expected to increase,
due to a combination of slower winds (drops up to 0.19 ms™) and decreased planetary boundary
layer heights (drops from 175 m up to 291 m). High and low density classes have the highest and
lowest risk of stagnation, respectively. Due to the contrasting results in terms of thermal
mitigation and pollution risks, the study calls for the identification of comprehensive metrics to

asses optimal values of urban albedo.

Keywords: urban heat mitigation; high albedo; WRF; WUDAPT; BEP; Melbourne

1. Introduction
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Urban heat island is an extremely documented phenomenon in more than 400 cities all around the
world; it deals with higher ambient temperatures in the dense parts of the cities compared to their
surrounding environment (Akbari et al., 2015). The phenomenon is caused by the positive thermal
balance in the urban built environment mainly because of the excessive absorption of solar
radiation by the construction surfaces, the release of anthropogenic heat, the reduced
evapotranspiration and surface permeability, and the lack of urban ventilation (Santamouris and
Chrisomalidou, 2001). The intensity of urban overheating may range up to 10°C, however, its
magnitude is highly intensified during heat wave periods as result of the important energetic
synergy between the local and global climate change (Santamouris, 2015; Founda and
Santamouris, 2017; Khan et al., 2021; Ciancio et al., 2020). Higher urban temperatures cause a
serious impact on human life: increase the energy use and peak electricity for cooling purposes,
affect indoor and outdoor thermal comfort, affect the survivability levels of low income
population, rise the concentration of harmful pollutants and in particular of the ground level
ozone, reduce the efficiency of power generation plants and increase the levels of heat related
mortality and morbidity (Arrieta et al., 2005; Santamouris, 2014a; Santamouris et al., 2015;
Santamouris, 2020). Exposure to high ambient temperatures affects the human thermoregulation
system and causes important heat related health problems and mortality risk (Johnson et al.,
2005; Gosling et al., 2009; Schinasi et al.,, 2018). The phenomenon, finally, has a serious and

negative impact on low income population (Santamouris and Kolokotsa, 2015).

Urban mitigation technologies aim to decrease the heat gains and enhance the heat losses in cities
and involve the use of advanced materials for the building skin and the urban surfaces, the use of
additional greenery, as well as the dissipation of the excess urban heat in low temperature heat
sinks (Santamouris et al., 2017). Reviews on the available technical solutions are provided by Croce

and Vettorato, 2021 and Shooshtarian et al., 2018. Several studies have evaluated the cooling
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potential of modified albedo urban scenarios using different modeling techniques (Santamouris
2014b; Alchapar and Correa, 2016; Falasca et al., 2019; Tsoka et al., 2018), as well as large-scale
urban projects (Santamouris and Yun, 2020). Microscale analyses are also carried out to evaluate
the local impact in limited areas of a city (Dimoudi et al., 2014; Peron et al., 2015). Furthermore,
studied applications concern different urban surfaces, such as roofs (Xu et al.,, 2012) and roads
(Carnielo and Zinzi, 2013) also in combination with other mitigation techniques (Shahidan et al.,
2012; Taleghani et al., 2014; Salata et al., 2017). As it concerns the impact of modified albedo on
health, it is found that it may reduce in average heat related mortality by 19.8 % per degree of

temperature drop, or 1.8 % per 0.1 increase of the albedo (Santamouris and Fiorito, 2021).

There is a considerable lack of knowledge on the cooling potential and the associated impact on
the urban climate of reflective materials in coastal cities strongly influenced by the advection of
hot air from desert zones. Previous studies have shown the effectiveness of high albedo materials
in mitigating urban thermal stress in Melbourne (Coutts et al., 2013) and nowadays greater
attention to the implications on atmospheric circulation and air quality is essential. The emerging
ozone pollution in Australian cities (Ryan et al. 2021) and the smoke-related emissions of recent
Australian fires are two potential targets of such implications (Johnston et al., 2021). Pearce et al.,
(2011) highlighted the relative importance of weather variables affected by the highly reflective
materials (i.e., temperature, wind speed intensity, radiation) on the regional air pollution in

Melbourne.

Through the case of the city of Melbourne (Australia), this study aims at deepening the
understanding of the way the increase of the albedo affects the local climate beyond the mere
temperature reduction in coastal cities impacted by desert advections climatic phenomena. This
task requires to analyze the different components of the thermal balance in the city and to

qguantify the potential positive and negative effects of the albedo modification, so that
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comprehensive information may fruitfully drive the successful implementation of reflective

materials at city scale.
2. Materials and method
The methodology consists of the following successive steps:

e identification of the current city land use as a function of the main categories (greenery,
roads and pavements, roofs, other) and reference radiative properties of the used urban
materials

e selection of three different and progressive scenarios of increased albedo of urban
materials

o development of the numerical model and validation versus observations

e simulation and comparison of the four different scenarios.

The key performance indicators selected to express the cooling potential of the materials with
increased albedo and their impact on the urban local climate are: air and surface temperature,
wind speed, sensible and latent heat fluxes, the height of the Planetary Boundary Layer
(hereinafter, PBLH). The sensible and latent heat fluxes (included in the surface energy balance)
and the surface temperature are the driver of near surface variables, such as air temperature,

wind speed and PBLH.

To be noted that the modification of the urban albedo may influence the energy performance of
buildings, because of the increased solar gains though windows and walls due to the reflected
shortwave radiation, as documented in previous studies (Xu et al., 2020; Qin, 2015). This aspect,
however, was not taken into account, since no sufficient details on installed air conditioning

systems were available to process further analyses about the relation between the local air
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temperature and the modification anthropogenic heat sources, induced by different albedo

values.

2.1. The city: Melbourne, AU

The city of Melbourne is the capital of Victoria State, in the south-east of Australia, and the second
most populous city in the country. The urban area has an extension of about 2.450 km?, while the
entire metropolitan area, known as Greater Melbourne, has an extension close to 10,000 km? and
a population of 5 million inhabitants. The city alternates densely built area, as the central
commercial district (19500 inhabitants per square kilometres), and green areas, ranging from
small neighbourhood parks to urban forest. Melbourne is classified Cfb according to the Kbppen-
Geiger climate classification, which means temperate oceanic climate with warm to hot summers
and mild winters. As a coastal city, Melbourne is affected by the sea-land breeze. This type of local
circulation implies a diurnal rotation, with the wind blowing from the sea towards the city during
the daytime and from the city towards the sea during the night (Stull, 1988). As demonstrated by
several numerical and observational studies (e.g., Freitas et al., 2007; Shen et al., 2018), the
circulation associated with the urban heat island enhances the air flow from regions surrounding
the urban area. In the case of Melbourne, advection of hot air is observed in Melbourne from the

evening to the early morning, due to the presence of the desert north of the city.
2.2. The scenarios for albedo variants

Different albedo scenarios are implemented to the urban surfaces most stressed by the solar
radiation: buildings’ roofs and pavements; the latter including all the built urban surfaces: roads,

squares, sidewalks, parking lot, pedestrian areas, etc. The different configurations have
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progressive increase of albedo values compared to the reference case: the first scenario (S1)
doubles the initial albedo values of roofs and pavements; 0.1 and 0.2 progressive increases of
pavement and roof albedo, respectively, are implemented for S2 and S3. Such increments are
applied to the totality of the related urban surfaces. In order to provide realistic scenarios
coherent with the current technologies, products available on the market easily meet the albedo
values considered for the analysis, and the quantities are reported in Table 1. The albedo of not

constructed surfaces (e.g. green area, bare land, etc.) is assumed 0.2 for all the scenarios.

Table 1. Albedo of urban fabrics for the reference case and the scenarios.

albedo [-]
Urban fabric
Reference S1 S2 S3
Road/pavement 0.15 0.3 0.4 0.5
Roof 0.20 0.4 0.6 0.8

3. Calculation

3.1. Modelling

In this study, the Weather Research and Forecasting modeling system (WRF, version 4.1.2) is
applied to reproduce the meteorological fields over the urban area of Melbourne. The simulated
period spans from 1% January to 28" February 2019. Four two-way nested domains are simulated
with a horizontal resolution increasing from 13.5 km in the largest domain (d01) to 0.5 km in the
innermost domain covering the urban area of Melbourne (d04), with a constant grid ratio equal to
3 (Table 1S). The geographical areas covered by the domains are shown in Figure 1. The vertical
grid is equal for the four domains, consisting in 33 total levels and 10 levels in the 1000 m from the

ground. The physics options characterizing the WRF configuration are listed in Table 2S. Initial and
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global boundary conditions are the final operational global analysis data of the National Center for
Environmental Prediction, with a spatial resolution of 0.25°x0.25° and a temporal resolution of 6
hours (NCEP, 2015). Land use and soil types for the simulated areas are provided by the United
States Geological Survey (USGS) dataset, together with the WUDAPT database for the detailed
categorization of urban classes (see Section 3.3). For more details on the model, the reader is
referred to the technical notes (Skamarock et al, 2019) and the Users’ Guide

(https://www2.mmm.ucar.edu/wrf/users/docs/user_guide_v4/).

W's
WS ~
408 -~

a2's

140°E 1E 14PE asE 148°E 150°E do4

Figure 1. On the left, the four two-way nested WRF domains over Melbourne. On the right, satellite image

of the innermost domain.

3.2. The city model

The city model is integrated in WRF through a Multi-layer urban canopy parameterization, namely
the Building Effect Parameterization (BEP) (Martilli et al., 2002). Information about the
morphology of Melbourne is supplied by the World Urban Database Access Portal Tool (WUDAPT,
https://www.wudapt.org/). Such project (Ching et al., 2018) led also to the implementation of
WUDAPT into the WRF model, based on the lowest level of WUDAPT detail (level 0) that labels the

cities areas in terms of Local Climate Zone (LCZ) types according to the classification by Stewart
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and Oke (2012) and Stewart, Oke and Krayenhoff (2014) (Brousse et al., 2016; Martilli et al., 2016).
In WRF, WUDAPT considers ten LCZ types corresponding to ten urban classes characterized by
different values of thermal and morphological properties. In the LCZ map of Melbourne (Figure 2),
only the following six urban classes are present: compact high-rise, compact midrise, compact low
rise, open low rise, large low rise, sparsely built. The features of such urban classes are detailed in
Table 2; the urban fraction expresses the portion of the urban class that does not have natural
vegetation. The designed scenarios (Table 1) have been implemented by modifying the values of
the albedo for roofs and roads for all the urban classes, while keeping the default values of the
other urban thermal properties (e.g., heat capacity, thermal conductivity). The validation of the
model is included in the Supplementary material. Correlation coefficients are consistent with
findings by Ribeiro et al. (Ribeiro et al., 2021) for another seaside city, Barcelona. The ability of
WRF-BEP configurations to correctly reproduce the day-night rotation of the breeze in a coastal
site in Italy was also demonstrated in (Falasca et al., 2021b). The features of such urban classes are
detailed in Table 2; the urban fraction expresses the portion of the urban class that does not have

natural vegetation.

Sparsely Built

Large Law-Rise

8 Open Low-Rise
Compact Low-Rise
Compact Mid-Rise
Compact High-Rise
Water

Evergreen Broadieal
Savanna

Grassland

Dryland Cropland and Pasture

Langhude

Figure 2. Land use classes in the innermost domain according to the WUDAPT database. Markers show the

location of the weather stations of the Australian Bureau of Meteorology.
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Table 2. Features of the urban texture present in the Melbourne Local Climatic Zone (LCZ) map.

Urban Street width Building Building Pavement Roof Green
Texture
class [m] width [m] height [m] area [%)] area [%] | area [%]
Compact high
31 15 15 27.25 75 25 0
rise
Compact
32 12.7 17.5 12.25 63 32 5
midrise
Compact low
33 5.7 9 7.25 57 33 10
rise
36 Open low rise 12.4 10.5 6.75 51 14 35
38 Large low rise 32,5 28.8 8.25 66 19 15
39 Sparsely built 10 10 6.25 23 8 70

Starting from the urban geometry as described in Table 2, the average albedo for each urban class

is calculated, two values are provided: a is the albedo of the whole area (including greenery, bare

soil, etc.), acons is the albedo of the constructed surfaces only. The specific classes are then

grouped in three larger classes to compare the results against previous studies. These classes are

aggregated according to the construction density: high (31+32+33), medium (36+38) and low (39).

The correspondent albedo values are calculated using the area extension of each urban class as

weight factor and the city average albedo is finally calculated (Table 3). To be noted that the

average albedo variations among the urban classes do not follow a clear trend because of the

different mix of roofs, pavement and green areas in each class, as inferred from Table 2.

Table 3. Average albedo as a function of the urban density, and mitigation scenario. a is the albedo of the

whole surfaces, a.,s refers only to the constructed surfaces (green areas are excluded)

10




Journal Pre-proof

Urban density Reference Scenario 1 Scenario 2 Scenario 3
Oeons [-1 | @[] | Geons -] | @[] Ueons [-] | a[-] Oeons [-] | @[]
High 0.167 0.169 0.334 0.327 0.467 0.454 0.601 0.581
Medium 0.161 | 0.173 0.321 0.283 0.442 0.367 0.564 0.450
Low 0.163 | 0.189 0.325 0.238 0.450 0.275 0.575 0.313
City 0.16 0.17 0.32 0.28 0.44 0.36 0.57 0.44

4. Results and discussion

The analysis of the results follows the classification of High Density (hereinafter, HD), Middle
Density (hereinafter, MD) and Low Density (hereinafter, LD) urbanization, taking into account
spatial variation and temporal evolution. The air temperature and the wind speed are provided by
WREF at 2 and 10 meters heights, respectively.

4.1. Insights from the reference case

The dissimilar features of the urban texture of the three urban density classes (see Tables 2 and 3)
affect the terms of the surface energy balance (i.e., sensible and latent heat flux, radiation), and
then the net flux at the ground determining the state of the overlying planetary boundary layer.
Figure 3S shows the average daily cycles of the analyzed quantities for the three levels of

urbanization in the reference case, together with the values averaged over the whole urban area.

The sensible heat flux is maximum in the HD class and minimum in the LD class throughout the
entire daily cycle and the opposite condition characterizes the latent heat flux. In particular, for
the latent heat flux the ratio between the peak values in LD and HD is more than 5. This behavior
could be expected as the urban green fraction of LD is 70%, while it ranges from 0 to 10% in HD

(Table 2). The surface temperature exhibits lower difference among the three categories in
11
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comparison with the heat fluxes during the central hours of the day. It is observed that that the
peak surface temperature is higher in LD (36°C) than in HD (33.8°C), the behavior can be explained
by the shading projected by buildings in urban canyons, which limit the solar irradiation
penetration in the high density built areas. The role of the urban morphology in shaping these
phenomena, especially in summer months, is already documented in the existing literature
(Andreou 2014). The ambient temperature is mostly lower that the surface temperature, with a
delta close to 10°C between for peak values. The initial values range from 18.5°C of the LD to
19.2°C of the HD, while the initial average value is equal to about 18.8°C. During the night and the
early morning, LD and HD are the coolest and hottest categories, respectively, while MD is
characterized by the highest ambient temperature during the central hours of the day. This reveals
that HD has a lower day-night temperature excursion than the other classes. Indeed, due to the
greater thermal inertia of urban surfaces during the night, the ambient air cools down less than
other two categories. Consistently with the surface temperature, PBLH reaches higher values in LD
than in HD during the central hours of the day. Probably, in LD the more open surfaces and the
fewer obstacles (like buildings) enhance the soil-atmosphere energy exchange driving the
atmospheric boundary layer development. During the night the PBL is thicker in HD (371 m at
midnight) than in LD (300 m at midnight) due to the higher thermal inertia of densely built
neighborhoods as pointed out for the ambient temperature. The effect of urbanization density is
evident on wind intensity, which is lower for areas characterized by higher urbanization density

(see Figure 3S).
4.2. Spatial analysis of the impact of reflective materials

The spatial distributions (but not the magnitudes) of the reference case — scenario difference for
the variables are comparable for the three scenarios. In order to avoid redundancy, only the

intermediate S2 is shown in the main manuscript, corresponding images for S1 and S3 are included

12
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in the Supplementary material. The discussion on the spatial distributions in S2 can be extended to
the other scenarios. Particular attention in the investigation is given to the early morning (i.e., at
06:00 LT) and afternoon (i.e., at 14:00 LT) since they represent the minimum and peak conditions

for the solar radiation. The white areas in the maps represent water, i.e. ocean and lakes.
4.2.1. Early morning conditions (06:00 LT)

The difference between the reference case and the scenarios is almost negligible for all the
variables considered in this study. This is graphically confirmed by the coloring of the maps of the

scenario-reference case difference is nearly uniform over the entire domain (Figure 3).

The sensible heat flux decreases by few units (about 4-5 W) for all the scenarios. The maximum
temperature decrease is 0.58°C in S3 and 0.24°C in S2, whereas the maximum average
temperature is about 25°C in the reference case. Also the maximum drops of other variables are
very low compared to the maximum values in the reference case. As an example, the maximum
wind speed decrease is 0.19 m/s for S3 and the maximum average value in the reference case is
about 4 m/s. Similarly, the maximum PBLH drop is around 30 m for all three scenarios, with an
average peak value of about 1300 m in the reference case. Based on these amounts, it can be
stated that at 06:00 LT the modification of albedo values has negligible effect on the thermal and
dynamic fields. The indirect effect due to the reduced daytime cooling of the surfaces is weak. The
results show that the advection of hot air from the desert (usual for this time) is not affected by

the use of high albedo materials.

13
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Figure 3. Spatial distribution of the difference between the S2 case and the reference case for: (a) sensible
heat flux, (b) latent heat flux; (c) surface temperature, (d) ambient temperature, (e) planetary boundary

layer height and (f) wind speed intensity at 06:00 LT.

4.2.2. Peak conditions (14:00 LT)

Figure 4a-f presents the spatial distribution of the S2-reference case differences at the peak hour
for the quantities analyzes in this work. The maximum punctual decrease in sensible heat flux
(equal to 225 Wm™) corresponds to a decrease of 5.5°C and 1.7°C in surface and ambient
temperature, respectively. In the other scenarios, the local peak decreases of sensible heat flux of
323 Wm™ and (S3) 127 Wm™ (S1) correspond to ambient temperature drops of 2.6°C (S3) and
0.94°C (S1). For the latent heat flux, the difference with respect to the reference case exhibits a

significant spatial unevenness, since in the western part of the city it decreases less compared to
14
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the rest of the city. This area is surrounded by forests which contribute to increase the latent heat
flux, partly neutralizing the role of high albedo materials. It should be also highlighted that the
maps of heat fluxes and surface temperature (surface quantities) display a low density built-up
area in the north-west corner of the domain where surface variables drop less than in the main
urban area (MD and HD). This phenomenon is due to: i) the smaller extension of the surfaces
covered by high albedo materials (with a consequent lower overall albedo, see Table 3) and ii) the
presence of surrounding non-urban cells. Furthermore, the maps of sensible heat flux and surface
temperature indicate an evident dissimilar coloring of the ‘urban areas compared to the
surrounding rural areas, corresponding exactly to the area where albedo is altered. The ambient
temperature and PBLH reduction in magnitude is more gradual at the boundary between urban
and rural areas, stressing the role of local atmospheric dynamics in addition to the surface thermal
forcing. This phenomenon is more pronounced in the central hours of the day when the sea
breeze blowing from the sea to the hinterland is stronger. This type of circulation mitigates hot
summer days, especially in large metropolitan areas affected by strong urban heat island such as
Melbourne (Imran et al., 2018; Jacobs et al.,, 2018). High albedo materials reduce locally the
intensity of wind speed, also due to the drop of surface temperature — sea temperature driving the
sea breeze (Epstein et al., 2017). Such drops imply a decline in the benefit of the breeze, especially
in the cells closest to the coast. The reduction of wind intensity due to the highly reflective
materials can facilitate stagnation conditions, with negative repercussion on pollutants dispersion
and pedestrians comfort. In this case, the reduction of the diurnal sea breeze intensity is also
crucial since it can transport pollutants outward the city during daytime. On the other hand,
nighttime winds from North are not touched (see previous section). Air quality is worsened further

by the reduction of the PBL, i.e. the part of the troposphere where pollutants accumulate. Our
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simulations report decreases in the PBLH equal to 205.6 m, 367.4 m and 518.4 m for S1, S2 and S3
with respect to a PBLH equal to 1294.6 m in the reference case.

a) b) c)
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Figure 4. Same as Figure 3, but at 14:00 LT.

4.3. Temporal analysis of the mitigation potential for scenarios and urbanization classes

In this section, the results are illustrated for each quantity in terms of the daily evolution of the

difference between the reference case and the three mitigation scenarios.
4.3.1. Surface variables

Figure 5 presents the average diurnal variation of the difference between the reference case and
the scenarios S1, S2 and S3 for the surface variables (sensible and latent heat flux and the surface

temperature) in the three urbanization classes. The differences increase during the morning up to

16
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the peak at 14:00 LT for all the variables, then decrease to zero at night. Furthermore, for sensible
heat flux and surface temperature alterations increase with the level of urbanization and with the
albedo value, so that differences (black plots in Figure 5) are equal to 204 Wm™ for $3, 140 Wm™
for S2 and 74 Wm™ for the average sensible heat flux in S1. This is consistent with the nature of
the mitigation technique adopted in this study. The reductions in sensible heat flux for MD are
closer to HD ones than to LD ones. The temporal evolution of the latent heat flux differences is
analogous to those of the other surface variables. However, HD experiences lower reduction
values compared to the other two classes since it is characterized by a lower fraction of vegetation
(i.e., 1.44 Wm™, about 2.85 Wm™ and 4.32 Wm™ for the three scenarios). The MD class is
characterized by the highest differences, with peak values more than double of the corresponding
values in HD (i.e. 15 Wm™, 29 Wm™ and 43 Wm™ for S1, S2 and S3). Average values in Table 3S
confirm that MD is affected by the highest reductions compared to the reference case. As for the
sensible heat flux, the surface temperature drops less in LD than in MD and HD compared to the
reference case. The urban structure and the consequent value of the overall albedo certainly
contribute to this. However, the features of the neighboring areas could also have an effect in this,
as discussed with regard to the spatial analysis. Indeed, grid cells surrounding LD are forests and
therefore are not affected by the albedo materials. Contrarily, HD is completely surrounded by MD
grid cells where there is a thermal drop for high albedo materials. Concerning the differences
among the scenarios, average values are less than 1°C for all three density categories in S1, while
they reach and exceed 1°C in S2 and grow further in S3 reaching an average value of 2.095°C
(Table 6S). It is also worth noting that for the surface temperature nighttime drops are slightly
higher than zero in S3. For example, the temperature drops to 5% of that amounts at 14:00 LT,

while for sensible heat flux this percentage is insignificant. This can be interpreted as a sort of
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memory of surfaces that involves a thermal benefit even at night, when the solar radiation is

absent.
a) b) c)
Sefurercs e - 0 - Servrercn sase - S} - Setwrerce s - 8
- - -
wo wo wo
e 1 - = = = .
- =it - =g - ——pry /
£ £ £ e
B o B o B o AN
'5 | . |
g g O g N\
[ B g™ [ . g ™ /4 \
g g NN g / W
i, i, g N\ A Y/ \
F - 3 / “ i k4
¥ o 1 1 A\ ¥ )
A P B A ¥ \ A f \
- v . . § . |
Mo 1LY Mo 1LY o 1LY
d) e) f)
Seturerce e - 91 o Servrercn tase -0 po Sotvrerce sae - 8}
- - -
- S .- L - .
1 ™ 1
2™ 8 b, | 2™ 8 b, 2™ 8 b, |
£ £ £
£ £ £ -
| 4 | 4 4 \
i H gn x# 3
a & a /
5 5 o 5 if \
g P £ / 0
< . ) i M / \
2n 2 P \ 2n / \
i i \ i \
3" 7 R P 0 L P
N, y - N \
e _/ ’ . S | o-.—...._._./ - S | P U ‘ R—
Mo LY Mo 1LY Mo 1LY
g) h) i)
Satwrerc saee - 91 Satvrercn tane -0 Setvrercn saee - 80
- —~— 3 ==
- D - D - D . K
1 = 1 :
Beri=—tm Bepi—=—em Beri—=—m )
] ) ) £/ 2N\
§ § § /A
& 8 — 8 i f
: : N : \}
: E el S 1 )y \
-5 : - N\ ; /4
! g 5, e Y
: roos ¢ ¢
. ) N, ' 4 )
/ X i v, | / \‘a
e “-‘—c
Mo 1LY Mo 1LY o 1LY

Figure 5. Average daily cycles of the differences between the reference case and the scenarios S1 (first
column ), S2 (second column) and S3 (third column) for the sensible heat flux (first row), the latent heat
fluxe (second row) and the surface temperature (third row) for the three urbanization classes HD (red), MD

(magenta) and LD (green). The black line represents the mean between the three density classes.

4.3.2. Near surface variables and PBLH
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Since the decrease in surface temperature and sensible heat flux is higher for HD than for MD
cells, one would expect the same for ambient temperature. Instead, the ambient temperature
decrease for HD and MD cell is essentially the same in all the scenarios (Figure 6). More in detail,
peak values (at 14:00 LT) are ~1.6°C for MD and HD and 0.9°C for LD in S3, ~1°C for MD and HD
and 0.6°C in S2, ~0.5°C for MD and HD and 0.3°C for LD in S1. This can have multiple reasons: i)
the role of the breeze spreading the cooling effect of high albedo materials (i.e., from HD to MD),
ii) HD grid cells are enclosed by MD zones, therefore the former can be influenced by the second
that increase their temperature. We could define this phenomenon, described also above, as a
"boundary effect", iii) the greater extension of urban surfaces in HD is balanced by the effects
linked to the urban canyons (i.e., self-shading, multiple reflections of solar radiation).

Coastal areas (mainly MD) present a higher drop in wind speed intensity than the rest of the
metropolitan area, consistently with the comments in the previous section. Values of average
drops are very close for HD and MD, while they are about half for LD. For example, the average
drops for S2 are equal to 0.124 ms™ and 0.126 ms™* for HD and MD and 0.0611 ms™ for LD (Table
8S). The HD class has the maximum intensity decrease in the scenarios implying the highest
stagnation risk, since it has the lowest wind intensity in the reference case. The LD class is
characterized, instead, by the lowest wind intensity in the reference case throughout the day and
has the least decrease in the scenarios. The three classes of urbanization have also different
temporal evolutions of the wind speed (Figure 6). In fact, the maximum drop occurs in the central
hours of the day (i.e., around 15:00 LT) for MD and HD, while it occurs in the evening (i.e., around
19:00 LT) for the LD class. Since the development of the wind speed intensity is similar for the
three classes in the reference case, it can be inferred that this may depend on the
geometrical/morphological features of the low density class that modify the daily cycle in the

scenarios. It is interesting that the wind speed maximum decrease occurring in the afternoon for
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LD makes this category less subject to pedestrian discomfort conditions for pedestrians than HD
and MD, since ventilation reduction does not coincide temporally with thermal and radiative
peaks. High albedo materials do not significantly influence the direction of the wind, which
remains essentially from the sea. The average daily cycles of the PBLH in (Figure 6g-i and Table 9S)
show a progressive strengthening of the effect of high albedo materials from scenario S1 to
scenario S3. While HD and MD present quite same ambient temperature decreases for all the
scenarios, PBLH drops are higher in MD than in HD, especially in S2 and S3. Regarding this, it
should be noted that in MD a significant reduction of the mechanical forcing (similar decreases of
wind speed intensity in HD and MD) is added to the reduction of the surface thermal forcing
(higher in HD than in MD), both contributing to a lower vertical development of the PBL. As for
temperature and wind speed, LD is characterized by a much lower drop of PBLH compared to the
other classes. However, HD and MD manifest a double relative fall in PBLH compared to the
reference case (in the reference case PBL is thicker in LD than in HD), with a consequent higher risk
of degradation of the air quality. Moreover, the use of high albedo materials amplifies reflections
of solar radiation enhancing the photochemical reactions of surface ozone production. And severe
ozone events are often associated to thermo-hygrometric discomfort for pedestrians (Falasca et
al., 2021a). Nevertheless, the LD graph presents a less steep descent than the other classes after
14:00 LT (especially in S1), implying a longer lasting of the reduction of PBLH (of its consequences
as well, such as poor mixing) in LD than in MH and HD, although with lower magnitudes of the
reductions. For example, in S1 decreases are close to 50 m from 13:00 LT to 17:00 LT for LD, while
for HD and MD the values change significantly from one hour to the next in the central hours of

the day.
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Figure 6. Same as Figure 5, but for ambient temperature, wind speed and PBLH.

4.4. Comparison against existing studies

The potential decrease of the ambient temperature because of the urban albedo increase is
evaluated for many cities using mesoscale and microscale numerical modeling. An analysis of 30

case studies is provided in Santamouris, 2014a. A second study of similar nature has analyzed
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another 14 numerical studies performed mainly under heat wave conditions (Santamouris and
Fiorito, 2021). It is concluded that there are very significant differences between the cities in terms
of the magnitude of the temperature drop caused by the albedo increase. It is observed that
parameters like the level of the urban green infrastructure, the percentage of streets and
pavements, the urban population and the urban density determine at large the levels of
temperature drop (Santamouris and Fiorito, 2021). Although the synergies between the climatic
impact of modified urban albedo with the above parameters are well documented, it is very
convenient to use a simple linear relation between the temperature drop and the increase of the

urban albedo like the following one (Santamouris, 2014a; Santamouris and Fiorito, 2021):
ATy7 = aA(Alb)

Where ATy; is the temperature drop of the afternoon daily temperature (at 17:00 LT) caused by
the modification of the urban albedo, while A(Alb) is the considered change of the mean albedo
and a is a coefficient. Based on the data of 30 case studies reported in (Santamouris, 2014a), the
coefficient a is equal to a =3.1, while a much lower value, a =1.8 is calculated using the 14 case
studies (Santamouris and Fiorito, 2021). The average temperature drop in Melbourne as
calculated for the three albedo scenarios corresponds to a value close to a =2.31 and lies between
the range proposed by the previous studies. The temperature drop slope for the low density parts
of the city are slightly lower than the proposed association in (Santamouris and Fiorito, 2021),
while for the average and high density zones the slope is closer to the figure proposed in
(Santamouris, 2014a) (Figure 7). When new data calculated for Melbourne and also for Dubai are
added in the association proposed by (Santamouris and Fiorito, 2021), the slope is increasing to

0=2.016, close to the Melbourne data.
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Figure 7. Association of the albedo increase and the corresponding temperature drop at 17:00 LT : (1) As
proposed by (Santamouris and Fiorito, 2021), (2) As proposed by (Santamouris and Fiorito, 2021) including
data from Dubai and Melbourne, (3) Present study average values, (4) As proposed by (Santamouris,
2014a). Circles and triangles represent the temperature decrease in low and high density zones of

Melbourne.

Conclusions

This paper aims at demonstrating the impact of city scale application of cool materials in terms of
mitigation potential and alteration of the local climate. The study has been carried out for the
metropolitan area of Melbourne using WRF, a well-established mesoscale numerical weather
prediction model. It has pioneering ambitions because of the dimension and the climate of the
metropolis: costal oceanic temperate and surrounded by the desert. The modeling results have
been compared with air temperature and wind (speed and direction) measurements, acquired in
different zones of the city. The reference city average albedo was 0.17 rising up to 0.44. This
investigation depicts advantages and disadvantages of the use of high albedo materials by
investigating the impacts on surface and near-surface quantities for different urbanization density

(High, Middle and Low Density). The mitigation potential for ambient temperature peaking ~1.6°C
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in the middle and high density classes is impressive considering that only conventional materials
were considered in this analysis, while higher performing materials are quickly emerging. Some
general considerations can be deduced, while other outcomes are specific to the metropolitan
area of Melbourne. Consistently with other studies, benefits in the thermal stress are partly
countered by the change of the PBL that may create favorable conditions for stagnation and
increase of pollution risks. For ozone in particular, the risk increases due to the reflections of solar
radiation. Reductions in the analyzed quantities are maximum in the central hours of the day and
minimum (even negligible) during the night and the magnitude of the reductions growths with the
increase of the average albedo, from scenario S1 to scenario S3. Results also highlight the role of
the breeze transport in extending the thermal benefit of the high albedo materials outside the
metropolitan area of Melbourne. In the central hours of the day, the wind blowing from the sea
towards the city (and the hinterland) entails that the thermal benefits of this mitigation technique
regards also zones not actually affected by the intervention. At the same time, since the sea
breeze plays a key-role also in the pollutants transport outside the urban area, its weakening due
to high albedo materials negatively affects local air quality (if emissions are not reduced) and
pedestrians comfort. The analysis of the results based on an urban density classification points out
also the role of the extent of urban surfaces (covered by high albedo materials) in the
effectiveness of the high albedo materials. The HD class thus results to have the highest thermal
benefit together with the most important side effects in terms of stagnation and poor mixing. Also
the so-called "border effect" has been revealed, consisting in the fact that the effectiveness of the
high albedo materials in an urbanization class is influenced by the land use of the adjacent cells.
The implementation of these materials thus requires a specific assessment for the chosen city,
strictly correlated to its morphology, geographical position and emissions sources. The

implications associated with the albedo modifications run at several levels and this study proves
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the need of implementing adequate metrics, able to encompass the different impacts and, thus,
identify the optimum levels for the specific city. Finally, the specificity of the results with respect
to the category of urban density invites to consider the differentiation of the scenarios among the

classes of urbanization for future development of the work.
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