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Abstract

The city of Melbourne in southeast Australia experiences an Urban Heat Island (UHI)
effect, which is exacerbated during heatwaves, and the latter are becoming more frequent,
intense and longer in southeast Australia. In addition, Melbourne is the fastest growing
city in Australia. Therefore, it is urgent to understand the dynamics of UHI and impacts
of future urban expansion on the UHI during heatwaves. Based on these issues, there is a
crucial need to investigate the effectiveness of potential mitigation strategies to minimize
UHI effects during heatwaves. The overarching aim of the thesis is to investigate the
impacts of future urban expansion on the UHI during heatwave events in Melbourne, and
examine the effectiveness of different Green Infrastructure (GI) scenarios such as
green/cool roofs, mixed forest (MF), mixed forest and grassland (MFAG), and mixed

shrublands and grasslands (MSAG) in mitigating UHI effects.

The Weather Research and Forecasting (WRF) model coupled with the Single Layer
Urban canopy Model (SLUCM) was used in simulating the UHI and heatwaves. Since the
WRF model is known to be sensitivity to the choice of physical parameterisation options,
an initial sensitivity analysis of the model was conducted and the best-possible WRF
configuration to simulate the UHI during heatwaves in Melbourne was determined,
among a 27-member physics ensemble. This configuration was used throughout the rest

of the thesis.

Urban expansion increased near surface UHI by 0.75 to 2.80 °C during the night but no
substantial impacts during the day. Urban surfaces absorbed more solar heat during the
day as compared to vegetated surfaces, and the absorbed heat was released slowly from

evening to early morning. The storage heat in urban surfaces was the key driver in



increasing UHI during the night. Urban expansion did not substantially affect human

health (HTC) comfort in existing and expanded urban areas.

Green roofs showed good performance in reducing roof surface UHI (1 to 3.8 °C) and
near surface UHI (0.3 to 1.1 °C) during the day but not during the night, while cool roofs
showed higher reductions at the roof surface UHI (2.2 to 5.2 °C) and near surface UHI
(0.5 to 1.6 °C) during the day. Green roofs increased evapotranspiration and provided
shading, and consequently, increased Latent Heat (LH) and substantially decreased
storage heat and sensible heat, and as a result, reduced the UHI. Cool roofs reflected a
major portion of incoming solar radiation due to higher albedo, and reduced the sensible
heat flux and storage heat, and these were the key drivers in reducing UHI during the day.
In addition, both green and cool roofs showed good potential in improving HTC from

extreme to very strong during the day.

Other GI scenarios such as MF, MFAG and MSAG were effective in reducing UHI
effects and improving HTC during the night but no substantial reductions were occurred
during the day. By increasing Gl fractions from 20 to 50 %, the UHI was reduced by 0.6
to 3.4 °C for MF, 0.4 to 3.0 °C for MSAG and 0.6 to 3.7 °C for MFAG. The night time
cooling was driven by reductions in storage heat as 20 to 50 % urban areas were replaced
by GI, which would have led to even less radiation reaching the ground surface during the

day due to their higher LAI and shade factor, and leading to lower storage heat.

As the green and cool roofs showed potential in reducing UHI effects during the day
while urban vegetated patches showed effectiveness during the night, therefore, a
combination of green/cool roofs and urban vegetated patches could be an optimal
mitigation strategy in reducing UHI effects and improving HTC during both day and

night.



Declaration

I, Md Imran Hosen, declare that the thesis by Publication entitled “The UHI of Melbourne
during Heatwaves: Impacts of Future Urban Expansion and Effectiveness of Green
Infrastructure as Mitigation Strategies” is not more than 100,000 words in length including
quotes and excluding tables, figures, footnotes, bibliography and references. This thesis is
my own research, except otherwise stated. The contents of the thesis havé not been

submitted, in whole or as a part, for any academic degree at any university or institution.

iv



Dedication

The thesis and all the great works behind it are dedicated
To

My loving parents



Acknowledgements

I would like to express my sincere gratitude to my supervisors, Dr. Anne Ng, Dr. Jatin
Kala and Dr. Shobha Muthukumaran for their heartiest support, constructive guidance
and encouragement throughout my PhD study at Victoria University. Their review
comments and feedbacks on my research and writing journal papers were very crucial for
publishing journal articles and the successful completion of my PhD degree. They
always made time for regular meeting and provided me proper guidance, when | asked for
their help. I am grateful to them for keeping their faith on my ability and accepting me as

one of their research students.

I owe my gratitude and sincere appreciation to my associate supervisor, Dr. Jatin Kala for
his much constructive comments, discussions, ideas, encouragement and friendly attitude
in supervision. | have been especially fortunate to work with such an erudite supervisor.
His astute comments and suggestions in reviewing my journal and conference articles
were greatly helpful to me. | believe this thesis would not have been made to its current

form without his prudent supervision, proper direction, feedback and inspiration.

I am thankful to the Government of Australia and Victoria University for offering the full
financial support through the International Postgraduate Research Scholarship (IPRS)
scheme to conduct my PhD research at Victoria University. | also gratefully acknowledge
the financial support provided by the Secomb Conference and Travel Fund and the
College of Engineering and Science Conference Funding Scheme at Victoria University

for attending two conferences within Australia. I am highly thankful to Stephanie Jacobs

vi



and Carlo Jamandre for providing urban categories data for the city of Melbourne.
Furthermore, data support by the Bureau of Meteorology (BoM) Australia, ECMWF
(ERA-interim) data server (http://apps.ecmwf.int/datasets/data/interim-full-
daily/levtype=ml/) and University of Wyoming (atmospheric sounding data) data server
(http://weather.uwyo.edu/upperair/sounding.html), the creation of the ANUCIim data
funded by the Terrestrial Ecosystem Research Network (TERN) Ecosystem Modelling
and Scaling Infrastructure (eMAST) Facility under the National Collaborative Research
Infrastructure Strategy (NCRIS) 2013-2014 budget initiative of the Australian
Government Department of Industry, the Australian Government Department of
Environment in support of the National Carbon Accounting System, and the Australian

National University are gratefully acknowledged.

| want to thank the respected faculty members of Water Resources Research Group, the
officers and staff members of Graduate Research Center, Scholarship Unit and IT unit at
Victoria University, who helped me out directly or indirectly throughout my PhD study. |
would also like to thank my fellow PhD colleagues, friends, senior and younger brothers

for their continuing support and encouragement.

Finally, I would like to express my heartiest love and gratitude to my family members for

their kind love, endless mental support, generous prayers and sacrifice during my long

journey, which was really an inspiration and a source motivation.

Vil


http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=ml/
http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=ml/
http://weather.uwyo.edu/upperair/sounding.html

1.

List of Publications

Journal Articles

Imran, H.M., Kala, J., Ng, A. W. M., Muthukumaran, S. (2018). An
evaluation of the performance of a ~ WRF multi-physics ensemble for
heatwave events over the city of Melbourne in southeast Australia. Climate
Dynamics, 50 (7-8), 2553-2586. https://doi.org/10.1007/s00382-017-3758-y

Imran, H.M., Kala, J., Ng, A. W. M., Muthukumaran, S. (2018). Effectiveness
of Green and Cool Roofs in Mitigating Urban Heat Island Effects during a
heatwave event in the city of Melbourne in southeast Australia. Journal of

Cleaner Production. https://doi.org/10.1016/j.jclepro.2018.06.179

Imran, H.M., Kala, J.,, Ng, A. W. M., Muthukumaran, S. (2018). Impacts of
future urban expansion on urban heat island effects during heatwave events in
the city of Melbourne in southeast Australia. Quarterly Journal of the Royal
Meteorological Society (Submitted Revised Version after Addressing
Reviewers’ Comments).

Imran, H.M., Kala, J., Ng, A. W. M., Muthukumaran, S. (2018). Effectiveness
of vegetated patches as green infrastructure in mitigating urban heat island
effects during a heatwave event in the city of Melbourne. Weather and Climate
Extremes (Submitted Revised Version after Addressing Reviewers’

Comments).

viii


https://doi.org/10.1016/j.jclepro.2018.06.179

1.

Conferences

Imran, H.M., Kala, J., Ng, A. W. M., Muthukumaran, S. (2018). Mitigation of
Urban Heat Island in the city of Melbourne: Green and Cool Roofs Strategies.
AMOS-ICSHMO 2018 Conference, 5 — 9 February 2018. University of New

South Wales, Kensington Campus, Sydney, Australia.

Imran, H.M., Kala, J., Ng, A. W. M., Muthukumaran, S. (2017). Evaluating
Three Planetary Boundary Layer Schemes in the WRF model for Urban Heat
Island Assessment in Melbourne. AMOS/MSNZ Conference and ANZ Climate

Forum, 7 - 10 February 2017. Australian National University, Canberra.



PART A:

DETAILS OF INCLUDED PAPERS: THESIS BY PUBLICATION

VICTORIA UNIVERSITY

MELBOURNE AUSTRALIA

Please list details of each Paper included in the thesis submission. Copies of published Papers and submitted and/or final draft Paper manuscripts should also be
included in the thesis submission

ltem/ Paper Title Publication Status (e.g. published, Publication Title and Details (e.g. date published, impact factor
Ch apter accepted for publication, to be revised and etc.)
N resubmitted, currently under review, unsubmitted
0. but proposed to be submitted )
I ’ i 7
04 An evaluation of the performance ofa WRF multi-physics Published Glate Dynamies (ear 2617)
ensemble for heatwave events over the city of Melbourne in I1SI and SCImago Journal Rank: QI
southeast Australia Impact Factor: 3.77
05 Effectiveness of green and cool roofs in mitigating urban heat Published Journal of Cleaner Production (Year 2018)
island effects during a heatwave event in the city of Melbourne in 1SI and SCImago Journal Rank: Q1
southeast Australia
Impact Factor: 5.65
06 Impacts of future urban expansion on urban heat island effects Currently Under Review Quarterly Journal of Royal Meteorological Society (2018)
during heatwave events in the city of Melbourne in southeast 1SI and SCImago Journal Rank: QI
i Impact Factor: 2.98
i 7 i o Weather and Climate Extremes (2018)
07 Eff_ectnyeness of vegeta_\ted patches as green mfrastructgre in Currently Under Review
mitigating urban heat island effects during heatwave in the SCImago Journal Rank: Q |
city of Melbourne )
Impact Factor: 2.42
Declaration by [candidate name]: Signature: Date: 05-05-2019

Md

Imran Hosen




Table of Contents

N 0] 1 - T PPN il
DCIArAtION .. \Y
DBAICALION .. A%
ACKNOWIEAGEMENT .o e e vi
List Of PUDLICAtIONS ... ettt e e e e et e viii
Details of Included Papers: Thesis by Publication ..................cooiiiiiiiiiiinn.. X
Table Of CONENES  ...uietiti ittt et et e e et et e eerree e e e eene s Xi
LSt OF TaDIES  ...veiti it e e xiv
LSt Of FIQUIES ..ottt et e e e e et e et e s XV
WX o] o) ()4 T2 5 [ ) TN XVvi

Chapter 1: Brief Introduction and Aims of Thesis

1.1 Research Background ............cccooiiiiiiiiiiiiiiii e 1
1.2 Research ODJECLIVES ...t 6
1.3 Scope of the TRESIS  ..ouvinriieiii i e 7
1.4 Research Significance and Innovation ..................ccooiiiiiiiiiiiiia, 8
1.5 TheSiS STIUCIUIE ... e 10

Chapter 2: Literature Review

2.1 INtrodUCHION .o LD

2.2 The Urban Heat Island ... 11
2.3 Surface Energy Balance ..., 14
2.4 Heatwaves and the UHI ........ ..., 17
2.5 Heatwaves and Human Health ... 22

Xi



2.6 Impact of Urbanization onthe UHI .....................ciiiiiin.., 24
2.7 Mitigation Approaches of UHI Effects .........cccooovviviiiiiiiiiiiininn... 26
2.7.1 Green ROOfS ..o 2T
2.7.2 C00l ROOFS ..ot 29
2.7.3  Urban Vegetation ...........cooiiiiiiiniirit ittt e eee e e 31
2.8 Observational and Numerical Modelling Approaches in Studying the UHI....33

2.9 CONCIUSIONS ettt e e 37

Chapter 3: Methodology

3.1 INtrodUCtiON ..o 39
3.2 The WRFEModel ... 39
3.2.1 Overall Description of the WRF Model ..................coeeenean. 39
3.2.2 Domain Configuration ............c.ccooveiiiiiiiiiiiec e 45
3.2.3 Input Reanalysis Data ..............ccoiiiiiiiiiiiiiiiiieiee 46
3.2.4 Static Data of the WRF Model .............ooiiiiiiiiiiiin 48
3.3 Observational Data ...........c.oiiiiiiiiii 48

Chapter 4:  Sensitivity of the WRF Model to Physical Parameterization
Options in Simulating the UHI and Heatwaves

4.1 INtrodUCLION ... e 50

4.2 Declaration of Co-authorship and Co-contribution ........................... 51

4.3 An Evaluation of the Performance of a WRF Multi-Physics Ensemble for

Heatwave Events over the City of Melbourne in Southeast Australia

Xii



Chapter 5:

5.1
5.2
5.3

Green and Cool Roofs Mitigation Strategies in Reducing UHI

Effects during Heatwave Event

INtrodUCTION ..ot 87
Declaration of Co-authorship and Co-contribution ..................c..ooeiai. 88
Effectiveness of Green and Cool Roofs in Mitigating Urban Heat Island
Effects during a Heatwave Event in the City of Melbourne in Southeast
AUSTITALTI .o 90

Chapter 6: Impacts of Future Urbanization on the UHI and Urban

6.1
6.2
6.3

Chapter 7:

7.1
7.2
7.3

Chapter 8:

8.1
8.2
8.3

References

Meteorology during Heatwave Event

Introduction ... oo, 103
Declaration of Co-authorship and Co-contribution ......................... 104
Impacts of Future Urban Expansion on Urban Heat Island Effects during

Heatwave Events in the City of Melbourne in Southeast Australia

Green Infrastructure Practices in Mitigating UHI Effects during
Heatwave Event

INErOTUCTION .. .o e 142

Declaration of Co-authorship and Co-contribution .......................... 143

Effectiveness of Green Infrastructure in Mitigating Urban Heat Island
Effects during a Heatwave Event in the City of Melbourne in Southeast
AUSTIAlIA ... 145

General Discussion and Conclusions
General DISCUSSION ...ttt e e e e 181
CONCIUSTONS ..ottt e e e 186
Recommendations for Future Research ..........oovviiieiiieiiiiieienn. 186
...................................................................................... 188



List of Tables

Table 2.1  Number of hot days above 35 °C based on annual average summer
temperature for long-term (1961 — 1990), short-term (2000-2009) and

projected years of 2030 and 2070 for Australian capital cities

Table 2.2 Comparison of number of deaths caused by various natural hazards in

AAUSEEATIA oo e e e 23

Xiv



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 3.1

Figure 3.2

Figure 3.3

List of Figures

Typical representation of the influence of urban surface on the boundary layer
at regional scale. PBL and UBL represent planetary boundary layer and urban

boundary layer, respectively .........coiiiiiiiii 17

An example of typical persistent high that causes heatwave conditions over

SOULhEaSt AUSTIalia ... e e 18

Correlation between urban-rural temperature differences and population

density for Melbourne ... ... 20

Trend of minimum temperatures during summer for Melbourne from 1910 to

2013 (BOM, AUSLIalia) ...o.iveiritint ittt et e ae e e 21
Interactions of various physical parameterizations of the WRF model ...... 43
Schematic of the SLUCM ...t 44
Location of modelling domains ..............ooiiiiiiiiiiiii i 46

XV



Abbreviations

UHI Urban Heat Island

UHI; Near-surface Urban Heat Island

UHI g Skin-surface Urban Heat Island

Gl Green Infrastructure

MF Mixed Forest

MFAG Mixed Forest and Grasslands

MSAG Mixed Shrublands and Grasslands

WRF Weather Research and Forecasting

SLUCM Single Layer Urban canopy Model

HTC Human Thermal Comfort

LH Latent Heat

SH Sensible Heat

G Ground Storage Heat

RAMS Regional Atmospheric Modelling System
GCM Global Climate Model

BOM Bureau of Meteorology

USEPA United States Environmental Protection Agency
RCM Regional Climate Models

NDVI Normalized Difference Vegetation Index
LSM Land Surface Model

NCEP National Centre for Environmental Prediction
FNL Final Operational Global Data Assimilation System

XVi



PBL

PBLH

SW

LW

uTC

LT

MB

MAE

RMSE

UTCI

TKE

MSLP

LAI

Planetary Boundary Layer
Planetary Boundary Layer Height
Shortwave

Longwave

Coordinated Universal Time
Local Time

Mean Bias

Mean Absolute Error

Root Mean Square Error
Universal Thermal Climate Index
Turbulent Kinetic Energy

Mean Sea Level Pressure

Leaf Area Index

XVil



Chapter 1

Brief Introduction and Aims of Thesis

1.1 Research Background

Urban growth can have a significant influence on the urban environment, climate and
ecosystem across cities worldwide. Naturally vegetated surfaces are replaced by
constructed artificial impervious surfaces, which alter the surface energy balance and
hence impacts the urban environment and regional meteorology and climate (Liu et al.,
2018; Morris et al., 2017; Yang et al., 2016). One of the consequences of urbanization is
that urban areas experience higher temperatures as compared to surrounding rural areas, a
phenomenon commonly referred to as the Urban Heat Island (UHI). This phenomenon
was first observed in the early 19" century by Howard (1833), who recorded temperature
differences between the city of London and surrounding rural areas, and recorded higher
temperatures in the city. The concept of the UHI was expanded by Manley (1958) to
describe this typical feature of urban climate, as the increase in temperature caused by
artificial surfaces (man-made) resulting in a warm island, relative to the lower

temperatures of the surrounding natural landscape.

The UHI occurs due to the radiative properties of impervious/urban surfaces, which leads
to intensified heat accumulation and a higher temperature difference between urban and
surrounding rural areas. The UHI can be easily distinguished by analyzing surface and air

temperatures between urban and rural areas. The characteristics of UHI strongly depends



on the diurnal variations of incoming shortwave radiation. The urban surfaces store more
heat during the day because of the higher thermal conductivity of construction materials
and re-radiate this heat during the night. Urban areas are also characterized by lower wind
speed because airflow is obstructed by urban morphological features (e.g., buildings) that
reduce mixing and cooling effects. Low wind speed exacerbates UHI intensity while low
clouds play more an effective role in limiting the effects of UHI as compared to high
clouds during night (Oke, 1982). On the other hand, the rural surfaces cool rapidly during
the night, and hence, the temperatures difference between urban and rural are highest

during the evening and night.

The UHI effect is exacerbated during heatwaves and the combined effects of UHI and
heatwaves are more intense than their individual effect (Li et al., 2015). Heatwaves can
be broadly defined as very unusual and hot temperature conditions for a few consecutive
days and the meteorological definition is commonly based on percentiles, being a period
of at least three consecutive days, during which the daily maximum and minimum
temperature exceeds the climatological 95" percentile for a particular region and day of
year (Nairn and Fawcett, 2011). Recent studies have shown that the intensity and
frequency of heatwaves are increasing globally (IPCC, 2012), and hence it is critical to

better understand the interactions between UHI and heatwaves.

The UHI in combination with heatwaves can lead to a number of hazardous
consequences, such as heat-related diseases and mortality (Zhou and Shepherd, 2010).
Heatwaves are considered as the most severe natural hazard in southeast Australia
especially during its hot summer, during which temperatures can peak above 40°C (e.g.,
45.1 °C on 30 January 2009, 43.9 °C on 16 & 17 January 2014) (Victorian Auditor
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General's Report, 2014). Urban residents are highly vulnerable during the heatwaves in
Australia, with heatwaves leading to the highest mortality rates as compared to other
natural hazards (Nicholls et al., 2008). For example, in the state of Victoria in southeast
Australia, heatwaves triggered 374 and 167 excess deaths during January 2009 and 2014,

respectively (Victorian Auditor General's Report, 2014).

The UHI and heatwaves have gained increasing attention by the general community,
researchers, and policy makers worldwide. Australian cities are highly urbanized with
80% of the total population living in major cities (Australian Bureau of Statistics, 2011).
The increased rate of urbanization is responsible for loss of vegetation and can negatively
affect urban ecosystems. Pervious surfaces are replaced by higher thermal conductivity
materials (e.g., concrete, bricks and bitumen). These artificial impervious surfaces absorb
and store more heat during the day and emit that stored heat during the night, and this
phenomenon is favourable to induce the UHI (Arnfield, 2003). The city of Melbourne has
recently released its future urban expansion strategy titled “Plan Melbourne 2050 (more

details can be found at: http://www.planmelbourne.vic.gov.au/the-plan). According to this

plan, urban areas will substantially expand over the next 22 years. Therefore, there is an
urgent need to better understand how future urban expansion may affect the UHI for the
city of Melbourne. In addition, energy use is generally higher during summer (e.g. use of
air conditioning, coolers, electric fans etc). Therefore, UHI and heatwaves as well as
increased urban development are considered as prominent issues in southeast Australia
(Victorian Department of Human Services, 2009), and there is an urgent need to

investigate possible mitigation strategies in minimizing the adverse effects.


http://www.planmelbourne.vic.gov.au/the-plan

Several UHI mitigation strategies aiming at reducing UHI effects have been proposed in
literature such as modification of urban geometry (Fahmy and Sharples, 2009;
Pearlmutter et al., 1999) increasing emissivity and surface albedo (Golden and Kaloush,
2006; Sailor, 1995), increasing urban vegetation and surface shading (Sailor and Dietsch,
2007; Synnefa et al., 2008; Yaghoobian et al., 2010). A review of literature relevant to
UHI mitigation strategies (Chapter 2) revealed that increasing the albedo (e.g., cool roofs,
white paint) of urban environments and increased urban vegetation could be promising
mitigation measures. Furthermore, several UHI mitigation studies have been conducted
using Green Infrastructure (GI) scenarios in several cities (e.g. Stuttgart, Bremen,
Dresden, Nurnberg and Berlin) of Germany (Baumueller and Baumueller, 2011), city of
Adelaide in Australia (Razzaghmanesh and Razzaghmanesh, 2017) and the United
Kingdom (Liverpool City Council’s, 2012). These studies all showed that Gl (e.g. urban
trees, parks and green walls) scenarios substantially reduced the UHI, with green walls
showing high effectiveness in reducing urban temperatures between 2 and 15 °C during

the day (Razzaghmanesha and Razzaghmanesha, 2017).

Gl can be defined as a network of natural and planted vegetation including street trees,
urban forest, gardens, parks, wetlands, green walls, green and cool roofs (Foster et al.,
2011). The increase in Gl fractions in cities can be a sustainable mitigation strategy in
reducing both air and surface temperatures (Bowler et al., 2010; Susca, 2012). Generally,
urban temperature increases due to absorption of a higher amount of solar radiation by
urban infrastructures during the day. Therefore, higher reflective materials (e.g., cool
roofs) can minimize these effects by reflecting a higher proportion of incoming solar
radiation, while GI scenarios reduce the effects of solar radiation by reflecting heat,
providing shading and increasing evapotranspiration, and modifying patterns of wind

4



flow. Therefore, increasing the use of higher reflective materials (higher albedo) and
implementing more GI scenarios in cities can be a potential and sustainable mitigating

strategies in reducing UHI effects.

Several studies have been carried out in recent years to investigate the near-surface UHI
using numerical climate models at various spatial scales (e.g., global/regional). Regional
climate models such as the numerical Regional Atmospheric Modelling System (RAMS)
(Walko et al., 2000) and National Center for Atmospheric Research model (MMD5) (Grell
et al., 1994) have been used to investigate the role of land use on the UHI (Georgescu et
al., 2009; Grossman-Clarke et al., 2008). However, a limitation of these regional
atmospheric models is that they were not able to explicitly resolve the combined effects
of heat from natural (e.g. vegetation cover) versus artificial (e.g. road and building)
sources, to characterize the UHI (Ooka, 2007). In the process of model development, this
issue has been resolved in more advanced regional atmospheric models, such as the
Weather Research and Forecasting (WRF) model (Skamarock et al. 2008), which has
been coupled to the Single Layer Urban Canopy Model (SLUCM) (Kusaka et al., 2001,
Chen et al., 2011), which is specifically designed for parameterizing the key physical
processes within urban areas. The WRF-SLUCM model offers an ideal modelling
platform for regional urban meteorology studies, and the model has been used extensively
to investigate the UHI for several cities (Liu et al., 2018; Morris et al., 2017; Sharma et

al., 2016; Yang et al., 2016).



1.2 Research Objectives

This thesis examines the potential of Gl strategies (e.g., green/cool roofs, mixed forest
(MF), mixed forest with grasslands (MFAG) and mixed shrublands and grasslands
(MSAG) in mitigating UHI effects, as well as the impacts of future urban expansion for
the city of Melbourne in southeast Australia, by using the coupled WRF-SLUCM model.
The WRF model includes a number of physical parameterization options and the model is
well documented to be sensitive to those physics options and these can vary based on the
geographic and climatic conditions (Evans et al., 2012; Kala et al., 2015). Therefore,
before using the coupled WRF-SLUCM model, it is essential to carry out sensitivity
analysis of the model in simulating various climate variables related to the UHI. Hence,
as the first part of this thesis, the sensitivity of the WRF-SLUCM model to its various
parameterizations are carried out in simulating heatwaves using a multi-physics
ensemble, by comparing the model outputs with observations. Having obtained an ideal
model configuration, the WRF-SLUCM model is then used to investigate the
effectiveness of different GI scenarios in mitigating UHI effects, as well as the impacts of
planned future urban expansion on the UHI, for the city of Melbourne. Particular focus is

given to understanding the physical processes and atmospheric mechanisms and drivers.
The specific objectives of this thesis are summarized as follows:

I.  Evaluation of the performance of the WRF model to simulate heatwave events
over the city of Melbourne (Chapter 4).
Il.  Evaluation of the effectiveness of green and cool roofs in mitigating UHI
effects during heatwave event in the city of Melbourne (Chapter 5).
1. Evaluation of the impacts of future urbanization on UHI effects during

heatwave events in the city of Melbourne (Chapter 6).



IV.  Evaluation of the effectiveness of MF, MFAG and MSAG in mitigating UHI

effects during heatwave event in the city of Melbourne (Chapter 7).

1.3 Scope of the Thesis

This thesis uses a case study approach by focusing on four of the most severe heatwave
events to have affected the southeast of Australia over the past decades, to achieve the
four aims described in the previous section. The thesis makes use of a single modelling
tool, the WRF-SCLUM model. This methodology (discussed in more detail in Chapter 3),
has inherent limitations, which limits the scope of the thesis as follows:

e While the sensitivity of WRF to different physical parameterizations is tested in
Chapter 3, the thesis only uses a single urban canopy parameterization, i.e., the
SLUCM, throughout the thesis. Other urban canopy parameterization schemes
have been coupled to the WRF model, like for example, bulk and multi-layer
UCM, but this thesis does not assess the sensitivity of WRF to different urban
canopy schemes, as this is beyond the scope. The choice of using the SLUCM was
based on the fact that it is the most widely used urban canopy scheme in WRF
(e.g., Lietal, 2014; Morris et al., 2017; Sharma et al., 2016).

e The thesis uses case-study approach rather than long-term climate simulations,
and hence the effects of natural climate variability are not assessed. This was
deliberate, as the focus is the most severe heatwave events.

e The effects of future urban expansion are examined without considering future
changes in climate. This thesis investigates how the UHI and urban meteorology
would respond during different heatwaves in a hypothetical situation whereby

future urban expansion in 2050 has already occurred.



e There are several different types of UHI mitigation strategies (e.g., modifying
urban geometry, cool roads and walls (white painting on roads and walls), green
walls, use of water bodies such as wetlands, minimizing anthropogenic heat etc),
and it was not possible to comprehensively evaluate all of them. Based on a
literature review (Chapter 2), this thesis only investigates the effectiveness of Gl
implementations including green/cool roofs, MF, MFAG and MSAG in mitigating

UHI effects.

1.4 Research Significance and Innovation

The impacts of the UHI and increasing frequency and intensity of heatwaves pose a great
challenge for adaptation and mitigation. The topic of heatwaves has gained significant
attention, particularly in Australia and Europe, due to the public health hazards they pose,
with 4000 deaths in Australia since 1800 (Victorian Department of Human Services,
2009), and 70000 deaths across western Europe in 2003 attributed to heatwaves (Robine
et al., 2008). In addition, cities are experiencing rapid population growth, and these
results in rapid urban expansion, which can exacerbate UHI effects. Therefore, there is an
urgent need to assess the effectiveness of different UHI mitigation strategies, as well as
the impacts of future urban expansion, for a city such as Melbourne, which experiences
frequent heatwaves and is expanding rapidly. By examining the effectiveness of different
UHI mitigation strategies, such as using green/cool roofs, MF, MFAG and MSAG, this
thesis will provide valuable and timely information on what are the most effective UHI
mitigation strategies, and to what extent these mitigation strategies need to be

implemented. In addition, the thesis will provide important information for city planners



on the possible effects of future urban expansion and how these adverse effects can be
minimized.

Energy consumption rises during heatwaves because of extensive use of air conditioners,
electric fans and air coolers, and as a result, and this poses significant challenges to the
energy sector (Reeves et al., 2010). In addition, air conditioners and coal fired power
generation result in large amounts of greenhouse gas emissions. Implementing Gl
practices in urban areas is not only a potential solution in minimizing the effects of UHI
during heatwaves, but it can also be an effective and appealing means in reducing
greenhouse gas emissions by reducing energy use, as well as maintaining urban
ecosystems, creating biodiversity habitat and delivering economic benefits. Therefore, the
study outcomes will provide policy relevant information for city planners, engineers,
stakeholders, local and national agencies for other cities for designing sustainable urban

development strategy.

Heatwaves are one of the most important hazards in Australia because of their frequency
and intensity, are expected to increase under future climate change (Cowan et al., 2014).
Therefore, it is important to understand heatwave dynamics and processes to minimize
the adverse impacts of heatwaves by investigating a number of mitigation strategies. It is
also, important to understand how these mitigation strategies respond during heatwaves
and what the mechanisms are. By examining the physical processes involved in heatwave
dynamics in Southeast Australia and how these factors respond due to increased
urbanization and various UHI mitigation approaches, this study will contribute to a
deeper understanding and knowledge in this area. Finally, the results will be useful as a
guideline for future research in other cities in Australia and different parts of the world,

which experience similar climatic conditions.



1.5 Thesis Structure

This thesis is structured as a thesis by publications, divided into 8 chapters. The research
background, objectives, scope and significance are presented in this chapter in Chapter 1.
Chapter 2 summarize the literature review on the UHI, heatwaves, impacts of
urbanization, and different UHI mitigation strategies, as well as UHI modelling
approaches. Chapter 3 provides a general methodology, including a description of the
WRF-SLUCM model, observational data sources and overall research design. Chapter 4
presents the evaluation of the sensitivity analysis of the WRF-SLUCM model in
simulating the UHI and heatwaves for the city of Melbourne to determine the best WRF
model configuration for Melbourne region, which is then used throughout the rest of the
thesis. Chapters 5 evaluates the potential of green and cool roofs in mitigating UHI
effects in the city of Melbourne. The potential impacts of future urban expansion are
presented in Chapter 6. Chapter 7 assesses UHI mitigation strategies by using various Gl
practices including MF, MFAG and MSAG incorporating future urban expansion
scenarios. Finally, Chapter 8 summarizes the main findings and recommends further

research.
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Chapter 2

Literature Review

2.1 Introduction

This chapter provides a detailed review of the UHI and its effects on the surface energy
balance in sections 2.2 and 2.3, respectively. In sections 2.4 and 2.5, the UHI and
heatwaves and their impacts on human health are presented. The effects of urbanization
on the UHI are presented in section 2.6. Section 2.7 reviews the use of green and cool
roofs, and Gl as UHI mitigation strategies. Finally, section 2.8 reviews UHI modelling
techniques and focuses on the importance in selecting the numerical models in UHI

study.

2.2 The Urban Heat Island

The UHI is commonly defined as higher temperatures in urban areas as compared to rural
areas. The UHI phenomenon can be classified according to different spatial scales. The
UHI of individual features/blocks (including building and roads) at the neighbourhood
scale is described as the temperature differences in the intra-city, and referred to as the
micro-scale UHI. The local/regional scale UHI is described as variations of temperature
across the entire urban and surrounding rural areas. The local/regional scale UHI is
largely influenced by geographical and climatic conditions. Furthermore, the UHI can be
measured at different heights within urban boundary layer. For instance, the surface UHI

is calculated as the surface temperature differences (usually using the surface skin
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temperature) between urban and rural areas. The pedestrian level UHI can be measured as
the temperature differences between urban and rural areas at 2 m above the surface. The
urban boundary layer UHI is defined as different atmospheric temperatures above the
city, while the canopy layer UHI is defined as atmospheric temperatures differences
between the ground surface and average building height of a city. The surface level and
pedestrian level UHI have been the subject of many studies (Li et al., 2014; Morris et al.,
2017; Sharma et al., 2016; Yang et al., 2016). The surface level UHI generally shows the
highest intensity as compared to the pedestrian level UHI as the surface is directly heated
by solar radiation (Li et al., 2014; Sharma et al., 2016). The UHI generally shows the
highest intensity during anti-cyclonic conditions with clear skies and low wind speeds
(Gedzelman et al., 2003; Morris et al., 2001). On the other hand, atmospheric warm fonts
enhance mixing and turbulence, and consequently, minimize the differences between
urban and rural temperatures, and reducing the intensity of UHI (Tumanov et al., 1999).
Low winds exacerbate UHI effects while stronger winds significantly weaken the UHI

(Morris et al., 2001).

There are many factors responsible to generate the UHI and many are related to the
prevailing weather conditions. Stable weather conditions with smaller pressure gradients
generally lead to more intense UHI due to lower winds. Temperature gradients become
stronger when synoptic wind speeds are weaker, and as result a closed circulation pattern
may form, associated with the UHI, which is characterized by a strong updraft motion
over the center of the city, convergent flow near the ground surface and divergent flow
aloft (Collier, 2006). Stronger wind speeds help to mix the air between urban and
surrounding rural areas, and minimize temperature differences, and consequently, reduce
UHI effects. Many cities in the mid-latitudes face a higher intensity of UHI during
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summer months because of higher intensity of incoming solar radiation. In addition,
regional climate variability and the frequency of synoptic conditions leading to extremely

warm periods might also result in longer lasting UHI effects (Chandler, 1965).

Other factors affecting the UHI include urban geometry, types of urban land cover,
anthropogenic heat emission and atmospheric pollution. The urban geometry and land use
cover substantially affect the UHI cycle. For example, urban areas increase storage heat
due to higher conductivity and heat absorption capacity by the construction materials and
reduce wind speed because of higher roughness, and consequently, increase UHI effects
particularly during the night (Chen and Frauenfeld, 2016; Coutts et al., 2008). The
properties of different land-use types, such as albedo, shade factor and emissivity, play an
important role in increasing sensible heat and decreasing latent heat flux, which drive the
UHI during the day (Chen and Frauenfeld, 2016). The UHI has a clear diurnal and
seasonal cycle (Gedzelman et al., 2003; Shepherd, 2005). The UHI has a lower intensity
during the day, and is generally at its maximum intensity during the night. This is because
of the stored heat during the day by the construction material and re-radiation of that
stored heat during the night. Furthermore, cool islands can occur in urban areas especially
during the day if most of the incoming solar radiation is absorbed by urban surfaces
(Morris and Simmonds, 2000), i.e., most of the energy goes into increased ground heat
flux, but in rural areas, most of the net radiation is transformed into sensible heat flux,

which consequently results in rural temperatures being higher than urban temperatures.

An increasing trend in the UHI intensity has been documented for many cities and this is
likely due to increased urbanization with an increasing population (He et al., 2007).
However, establishing a specific and linear relationship between the UHI intensity and
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population is not straightforward as the relationship between the UHI and population
differs according to the geographic conditions of the cities (e.g., European and North
American cities). Cities in tropical countries do not seem to fit into either range, because
of differences in soil moisture between urban and rural areas. Ahmad and Hashim (2007)
showed that soil moisture had the same effect on the UHI formation as natural vegetated

surfaces.

2.3 Surface Energy Balance

To understand the UHI, it is important to understand the surface energy balance in urban
areas because the modified partitioning of surface heat fluxes, due to urbanization,
affects the atmospheric stability and thermodynamics properties of the boundary layer

and mixing layer heights (Christen and VVogt, 2004).

The surface energy balance is as follows:

RN = (1-1)S + L+ Qr = SH A LH + G oo eee e sseeeeseee e (2.1)

Where r and S are the albedo and total solar radiation incident on the surface, L is the net
longwave radiation and Qg is the anthropogenic heat added to the surface. The left part of
the equation is the net energy input to the surface, i.,e the net radiation. The right part
represents the partitioning of the net radiation into sensible heat (SH), latent heat (LH)

and the storage heat (G). The latter is defined as:

G = -KAT/AZ oo 2.2)

Where, k is thermal conductivity, and dT/dZ is change in soil temperature with depth.
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For vegetated surfaces, net radiation is partitioned mostly into SH and LE, and a smaller
portion into G because of low thermal conductivity (k) of soil. On the other hand, the
major portion of net radiation goes into G, rather than SH and LE, in urban areas due to
much higher thermal conductivity of urban surfaces. The storage heat (G) in urban
surfaces is controlled by the properties of construction materials such as heat capacities,
thermal conductivities and density. The combined effect of these properties is represented
by thermal inertia of a material, which describes the ability of a material to conduct and

store heat energy during the day and re-radiate during the night (Mellon et al., 2000).

The energy balance is driven by net radiation, i.e. the net short wave and longwave
radiation. Net radiation is converted into sensible, latent and ground/storage heat flux.
Urban surfaces with lower albedo reflect a smaller amount of incoming shortwave
radiation and absorb more solar radiation due to higher thermal conductivity materials,
therefore, net radiation is higher in urban areas, and there is more energy available to be
converted to sensible, latent and ground heat flux. With vegetated surfaces, more net
radiation is partitioned into latent heat flux, rather than sensible heat flux, because of

evaporation and transpiration.

Urbanization is one of the influential factors in altering the heat fluxes (storage heat,
sensible and latent heat flux), and consequently, alters surface energy balance because of
shading, trapping solar radiation and high thermal conductivity of construction materials.
Soil moisture availability is another influential factor in controlling the surface energy
balance. A surface covered by vegetation has higher potential of water retention while
moisture is reduced in impervious surface due to surface runoff (Oke, 1982). Increased
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soil moisture in vegetated areas substantially increases latent heat flux and reduces

sensible heat flux.

Heat exchange within the urban canopy is mainly influenced by urban features such as
density of buildings, height and width of buildings and roads and atmospheric conditions
such as amount of turbulence (Coutts et al., 2007; Yang et al., 2016). The amount of
stored heat by urban surfaces largely depends on the types and properties urban
infrastructure (Coutts et al., 2007). Urban environment creates their own microclimate
through the exchanges of energy, mass and momentum, and consequently, generates a
distinctive urban boundary layer (Gunawardena et al., 2017). The radiative properties of
any surface is the main driver in altering surface energy balance by distributing incoming
shortwave and longwave solar radiation. In the absence of incoming shortwave radiation
during the day, longwave radiation plays dominant role in driving the surface energy
balance during the night. Impervious surfaces absorb a greater part of the incoming solar
heat due to higher thermal conductivity and heat storage capacity during the day and
results in warming the surface and near surface atmospheric layer because of re-radiation
of stored heat during the night (Cheng and Chan, 2012; Coutts et al., 2007; Morris et al.,
2017). Therefore, urban areas convert natural surfaces into heat reservoirs, and in
addition, with building geometry, synoptic weather conditions and anthropogenic

activities lead to increasing warming as compared to rural surroundings.

The urban heat budget is controlled by both horizontal and vertical transport of sensible
heat flux from surface and urban canopy. Excessive surface warming during the day
results in higher temperature and deeper convective mixed layer during the day. Figure
2.1 shows a typical influence of urban surfaces on the boundary layer structure at the
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regional scale. The height of urban mixing layer varies due to convective effects which
are controlled by the horizontal and vertical mixing and transport. Convective heat
plumes are induced due to increased sensible heat flux from the urban surfaces caused by
increased turbulence intensities in urban areas (Oke, 1982). The urban boundary layer can
be lifted over the surrounding rural boundary layer, when an urban heat plume
horizontally extends downwind of the city due to horizontal wind flow. As a result,
temperature will not only increase in urban areas, but can extend the effect to surrounding

rural areas based on the prevailing wind direction and speed (Voogt and Oke, 2003).
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Figure 2.1 Typical representation of the influence of urban surface on the boundary layer
at regional scale. PBL and UBL represent planetary boundary layer and urban boundary

layer, respectively (Oke, 1997).

2.4 Heatwaves and UHI

Heatwaves in southeast Australia are largely driven by anticyclones (also known as high-
pressure systems) (Perkins, 2015). Heatwaves typically occur when these anticyclones are
stationary, in which case they are commonly referred to as a blocking-high, with a center

of anomalously high-pressure (Coughlan, 1983). Conventional blocking-highs develop
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when atmospheric winds in upper-level split due to meandering of the jet stream, which
allows a region to be blocked from the zonal jet stream for several days (Pezza et al.,
2012). As a result, poleward cooler air cannot mix with hotter air within this region, and
consequently, warm air builds up. Other persistent highs occur at lower latitudes located
10° equatorward of the traditional blocking areas, where the subtropical ridge sits during
summer (Perkins, 2015). These types of persistent highs are the main driving factors for
numerous heatwaves over Australia (Marshall et al., 2014) (Figure 2.2). Pezza et al.
(2012) have characterized the severe southeastern Australian heatwaves by slow-moving
persistent-highs centered in the Tasman Sea as shown in Figure 2.3. Generally, heatwaves
are due to persistent-highs located adjacent to the affected area, and advecting dry and hot

air from the interior of the continent (Boschat et al., 2015; Marshall et al., 2014).
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Figure 2.2 An example of typical persistent high that causes heatwave conditions over

southeast Australia (Pezza et al., 2012).
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Melbourne, the capital city of Victorian state in southeast Australia has been experiencing
more frequent, longer, and intense heatwaves (Cowan et al, 2014). This includes extreme
heatwaves in 2009 across southeastern Australia followed by another extreme heatwave
in January 2014: a prolonged autumn heatwave for southeast Australia and intense
summer heatwaves two of Australia's most significant heatwave events (BOM, 2014a;
BOM, 2014b); and an exceptionally prolonged autumn warm spell over much of
Australia in May 2014 (BOM, 2014c). The numbers of heatwaves, and their duration and
intensity have increased over the last two decades over Australia, and especially in
southeastern Australia (Steffen et al., 2014). In addition, the frequency, duration and
intensity of heatwaves is expected to increase in the future, with heatwave duration

expected to double by 2070 (Cowan et al., 2014).

The city of Melbourne also experiences UHI effects. A study by Torok et al. (2001)
showed a positive correlation between UHI and population density for the city of
Melbourne (Figure 2.3). Torok et al. (2001) reported that the city of Melbourne
experienced a peak UHI of 7.1 °C in the city centre on the evening of 25 August 1992.
There were sharp drops in temperature at the urban-rural boundary while the vegetation in
parks showed a lower UHI effect (Figure 2.3). Furthermore, Coutts et al. (2008) and
Coutts et al. (2016) investigated the UHI in Melbourne, and reported a substantial UHI
intensity during the night (mean maximum UHI 4 °C). The UHI can be exacerbated
during heatwaves according to Li and Bou-Zeid (2013). Heatwaves not only increase
ambient temperatures, but also the temperature differences between urban and rural areas.
Heatwaves in the city of Melbourne now start on average 17 days earlier, and the average

intensity of a heatwave has increased by 1.5 °C, with the peak heatwave day likely to be 2
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°C hotter than the long-term heatwave average (Steffen et al., 2014). Therefore, the UHI

combined with heatwaves leads to higher warming than the UHI alone.
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Figure 2.3 Correlation between urban-rural temperature differences and population

density for Melbourne (Torok et al., 2001).

The Melbourne regional office of Bureau of Meteorology have kept accurate temperature

records since 1910. Temperature records showed that a long term increase in the annual

maximum and minimum temperatures over the city of Melbourne with linear trend of

0.08 °C and 0.14 °C per decade, respectively. The annual mean temperature for the city of

Melbourne increased at a linear trend of 0.11 °C per decade from 1910 to 2013. This

increasing trend also depends on the seasons, with the maximum temperature in each

decade increasing by 0.06 °C for summer, 0.05 °C for spring and 0.11 °C for Autumn and
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Winter. The minimum temperatures are increasing with a positive trend of 0.19 °C for
summer, 0.16 °C for spring and 0.12 °C for Autumn and 0.08 °C for Winter. Long-term
temperature data shows that minimum temperatures increase of 2 °C during summer and

results in quicker warming nights (Figure 2.4).
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Figure 2.4 Trend of minimum temperatures during summer for Melbourne from 1910 to

2013 (BoM, Australia)

A comparison of increasing temperatures trends among different Australian cities is
shown in Table 2.1. Temperatures are projected to increase by 1.0 to 2.5 °C and 2.2 t0 5.0

°C by 2070 for low and high greenhouse gas emissions, respectively as compared to the
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period 1980 to 1999 (Table 2.1). As a result, this increase temperature will increase the

number of hot days and warm nights during summer.

Table 2.1 Number of hot days above 35 °C based on annual average summer temperature
for long-term (1961 — 1990), short-term (2000-2009) and projected years of 2030 and

2070 for Australian capital cities (Steffen et al., 2014).

Cities in Long- Short- Projection Projection Projection for
Australia term term for 2030 for 2070 (low 2070 (high
average average emission emission
(1961- (2000- scenario) scenario)
1990) 2009)
Melbourne 9.9 12.6 12(11-13) 14 (12-17) 20 (15 - 26)
Sydney 3.4 3.3 44(4.1-51) 53 (45-6.6) 8(6-12)
Adelaide 17.5 25.1 23(21-26) 26 (24 - 31) 36 (29 - 47)
Canberra 5.2 9.4 8 (7 - 10) 10 (8 - 14) 18 (12 - 26)
Darwin 8.5 15.7 44 (28-69) 89 (49-153) 227 (141 - 308)
Hobart 1.2 1.4 1.7(1.6-1.8) 1.8(1.7-20) 2.4(2.0-3.4)

2.5 Heatwaves and Human Health

Heatwaves caused more hazards on human health than other natural disasters in Australia.
Table 2.2 shows a comparison of fatality with other natural hazards in Australia.
Heatwaves killed more people in Australia and accounted for 55.2 % of total natural
hazard death for the period 1900 to 2011.
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Table 2.2 Comparison of number of deaths caused by various natural hazards in Australia

(Coates et al., 2014).

Natural Hazard Number of Deaths (1900 — % of Total Deaths
2011)

Extreme heat (Heatwaves) 4555 55.2
Flood 1221 14.8
Tropical Cyclone 1285 15.6
Bushfire 866 10.5
Lighting 85 1.0
Landslide 88 1.1
Wind Storm 68 0.8
Tornado 42 0.5
Hail Storm 16 0.2
Earthquake 16 0.2
Rain Strom 14 0.2

There are physiological limits to human heat, and when those limits are exceeded during
extended heatwave periods, heat stress, and heat stroke and death may eventually occur
(Sherwood and Huber, 2010). Generally, lower temperatures during the night helps
physiological recovery of the human body during sleep. The increase in nocturnal
temperatures in urban areas reduces physiological recovery and ambient temperatures
above 23 °C during the night results in disturbance of sleep (Grunstein, 2013). The UHI
causes night time human discomfort as the UHI is a nighttime phenomenon (Li and Bou-

Zeid, 2013). For example, a heat alert system estimated that the daily mortality was about
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15 — 17 % higher as compared to normal, for people 65 years old or more, when mean
daily temperature exceed 30 °C (Nicholls et al., 2008). On the other hand, mortality was
about 19 -21 % for the same group of people when night time temperatures (rather than
the mean daily temperature) exceeded 24 °C (Nicholls et al., 2008). A report published by
Englart (2015) showed that Ambulance service call outs rose by about 700 % during
heatwaves in January 2014 when temperatures reached at 44 °C. Earlier in 2009 in
Victoria, heatwaves caused 374 excess deaths followed by the historic Black Saturday
bushfires which contributed to 173 deaths (Department of Human Services, 2009).
Furthermore, the deaths related to extreme heat are projected to be higher especially for
the city of Melbourne and Brisbane in Australia. According to Keating and Handmer
(2013), extreme heat may cause an additional total 6214 deaths in Victoria by 2050.
Based on projected impacts of heatwave on human health, there is high certainty that

heatwaves will pose a significant health hazard for urban residents.

2.6 Impacts of Urbanization on the UHI

Increased urbanization and industrialization are the main driving factors for loss of
vegetation and increased impervious surfaces. According to a population report of
Population Reference Bureau (2005), half of the world population lives in urban areas and
this number will increase to 60 % by 2030. Consequently, urbanization and
industrialization will accelerate in the future. High thermal conductivity materials such as
concrete, bricks and bitumen replace the pervious surfaces in urban areas. These materials
absorb and store more heat during the day and emit heat at night, and this phenomenon is

favourable in developing the UHI (Arnfield, 2003).
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Urban expansion can often lead to adverse impacts on the urban environment including
modification of regional and local urban meteorology. The decrease in surface albedo and
increase in roughness due to urban expansion leads to increase in sensible heat and
decrease in latent heat fluxes, and consequently, can affect temperature and humidity
(Chen et al., 2016). Land use change in urban areas due to urbanization is an extreme type
of land use change as urbanization dramatically alters the physical properties of land
surface and affect its thermal radiative and aerodynamic character (Oke, 1987).
Therefore, it is important to understand how urban expansion affects regional climate (Jin

and Shepherd, 2005).

Rapid urbanization may further intensity the UHI, which substantially alters urban
ecosystem and severely affects the human thermal comfort, particularly during summer
and heatwave episodes (Rankin, 1959). Coutts et al. (2008) examined the impacts of
urban expansion of the city of Melbourne according to Plan Melbourne 2030, and showed
a higher intensity of the night time UHI especially in the expanded areas and activity
centres. Another study examined the effect of new residential development and urban
expansion on the fringes of the city of Sydney, and showed a stronger increase in
minimum temperatures as compared to maximum temperatures (Argueso et al., 2014).
Recently, the city of Melbourne published the urban expansion strategy titled “Plan
Melbourne 2050 to expand urban areas in surrounding suburbs to meet the future
residential demand. As urban expansion substantially affects urban climate, therefore, it is
urgent to examine the future urbanization impacts for the city of Melbourne based on
Plan Melbourne 2050. However, no study yet to examine the impacts of future

urbanization according to Plan Melbourne 2050.

25



2.7 Mitigation Approaches of UHI Effects

Considering the consequences of UHI effects, several studies have been conducted to
characterize the near-surface UHI using numerical climate models. Furthermore, several
UHI mitigation strategies aiming to reduce UHI effects have been proposed in the
literature such as modification of urban geometry (Fahmy and Sharples, 2009;
Pearlmutter et al., 1999), increasing emissivity and surface albedo (Golden and Kaloush,
2006; Morris et al., 2017; Sailor, 1995; Touchaei et al., 2016), increasing urban
vegetation and surface shading (Razzaghmanesh et al., 2016; Razzaghmanesh and
Razzaghmanesh, 2017; Sailor and Dietsch, 2007; Synnefa et al., 2008; Yaghoobian et al.,
2010). Recent studies have shown that these mitigation strategies can reduce the UHI and
hence provide important climatic benefits (Fintikakis et al., 2011; Santamouris et al.,

2012).

Generally, urban areas have lower albedo due to darker surfaces and lower vegetation
cover. Therefore, the use of higher reflective construction materials or coating (e.g., paint,
whitening of roofs) or increasing vegetation cover are possible mitigation strategies in
reducing temperatures over the urban areas. Mitigation of the effects of the UHI and
heatwaves can be carried out by increasing urban vegetation, using higher albedo urban
infrastructure, implementing water sensitive urban design and maintaining urban
biodiversity. These mitigation approaches can be classified into four main categories as

follows:

26



¢+ Cooling by vegetation

¢+ Cooling by increasing surface albedo of construction materials

¢+ Cooling by sustainable urban infrastructures (e.g., orientation and windows of
building)

¢+ Cooling by anthropogenic heat reduction (e.g., heat exhaust from cooling systems,

vehicles etc)

Among all these mitigation strategies, cooling by urban vegetation is a sustainable UHI
mitigation strategy with multiple benefits (Ca et al., 1998; Eliasson, 1996; Rosenfeld et
al., 1995; Rosenfeld et al., 1998; Spronken-Smith et al., 2000) while using higher albedo
materials particularly on roofs has shown higher effectiveness in reducing the UHI
intensity (Li et al., 2014; Sharma et al., 2016). Therefore, the current study focuses on
UHI mitigation approaches using vegetation and reflective materials on roofs (e.g., green

and cool roofs) and different types of urban vegetation.

2.7.1 Green Roofs

Green roof is defined as a partially or completely vegetated landscape installed on the
roof of building including additional layers such as a growing medium, drainage layer
and waterproof membrane (USEPA, 2008). Green roofs reduce solar radiation by shading
and increasing evapotranspiration via transpiration during photosynthesis and soil
evaporation (Authority Greater London, 2008). In summer, green roofs absorb 70 to 90 %
energy from the sun by leaves during the photosynthesis process and the remaining
energy is reflected back into the atmosphere (USEPA, 2008). Green roofs reduce a
substantial amount of heat transferred from the roofs to the inside of buildings by shading
and evapotranspiration. The roofs’ vegetation also extends the life span of roofs by
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providing protection from the UV radiation, adverse weather effects and temperature
fluctuations (Oberndorfer et al., 2007). About 30 % green roofs has been shown to reduce
the surface temperature by up to 1 °C in the Baltimore-Washington metropolitan area in
the US, and the performance of green roofs was sensitive to increasing/decreasing in soil
moisture (Li et al., 2014). This study also illustrated that the surface UHI during the peak
temperature of the day was further reduced by 0.55 °C (when a soil moisture control limit
was 0.45 m®* m™) and 0.27 °C (when a soil moisture control limit was 0.35 m®> m®). On
the other hand, when the soil moisture was near the wilting point (0.15 m® m™) for dry
conditions, the cooling benefit provided by green roofs due to soil moisture was almost

completely eliminated.

Factors such as geographic location, roofs composition, solar exposure, growing medium
and moisture content also influence temperature over green roofs (USEPA, 2008). A
study reported that the 32 % green roofs can save 19200 MWh energy per year, and can
store 80000 m? rainwater at roof level (Authority Greater London, 2008). A study was
conducted by Rosenzweig et al. (2006) to investigate the UHI mitigation scenarios for the
city of New York by using the regional climate model MM5. Although, their study did
not explicitly represent buildings in the MM5 model, it assumed the presence of buildings
through the boundary layer structure, which controls the heat and moisture transportation
in the surface layer. Their study found that vegetation had greater impacts in reducing
urban temperature than the urban geometry. They also reported that the 50 % green roofs
covered with grass reduced urban surface temperatures up to by 0.1 to 0.8 °C. Banting et
al. (2005) reported that green roofs covering a total area of 50 km? reduced local ambient
air temperatures up to by 0.5 to 2 °C in Toronto in Canada. Wong et al. (2003)
investigated the thermal benefits of green roofs through the field measurement data for
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the tropical environment in Singapore and reported that the cooling effect of plants was
responsible for the highest reduction (4.2 °C) in ambient air temperatures. In addition,
green roofs in urban areas can retain storm water and pollutants from air. Consequently,
retained storm water helps to reduce flash flood risks, generates a cooling effect and
improves air quality and rainwater. This in turn protects against the entry of pollutants
into lakes, ponds and rivers water during rainfall, and decreases the sewage load in the

sewage networks (Manfred et al., 2002).

2.7.2 Cool Roofs

Cool roof is a roofing system that minimises solar adsorption and maximises solar
reflectance and thermal emittance to stay cool in the sun (Akbari, 2008). Cool roofs have
higher albedo (solar reflectance) and thermal emissivity. The materials of cool roofs can
reflect 70 % of incoming solar radiation (Gartland, 2008). Several studies have
investigated the temperature reduction due to increasing the albedo of cool roofs (e.g.,
Akbari et al., 2001; Synnefa et al., 2006), and report that for low albedo roofs, the
maximum difference of temperatures can be as high as 50 °K between roof surface and
surrounding air, and this difference can be lowered to 10 °K for high albedo roofs.
Synnefa et al. (2006) investigated 14 different reflective coatings for thermal performance
and optical properties. Temperature sensors, data logging systems and infrared
thermography were used for their experimental stud, which were showed that cool
coating reduced temperature by 4 °C during the day and 2 °C during night in summer
conditions. Also, the analysis from their study showed that thermal performance of cool
coatings and cool materials was affected by thermal reflectance during the day and by

emissivity during the night.

29



Synnefa et al. (2008) measured the temperature differences between 10 conventionally
pigmented coatings and 10 prototype cool colored coatings. The maximum temperature
difference was 10.2 °C during the summer against the solar reflectance of 0.22 while the
temperature difference was 1 °C during winter. Therefore, cool colored coatings avoid
any heating penalty. The performance of five colors of thin layer asphalt was examined
by Synnefa et al. (2011), who reported that the daily surface temperature fluctuation was
25 K for black asphalt and 8 K for colored thin layer asphalt. A review, on cool roofs in
mitigating UHI effects and improving thermal comfort, revealed that the materials of cool
roof decreased the flow of heat flux into the buildings and reduced the high temperatures
(Santamouris et al., 2011). Some cool roof materials such as cool coatings (cementitious
or elastomeric), cool shingle—ply roofing systems made by various materials and clay
shingles with high albedo values were suggested by Gartland (2008). The smooth white
coatings can increase the lifespan of cool roofs and albedo values from 0.04 to 0.80 as
compared to roofs covered by black asphalt surface (Santamouris et al., 2011). Cool roofs
require regularly cleaning and maintaining otherwise their reflectance will be reduced.
For a white cool roof, solar reflectance reduced from 0.80 to 0.60 due to biomass and dust

deposit (Levinson et al., 2005).

Recently, many studies have used Regional Climate Models (RCMs) for investigating the
effectiveness of cool roofs in reducing the UHI (Li et al., 2014; Morris et al., 2017,
Sharma et al., 2016; Touchaei et al., 2016; Yang et al., 2015). These studies report that
cool roofs have great potential in reducing urban temperatures with maximum reductions
of roof surface UHI by 7 °C in Chicago, USA (Sharma et al., 2016), 4 °C in Rome, Italy

(Morini et al., 2016) and 3.5 °C in Baltimore-Washington, USA (Li et al., 2014).
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Therefore, application of cool roofs at the city-scale can provide cooling benefits over

larger areas for a city as compared to individual features/blocks.

2.7.3 Urban Vegetation

Near-surface urban temperatures can be reduced substantially by using urban vegetation.
Urban vegetation increases latent heat flux and decreases storage heat via
evapotranspiration and shading, and can therefore reduce the UHI. Besides, the urban
vegetation allows more stormwater infiltration into the soil and increases soil moisture.
Available soil moisture enhances evaporation rates and results in higher latent heat flux,
consequently, reduces urban warming (Rizwan et al., 2008). A number of studies have
focused on the potential of urban vegetation in countering UHI effects (Heisler et al.,

1994; Taha et al., 1996; McPherson et al., 2005; Solecki et al., 2005).

Urban trees can be planted in two ways such as planting a tree directly in the ground or
using cell structures, which facilitate the necessary space for full root development under
a partial asphalt covering. Urban trees directly reflect or absorb solar radiation and reduce
adjacent surface temperatures by shading during the day (Lee et al., 2013). Several
studies investigated the potential of urban trees in reducing urban temperatures (Berry et
al., 2013; Bowler et al., 2010; Lin and Lin, 2010; Souch and Souch, 1993). Urban trees
can reduce urban air temperatures by 0.7 to 1.3 °C during early afternoon (Souch and
Souch, 1993). Lin and Lin (2010) reported that air temperature was reduced by 0.64 to
2.52 °C under the tree canopy as compared to open space during midday. The cooling
effect of trees largely depends on the size, species and characteristics of the trees (Georgi
and Zafiriadis, 2006). The effect of urban trees has been investigated by many studies at
the city-scale (Shashua-Bar and Hoffman, 2000; Takebayashi and Moriyama, 2009;
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Wong and Yu, 2005). Their results showed that reductions of urban temperatures by
urban trees ranged from 0.28 to 4 °C. At night, urban trees restrict longwave radiation
loss and ventilation under the canopy and this can result in a warming effect in urban

areas (Coutts et al., 2016).

Vegetation planted around a building can protect the building from solar radiation.
Vegetation keeps the soil surrounding the building cooler, and reflects and diffuses solar
radiation (Akbari et al., 2001). In park areas, the combined effects of evapotranspiration
and shading can significantly reduce temperature and even create cool islands (Shashua-
Bar and Hoffman, 2000). A study showed that average air temperatures in parklands were
4 °C lower than the inner city (Eliasson, 1996), whereas the cooling effect depends on the
size of parks, types of vegetation and climatic conditions (Gago et al., 2013). Parklands
not only keep parks cool but also the surrounding areas, and can reduce building cooling
loads by up to 10 % (Yu and Hien, 2006). An investigation was carried out by Ca et al.
(1998) to quantify the effect of parklands on summer climate in Tama of New York, and
in a costal metropolitan area in Japan. Their results indicated that parklands reduced
temperatures by 1.5 °C in a busy commercial area at noon, and this led to reduced energy
demand. They also proposed a park vegetation and shape index that can be used to
quantify the cool island in park areas. Some studies reported that parklands are always
cooler than spaces without any green cover (e.g., Hoyano, 1988; Parker, 1983).
Furthermore, Yu and Hien (2006) and Cao et al. (2010) showed that parklands and green
spaces reduced temperatures by 2 to 3 °C in summer and stabilized the temperatures
fluctuation caused by building materials. However, cooling effect depends on the size of
the parklands and solar radiation; but there is no linear relation between the cool islands
and size of parklands (Cao et al., 2010; Eliasson, 1996).
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2.8 Observational and Numerical Modelling Approaches in Studying the UHI

Estimation of UHI and the effects of urban expansion are not straightforward because
UHI and urbanization effects are apparent at different scales (e.g., micro and
local/regional scales). One possible method in estimating the UHI is by comparing
observations from urban stations with data from near-by rural stations (Baker et al., 2002;
Jauregui, 2005). However, it is important to consider the effects of topography and
natural features within the study area, and to ensure that there is no effect of the urban
area on the rural stations (e.g., downwind of the city). An alternate method is to quantify
urban effect by correlating historical temperature series data with the growth of a city
(Philandras et al., 1999). Nevertheless, the problem is a comprehensive set of pre-urban
measurements is not available for comparison, which would be required to distinguish
station-by-station differences before and after urban expansion due to different weather
pattern (Lowry 1998). Other experimental methods include transects (Unger et al., 2001),

and the analysis of satellite derived temperature data (Lee, 1993) to investigate the UHI.

Furthermore, there are several methods to investigate the UHI and effect of urbanization.
For instances, satellite measurements (Gallo et al., 1999) and population data (Easterling
et al., 1997) haven been used in the USA. These two methods can be used to estimate
different impacts of urbanization (Gallo et al., 1999). The effects of urbanization can also
be analyzed by comparing trends between observed surface temperatures and reanalysis
of global weather. Kalnay and Cai (2003), showed that the estimated averaged surface
warming was 0.27 °C per century because of changes in urban and agricultural land use,
and failure in accounting for agricultural land use effects could lead to the
underestimation of the impact of land use changes. Recently, satellite imageries (e.g.,
related to meteorological and satellite thermal data) have been widely used to estimate a
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normalized difference vegetation index (NDVI) to investigate the effect of land use
changes (Romero et al., 1999). The NDVI can be used to estimate the UHI, as there is an
inverse correlation between the NDVI and UHI for several cities. However, all these
methods have inherent limitations, which make it difficult to estimate the different
impacts of urban expansion on the UHI, and the effectiveness of different mitigation
strategies. To overcome these difficulties, the numerical modelling approach is
commonly used to examine the effects of land use change, particularly effect of

urbanization on weather and climate at regional scales (Lamptey et al., 2005).

Numerical regional atmospheric models are commonly used to examine the influence of
urbanization on weather and climate including temperatures, wind flow, precipitation and
atmospheric boundary layer structure at a variety of spatial scales (e.g., regional and
global) (Argiieso et al., 2014; Atkinson, 2003; Bornstein and Lin, 2000; Klai¢ et al.,
2002; Li et al., 2014; Pino et al., 2004; Sharma et al., 2016). In these numerical models,
the accurate representation of thermal and dynamic effects in the urban areas plays
important role in the atmospheric boundary layer, which is very important for
understanding and modelling the UHI. Micro-scale models resolve surface energy
balance at the building scale, and these models are limited to studying urban
meteorological conditions at very fine spatial scales of individual buildings. On the other
hand, meso-scale models cannot resolve urban effects at building scale due to
computational cost, and therefore require adopting an averaged building

approach/parameterization (Martilli et al., 2002).

The parameterization of an urban canyon is difficult since urban surfaces are extremely
heterogeneous and complex in nature. The main aspects that are required to be considered
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in parameterizing urban effects are thermal properties of urban surfaces including
trapping of radiation and shadowing effects, role of urban canopy on airflow and albedo
effect due to radiation trapping between canyon walls (Piringer et al., 2002). However,
the parameterization of urban surfaces can be done in many ways in meso-scale models
(Masson, 2006). The first attempt to parameterize the urban surface in meso-scale model
was a 1-D diagnostic UHI model (Myrup, 1969), which represented urban surface by its
albedo, roughness, relative humidity and soil heat capacity. Over the years, 2-D and 3-D
models were subsequently developed, and these have been reviewed by Craig and
Bornstein (2001). All these first generation models considered zero building height in

simulating urban effects, which leads to numerous limitations.

Recent attempts in parameterizing urban surfaces focus on the dynamic and
thermodynamic properties of the urban surfaces (Masson, 2006). The dynamic properties
of urban surfaces can be parameterized by adjusting roughness length or by introducing
equations for turbulent kinetic energy for characterizing the drag generated by buildings.
Thermodynamics effects of urban surfaces can be parameterized by using surface energy
balance in different ways. One of the well-known and widely used approach is the Urban
Canopy Model (UCM), which resolves surface energy budget for 3-D urban canopy using
simplified urban geometry. This model computes individual energy budget for roofs,
walls, roads and consider radiative interactions between walls and roads (Masson, 2006).
The UCM can be single layer or multi-layers. In single layer models, the base of the
atmospheric model is at roof level while buildings in multi-layer models influence several
atmospheric levels (Martilli et al., 2002). The coupling of multi-layer models and
atmospheric meso-scale models is complex because of direct interactions between meso-
scale model and canopy scheme equations (Thompson et al., 2008). The Single Layer
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Urban Canopy Model (SLUCM) has been used in a large number of meso-scale modeling
studies in recent years for parameterizing urban surfaces for assessing urban effects on
the urban meteorology and climate (e.g., Argieso et al., 2014; Li et al., 2014; Sharma et

al., 2016).

Numerical Regional Climate Models (RCMs) coupled with the SLUCM offer great
opportunities to investigate urban weather and climate at large scales (e.g., mega-city and
regional/meso-scales). The Single Layer Urban Canopy Model (SLUCM) has been
coupled to the WRF model, which is one of the most widely used regional atmospheric
modelling systems (e.g., Li et al., 2014; Liu et al., 2018; Morini et al., 2016; Sharma et
al., 2016; Yang et al., 2015). All these studies report that the coupled SLUCM-WREF is a
very effective modelling tool in studying urban meteorology at regional scale. The
SLUCM in WRF parameterizes three-dimensional wall, roof and road surfaces
(Grossman-Clarke et al., 2010; Kusaka and Kimura, 2004). Studies have shown that using
the WRF model with the Noah land surface model and the SLUCM substantially
improves the simulation of urban UHI (Kusaka and Kimura, 2004; Kusaka and Kimura,
2001). This coupled model includes improved configuration of urban thermodynamic and
dynamic set up, which can consider thermal storage effects from natural (garden, street

trees, park land) and artificial urban sources (building, road) (Kusaka et al., 2012).

Furthermore, the coupled WRF-SLUCM model offers a practical solution for assessing
the cooling effects of green and cool roofs at the city scale with urban canopy
parameterizations. The coupled WRF-SLUCM modelling systems has been widely used
to investigate the effectiveness of green roofs for the UHI mitigation (e.g., Li et al., 2014;
Liu et al., 2018; Sharma et al., 2016; Yang et al., 2016). A few studies have considered
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only albedo adjustment and increased moisture availability rather than directly
parameterized green roofs for detail physical processes. For example, Smith and Roebber
(2011) investigated green roofs efforts in Chicago using the WRF-SLUCM model but did
not directly parameterize the green roofs. Rather, they assumed a uniform increase of
moisture availability and adjusted albedo within the entire urban domain at the roof level.
A more efficient modelling approach for assessing the effectiveness of green roofs was
applied by Li et al. (2014) in the Baltimore-Washington DC metropolitan area. They
developed and used the Princeton UCM coupled with the WRF including well-tuned
physical processes in the urban areas for investigating changes in surface and near surface
UHI effects. Sharma et al. (2016) employed a physical based green roofs algorithm in the
coupled WRF-UCM model, which was another practical solution for assessing green
roofs impacts in reducing UHI effects. Therefore, the coupled WRF-SLUCM is an ideal
tool not only for urban meteorology modelling but also an effective tool in evaluating the

effectiveness of different UHI mitigation strategies at city scale.

2.9 Conclusions

This review presented a general overview on the UHI, heatwaves, impacts of increasing
urbanization on the UHI, and various UHI mitigation strategies and modelling techniques.
The major factors and their significance have been discussed on the formation, mitigation
and modelling of the UHI. Although there are number of UHI mitigation strategies, the
application of reflective materials on urban surfaces and increasing urban vegetation
appear to be some of the most effective mitigation strategies in mitigating UHI effects.
However, only few studies focus on the UHI mitigation strategies using particular types
of urban vegetation such as urban forest/MF, MFAG and MSAG. In addition, the
effectiveness of different mitigation strategies depends on their size of areas and
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geographic and climatic conditions. Numerical models are commonly using urban
weather and climate study, and the coupled WRF-SLUCM model is widely used for these

purposes.

As outlined in Chapter 1, the aims of the thesis are to investigate impacts of future urban
expansion on the UHI, and the effectiveness of green/cool roofs and Gl scenarios in
mitigating UHI effects in the city of Melbourne. This requires the use of a numerical
atmospheric model as well as observational data-sets for model evaluation, and this is

outlined in the next chapter.
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Chapter 3

Methodology

3.1 Introduction

This Chapter describes the modelling tool and overall research methodology used in the
thesis (please note that specific detailed methodology which is only relevant to particular
chapters are provided in the publication which make up the chapter, for chapters 4 to 7).
Section 3.2 presents a general overview of the meso-scale WRF-SLUCM model. A
description of the different datasets used as part of the thesis and their sources is

presented in section 3.3.

3.2. The WRF Model

3.2.1 Overall Description of the WRF Model

Regional Climate Models (RCMs) are used to dynamically downscale Global Circulation
Models (GCMs) and re-analysis products from their relatively coarse resolutions of 150
to 250 km, down to much higher resolutions of 1 to 10 km. RCMs are modeling tools
which can be used to examine changes in regional weather and climate, and these models
can be used to investigate the effects of land-use changes, such as urban greening and
urban expansion. RCMs solve the equations of energy, mass, momentum and humidity,
and include parameterizations to account for processes, which cannot be resolved by
solving fundamental equations (Hamdi and Schayes, 2005). One widely used RCM

model is the advanced WRF meso-scale (Skamarock et al., 2005), which is a non-
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hydrostatic mesoscale model designed for both research and operational use. The model
allows for nesting to model resolutions of up to several hundred meters. The WRF model
has been extensively used for urban climate/meteorology studies in different parts of the
world (e.g., Arglieso et al., 2012; Li et al., 2014; Sharma et al., 2016). The model is
driven with initial and lateral boundary conditions from reanalysis data, when the aim is
to re-produce specific weather events from the past, or from GCMs, when the aim is to

produce long-term current and future climate projections.

The WRF model explicitly resolves the state of atmospheric dynamics by using a series
of mathematical equations of motion describing the flow of fluids. Atmospheric motions
are determined based on solar radiation and interactions with earth surface including
moisture, heat and momentum fluxes. The WRF-ARW dynamics solver was used to solve
the fundamental equations, as it is the most commonly used dynamics solver in WRF.
However, since the dynamics solver cannot explicitly resolve all processes,
parameterization schemes are required. The WRF parameterization schemes includes the
parameterization for the following physical processes: cloud microphysics, planetary
boundary layer (PBL), convection, land surface and radiation (both longwave and
shortwave). The WRF physics package offers multiple parameterization options for each
physical process, and the user can customize the WRF model according to their needs

(Rauscher et al., 2013).

The microphysics schemes parameterize the physical processes within a cloud. Small-
scale atmospheric moisture, heat, and precipitation are included in this parameterization
(Skamarock et al., 2008). Different microphysics schemes consider different water phase
changes. For instance, the 6-class microphysics resolves rain snow, graupel, water vapor,
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cloud water and ice while the 3-class microphysics only resolves water/ice, water vapor
and rain/snow. In addition, the microphysics can be single moment or double moment to
determine the physical traits of the precipitation in the cloud. Single moment schemes
uses a single prediction equation for mass per precipitation type and a fixed distributed
function for hydrometeor size while double moment schemes use a prediction equation to
calculate hydrometeor concentrations per double-moment precipitation type (Lim and
Hong, 2010). More complex microphysics schemes (e.g., the Thompson scheme,
Thompson et al., 2008) are also available in the WRF model which requires substantial

computation overhead and time.

Cumulus schemes are used to parameterize convective processes and the development of
shallow clouds within a grid cell. Convective clouds and their associated effects are
typically smaller than horizontal domain resolutions. Therefore, cumulus schemes are
used to resolve vertical fluxes because of unresolved updrafts and downdrafts within the
cloud (Arakawa, 2004; Mesinger and Arakawa, 1976). The Cumulus scheme also
calculates motions surrounding the cloud (Arakawa, 2004). As the WRF model
dynamical core can resolve convective processes less than 5 km horizontal resolution, the

convective scheme is used for horizontal resolutions of 5 km or coarser.

The WRF model parameterizes both shortwave and longwave radiation. Radiation
schemes include absorption, reflection and scattering by atmospheric gases and the
surface. The outgoing shortwave radiation is calculated based on the surface albedo and
cloud fractions (Skamarock et al., 2008). Longwave radiation schemes include either
thermal or infrared radiation that is absorbed and emitted by atmospheric gases and land
surface (Skamarock et al., 2008).
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The PBL schemes play important role in the lower troposphere in parameterizing vertical
fluxes of moisture, heat and momentum fluxes due to eddy transport in the atmospheric
column (Hu et al., 2010). These schemes are used to calculate the flux profile within the
boundary layer, which influence temperature, moisture, clouds and horizontal
momentum. In addition, horizontal and vertical diffusion processes are also included in
most PBL schemes. PBL schemes are typically classified as local or non-local closure
schemes. A local closure scheme assumes that fluxes can move at the same level or
neighbouring levels only. On the other hand, a non-local closure scheme assumes that

fluxes can move within the entire vertical profile (Argueso et al., 2012).

Land surface models (LSMs) parameterize the land surface processes by using
information from surface layer, radiation, microphysics and cumulus schemes and
combine them with data on land-surface properties (Skamarock et al., 2008). The heat
and moisture fluxes computed by the LSM are used as a lower boundary layer condition
to the PBL scheme. LSMs update land surface variables such as surface skin temperature,
snow cover, canopy properties, soil temperature and moisture profiles (Skamarock et al.,
2008). Finally, Figure 3.1 shows how all of the major physical processes interact with

each other in the WRF model.
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Direct Interactions of Parameterizations

cloud detrainment
Microphysics | — Cumulus
cloud
non
.ﬂ.c“l [conveetlva rain convective ralnl
Radiation PBL

surface
emission/
albedo

downward surface
SW, Lw Surface T, Qv, wind

i g

Figure 3.1 Interactions of various physical parameterizations of the WRF model (Dudhia,

2014)

For urban climate modeling, it is necessary to represent the complex physical processes
associated with the exchange of heat, momentum and water vapor within the urban
canopy, and these processes are not explicitly resolved by the LSM, thus requiring the
need for explicit urban canopy schemes. To better represent the physical processes in
urban areas, the Urban Canopy Model (UCM) in WRF offers three options; single layer
UCM (SLUCM), Multi-layer Building Environment Parameterization (BEP) and Multi-
layer Building Environment Model (BEM). These schemes are coupled with the Noah-
LSM (Chen and Dudhia, 2001) in the WRF model. The coupled WRF-UCM model
provides a more accurate simulation of atmospheric variables as compared to models that
do not consider the effects of urban morphology (Lin et al., 2008). The SLUCM (Kusaka
and Kimura, 2004; Kusaka et al., 2001) mainly improves the representation of lower
boundary conditions and provides feedback for surface layer and PBL schemes (Kusaka
et al., 2006). This thesis uses the SLUCM as the performance of this model is nearly
equal to that of the multi-layer model for studying mesoscale heat islands (Kusaka and

Kimura, 2004) and the model is commonly used in many urban climate studies (e.g.,
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Argleso et al., 2012; Lin et al., 2008; Liu et al., 2018; Sharma et al., 2016; Yang et al.,
2016). The SLUCM has simplified urban geometry, which plays a key role in calculating
the surface energy balance and wind shear in urban areas (Figure 3.2). The SLCUM
includes a number of features such as canyon orientation, shading effect of building,
shortwave and longwave radiation reflections, variations of azimuth angle, wind profile in
canopy layer, anthropogenic heat and multi-layer heat transfer equations for roofs, walls
and roads (Kusaka and Kimura, 2004). More specific details on the WRF-SLUCM is

provided in Chapter 5.
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Figure 3.2 Schematic of the SLUCM. Ta is the air temperature at reference height Z,, Tr
is the building roof temperature, Ty is the building wall temperature, T is the road
temperature, and Ts is the temperature defined at Zr + d. H is the sensible heat exchange
at the reference height. H, is the sensible heat flux from the canyon space to the
atmosphere, similarly, Hy is that from wall to the canyon space, Hg that from road to the

canyon space, and Hg that from roof to the atmosphere (Kusaka et al., 2001).
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3.2.2 Domain Configuration

The WRF model downscales GCMs or re-analysis data sets using the nested domains
approach with increasing resolution. The model offers one-way and two-way nesting and
common downscaling ratios are between 1:2 and 1:5. In one-way nesting, the parent
domain passes information to the nested domain only. On the other hand, in two-way
nesting, the parent domain provide boundary values for the nested domain, while the
nested domain provides downscaled data back to its parent domain (Chen et al., 2011). In
this thesis, two-way nested domain is used, which is a common approach in high
resolution and short period simulations (e.g., Fallmann et al., 2014; Sharma et al., 2016).
The parent domain is updated with information about small-scale processes from the
inner nest, which improves model accuracy. The WRF model checks the reference state
of each prognostic variable for ensuring that the coarse and finer grids are consistent at
coincident points. The model also makes necessary adjustments if there is any

discontinuities at the lateral boundaries (Skamarock et al., 2008).

Appropriate model configuration is important for obtaining the best results from the WRF
for a particular application, since the model is highly sensitive to the physical
parameterization options, input data, and domain size (Seth and Giorgi, 1998). The WRF
model takes as input lateral boundary conditions from the driving re-analysis and any
errors with this data will invariably propagate throughout the model (Kala et al., 2015). In
addition, the size of the domains is chosen based on the information available in
literature. Three two-way nested domains, with horizontal resolution of 18: 6: 2 km and
38 vertical layers is used in this thesis to simulate the heatwave events over the city of

Melbourne (Figure 3.3). The extent of outer most domain cover a larger part of southeast
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Australia while the 2" domain covers major areas of the state of Victoria and the Tasman

Sea. The inner most domain includes the city of Melbourne and surrounding rural areas.
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Figure 3.3 Location of modelling domains

3.2.3 Input Reanalysis Data

This thesis focuses on 4 of the worst heatwaves to have affected southeast Australia over
the past decades. Hence, the WRF was driven with reanalysis rather than GCMs used for
current and future climate projections. Re-analysis datasets are 3-dimensional gridded
global assimilations of observational data assimilated in global numerical weather

prediction models to better represent the state of the atmosphere at a particular point in
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the past. Re-analysis data are considered as the near-perfect boundary conditions as these
data are the best guess at representing the real state of the atmosphere at any one point in
the past. The use of re-analysis data as initial and lateral boundary conditions as input the
WRF model, allows the model output to be directly evaluated against observations. The
most common reanalysis datasets are European Centre for Medium-Range Weather
Forecasts ERA-interim (ERA-Int) (Dee et al., 2011), the National Centre for
Environmental Prediction (NCEP) Final Operational Global Data Assimilation System
(FNL), and the National Centre for Atmospheric Research/NCEP Reanalysis Data
(NNRP) (Kalnay and Cai, 2003). ERA-interim is available at 1.5° and 0.75° resolutions
and these data are available from 1980 to the present year. The FNL reanalysis datasets
are available from 1999 to the present with 1° resolution. NNRP dataset are available
from 1949 to the present year with 2.5° resolution. In this thesis, the ERA-interim data
with 0.75° resolution is used as input to the WRF model since ERA-interim has been
shown to better represent Australian climate as compared to other re-analysis data sets in
the WRF (Kala et al., 2015). Finally, the WRF model was configured to update sea
surface temperatures at a 6-hourly frequency using data from the ERA-interim. The ERA-
interim included a large numbers of data sets including 3-D meteorological data (e.g.,
pressure, u, v, temperature, relative humidity, geopotential height), 3D soil data (e.qg., soil
temperature, soil moisture, soil liquid), 2D meteorological data (e.g., sea level pressure,
surface pressure, surface u and v, surface temperature, surface relative humidity, input
elevation) and 2-D meteorological optional data (e.g., sea surface temperature, physical
snow depth, water equivalent snow depth) for representing the detailed weather and

climatic conditions.
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3.2.4 Static Data of the WRF Model

Besides the initial and boundary conditions data, the WRF model also requires
information related to properties of the land surface such as topography, soil type and
land use classification, which are static and do not change over time. These static data
were obtained from the U.S. Geological Survey (Gesch et al., 1999) at 1 km resolution,
which includes both 24-categories and 33-categories land use. Furthermore, the USGS
33-categories land use are modified in the WRF model based on Jackson et al. (2010)
urban land category data for the city of Melbourne. In chapters 5 and 6, Jackson et al.
(2010) urban data are used for classifying different urban land use types such as low-
density, high-density and commercial/industrial areas for the city of Melbourne. Jackson
et al. (2010) created a global urban dataset for the climate models for examining the
potential effects of urbanization on the climate. For capturing the spatial variability in
urban areas, the dataset represented three main urban properties such as spatial extent,
urban morphology and thermal and radiative properties of building materials. This thesis
used only the spatial extent of global urban dataset to define low-density, high-density
and commercial/industrial areas for the city of Melbourne. Spatial extent of global urban
data was derived based on density of population and calibrated over 33 regions (Jackson
et al., 2010). Finally, the land use data was obtained from the Department of Agriculture
and Water Resources, Australia (http://www.agriculture.gov.au/abares/aclump/land-

use/data-download) and used to update USGS land use category.

3.3 Observational Data

The observational datasets were used to evaluate the WRF model in simulating
atmospheric variables related to the UHI during heatwaves. The use of these datasets for
evaluating the WRF model is discussed in detail in chapter 4. Hourly observational
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datasets for temperature, wind speed and relative humidity at weather monitoring stations
in Victorian state were used from the Australian Bureau of Meteorology (BoM). Daily
gridded observed datasets for maximum and minimum temperatures at 1 km by 1 km
resolution were obtained from the ANU Climate data-set (Chandler, 1965) (available
online at: http://dapds00.nci.org.au/thredds/catalog.html). This dataset is an interpolation
of station observations across the Australian continent and details of the algorithm can be
found in Hutchinson et al. (2009) (Hutchinson et al., 2009). This observed gridded
temperatures data was used to compute biases in the WRF model across the model
domain. Atmospheric sounding data at 0000 and 1200 UTC for the weather station at
Melbourne international airport was obtained from the website of the department of
atmospheric science of Wyoming University
(http://weather.uwyo.edu/upperair/sounding.html). Further details of use of these

observational data-sets for evaluation are provided in Chapter 4.
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Chapter 4

Sensitivity of the WRF Model to Physical
Parameterization Options in Simulating the UHI and

Heatwaves

4.1 Introduction

This chapter describes the model evaluation process by conducting a sensitivity analysis
of the WRF model to different physical parameterization options for the Melbourne
region. Sensitivity analyses are conducted in simulating the UHI and heatwaves over the
city of Melbourne during four extreme heatwave events in 2000, 2006, 2007 and 2009.
Different physical parameterization options are tested based on the literature and the
performance in simulating various atmospheric variables is examined by comparing
simulations against observations. Based on the overall best performance in simulating
various atmospheric variables, the best WRF model configuration is determined, and this

configuration is used for the rest of the chapters.
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Chapter 5

Green and Cool Roofs Mitigation Strategies in

Reducing UHI Effects during Heatwave Event

5.1 Introduction

Having determined the ideal WRF model configuration in Chapter 4, this chapter
examines the effectiveness of Gl practices such as green and cool roofs in mitigating UHI
effects and improving HTC for the city of Melbourne during one of the most severe
heatwave events over southeast Australia in 2009. The effectiveness of green and cool
roofs strategies in reducing UHI effects and improving HTC is examined for the existing
urban areas for the Melbourne metropolitan areas, by conducting experiments with
increasing fractions of green roofs, and increase albedo values for cool roofs. The
effectiveness of green and cool roofs in mitigating UHI effects is analysed at city scale
and the effectiveness of these strategies is also analysed separately for low-density, high-

density, and commercial/industrial areas.
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This study evaluates the effectiveness of green and cool roofs as potential Urban Heat Island (UHI)
mitigation strategies, and the impacts of these strategies on human thermal comfort during one of the
most extreme heatwave events (27th - 30% January 2009) in the city of Melbourne in southeast Australia.
The Weather Research and Forecasting model coupled with the Single Layer Urban Canopy Model
including different physical parameterization for various types of roofs (conventional, green and cool
roofs) is used to investigate the impacts of green and cool roofs. Results show that the maximum roof
surface UHI is reduced during the day by 1°C—3.8 °C by increasing green roof fractions from 30% to 90%,
and by 2.2 °C—5.2 °C by increasing the albedo of cool roofs from 0.50 to 0.85. Cool roofs are more efficient
than the green roofs in reducing the UHI with maximum differences of up to 1.4 °C. The reductions of the
Coupled WRF-SLUCM UHI vary linearly with the increasing green roof fractions, but slightly non-linearly with the increasing
Thermal comfort albedo of cool roofs. The maximum reductions in wind speed are 1.25ms~! and 1.75ms~! with 90%
UTdI green and cool roofs (albedo 0.85) respectively. While previous studies report that the advection of moist
air from rural areas is a key mechanism, this study shows that this is not the case for the extreme
heatwave event due to the very dry and warm conditions, and instead, convective rolls play a more
important role. This study also shows that initial soil moisture for green roofs does not have a substantial
impact on the UHIL Finally, green roofs improve human thermal comfort by reducing the Universal
Thermal Comfort Index by up to 1.5 °C and 5.7 °C for pedestrian and roof surface levels respectively, and
by 2.4°C and 8 °C for cool roofs for the same levels.
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1. Introduction

The increasing urban population is imposing a burden on the
urban environment and climate. Urban dwellers are expected to
contribute up to 70% of the world population by 2050 (O'malley
et al,, 2014). Vegetated surfaces are continuously being converted
into urban and built surfaces to meet the increasing demand of the
increasing urban population. This increased urbanization has sub-
stantial impacts by altering the surface energy balance, and
consequently, affects the regional hydro-climatology (Song and
Wang, 2015). One of the well-known urbanization effects on

* Corresponding author. College of Engineering and Science, Victoria University,
PO Box 14428, Melbourne, Victoria, Australia.
E-mail address: ihosen83@gmail.com (H.M. Imran).

https://doi.org/10.1016/j.jclepro.2018.06.179
0959-6526/© 2018 Elsevier Ltd. All rights reserved.

urban climate is the Urban Heat Island (UHI), which results in
higher temperatures in urban areas as compared to surrounding
non-urban and nearby rural areas. Primarily, the UHI occurs due to
human modifications of surface properties by using construction
materials with lower albedos and higher specific heat capacity (e.g.,
bitumen on roads), reductions in vegetated areas, the emission of
anthropogenic heat (e.g., via air conditioning). In addition,
anthropogenic climate change is expected to result in more
frequent incidents of climate extremes such as heatwaves in several
parts of the globe (e.g., Cowan et al., 2014), and this poses additional
threats to the urban environment (Field et al., 2014).

The definition of heatwave can be different according to
different sectors. This paper refers to the meteorological definition
which is based on percentiles (Perkins and Alexander, 2013), as at
least three consecutive days during which the average of the
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maximum and minimum temperatures exceeds the climatological
95th percentile (Nairn and Fawcett, 2013). The UHI in combination
with heatwave events severely affects human thermal comfort
(HTC), ecosystems, the urban environment and the urban climate.
The combination of UHI effects and heatwaves is becoming a very
important issue in southeast Australia because of its hot summer
season, with data from the Australian Bureau of Meteorology
Melbourne regional office weather station showing that maximum
temperatures reached up to 45.1 °C and 43.9 °C in January 2009 and
2014 respectively (Victorian Auditor General's Report, 2014).
Australia is also expected to experience an overall increase in the
duration, frequency, and intensity of heatwaves under future
climate change (Cowan et al., 2014). Therefore, there is an urgent
need to develop effective policies to make cities more resilient to
anthropogenic impacts, such as heatwaves and the UHI.

Research on the mitigation of UHI effect has gained significant
attention in recent years. A number of mitigation strategies in ur-
ban areas have been proposed in the literature, such as using more
reflective construction materials (Morini et al 2016, 2017; Touchaei
et al., 2016), geometry of buildings (e.g., orientation, shape) (Guan
et al,, 2014), increasing urban vegetation fractions, and the use of
green and cool roofs (Razzaghmanesha et al, 2016;
Razzaghmanesha and Razzaghmanesha, 2017; Sharma et al,
2016; Li et al., 2014; Akbari et al., 2003). All these studies show
that increasing the proportion of green spaces and higher albedo
materials in urban areas have potential in mitigating UHI effects in
cities. According to Akbari et al. (2003), green and cool roofs are
effective strategies for mitigating UHI effects because of the sub-
stantial area covered by rooftops within cities. Both green and cool
roofs reduce the UHI effects by reducing sensible heat flux, but the
mechanism is different. Green roofs reduce sensible heat flux by
providing shade and repartitioning available energy to increased
latent heat flux via evapotranspiration. On the other hand, cool
roofs reflect more incoming solar radiation due to higher albedo,
and consequently, reduce sensible heat flux as a result of lower net
radiation.

The effectiveness of green and cool roofs in mitigating UHI ef-
fects has been investigated based on different modeling techniques
including building energy consumption (Rosenfeld et al., 1998;
Wong et al., 2003) and hydrological budget (Carson et al., 2013;
Sun et al, 2014) at different spatial scales. Several studies use
regional climate models (RCMs) for investigating the effects of
green and cool roofs on the urban environment at the synoptic
scale (e.g., Synnefa et al.,, 2008; Millstein and Menon, 2011). In
recent years, some studies have investigated the cooling effect of
cool roofs by altering the albedo of urban areas by using RCMs
(Morini et al., 2016, 2017; Touchaei et al., 2016; Taha 2008a, 2008b)
and global climate models (GCMs) (e.g., Oleson et al., 2010; Irvine
et al.,, 2011; Akbari et al., 2012). The relatively coarse resolution of
GCMs does not allow for an accurate representation of landscape
heterogeneity, and hence, the complex physical processes in the
urban canopy cannot be resolved. RCMs, on the other hand, are
useful tools in assessing the effectiveness of green and cool roofs in
mitigating the UHI, as they are able to better resolve cities by using
urban canopy parameterizations which include sub-grid scale
effects.

Smith and Roebber (2011) used the Weather Research and
Forecasting (WRF) model (Skamarock et al., 2005) coupled with
single Urban Canopy Model (SLUCM) (Kusaka and Kimura, 2004),
referred to as WRF-SLUCM, to investigate the effects of green and
cool roofs on the urban climate of the city of Chicago in the US. They
did not consider direct parameterizations for green roofs but
adjusted the albedo for the entire urban domain neglecting the
physical processes (e.g., additional moisture added by green roofs)
relevant to green roofs. A more comprehensive study including

direct parameterizations of green and cool roofs has been con-
ducted by Li et al. (2014) over the Baltimore—Washington DC
metropolitan region in the USA during a heatwave event. They
introduced a new urban parameterization model, the Princeton
UCM (PUCM) coupled to the WRF model to assess changes in sur-
face and near surface UHI and showed that soil moisture plays an
important role in improving the performance of green roofs by
controlling evaporation efficiency, consistent with previous studies
(Sun et al., 2013). Several recent studies have assessed the effec-
tiveness of green and cool roofs for UHI mitigation in city areas by
using the coupled WRF-SLUCM model (Yang et al., 2015; Sharma
et al,, 2016). These latter have shown that green and cool roofs
can substantially reduce roof surface temperature via a reduction in
sensible heat flux. In addition, green and cool roofs alter the surface
energy balance, which modifies the moisture and heat fluxes be-
tween the land surface and atmosphere, and weakens vertical
mixing during the day, and hence, reduces the boundary-layer
height (Miao et al., 2009; Sharma et al., 2016).

In Melbourne, and across southeast Australia, heatwaves have
become more frequent in the last 20 years (Perkins-Kirkpatrick
et al., 2016). The city of Melbourne has experienced the two most
severe heatwave events in 2009 and 2014 in the past 10 years and
these events have contributed significantly to increased mortality.
According to the Victorian Auditor General's Report (2014), these
two heatwaves have caused 374 and 167 excess deaths respectively,
in the state of Victoria. The average annual number of days above
35°Cin the city of Melbourne is likely to double by 2030 and triple
by 2070 (Climate Institute, 2013). Additionally, the average in-
tensity of heatwave has increased by 1.5 °C with the peak heatwave
day likely to be 2 °C warmer than the long-term heatwave average
in the city of Melbourne (Steffen et al., 2014). Hence, there is a
critical need to investigate UHI mitigation strategies, such as the
use of green and cool roofs, for the city of Melbourne during
heatwave events. Therefore, the present study investigates the
effectiveness of green and cool roofs in mitigating UHI effects and
explores the physical mechanisms/processes associated with these
mitigation strategies during the heatwave event.

The WRF-SLUCM modeling system is used to evaluate the
effectiveness of green and cool roofs in mitigating UHI effects in the
city of Melbourne. Additional experiments are carried out with
different initial soil moisture for green roofs to investigate the role
of evapotranspiration in reducing the UHI. Furthermore, the paper
focuses on the changes in boundary-layer dynamics as well as the
effectiveness of green and cool roofs in improving the HTC, since
UHI effects are exacerbated during heatwaves which increase heat-
related illness and mortality. The key factors involved in improving
HTC in urban areas during heatwave conditions are explored.

2. Methodology
2.1. Case study

This paper focuses on an extreme heatwave event lasting 3 days
from the 27th to the 30™ of January in 2009. This event was
selected because it is one of the most severe heat waves in south-
east Australia, which preceded the devastating Black Saturday
bushfires in early February 2009 (Engel et al., 2013). This event
occurred after a period of prolonged drought which is reported to
have contributed up to 1°C—3°C to the heatwave event (Nicholls
and Larsen, 2011), and antecedent soil moisture conditions have
been shown to play an important role (Kala et al., 2015a).

2.2. WRF configuration

This study uses the WRFv3.8.1 model, which is a non-
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hydrostatic RCM (Skamarock et al., 2008), which has been widely
used for urban meteorology studies (e.g., Li and Bou-Zeid, 2014; Li
et al., 2014; Yang et al., 2015; Sharma et al., 2016). The model was
operated with three nested domains (d01, d02, and d03) as illus-
trated in Fig. 1(a) showing the three domains at 18 km, 6 km and
2 km resolution respectively. The second domain (d02) covers a
large part of the state of Victoria while the innermost domain (d03)
covers the Melbourne metropolitan area and surrounding rural
areas. Following Imran et al. (2017), land-use categories from USGS
were used to define the dominant land-use type for each grid cell.
To obtain a more accurate representation of urban land-use, the
global urban land-use dataset of Jackson et al. (2010) was used to
represent the variability of urban categories in the modeling
domain. The Jackson et al. (2010) data set represents four categories
of urban areas (low-density urban, medium density urban, high-
density urban and tall building areas) and properties such as ur-
ban morphology, urban extent, and radiative and thermal proper-
ties of building materials. In this study, we used the spatial extent of
urban areas from Jackson et al. (2010) to re-classify all urban grid
cells as either low-density urban, high-density urban, or commer-
cial/industrial areas, as required by the SLUCM. The low and me-
dium density urban areas of the Jackson et al. (2010) land-use

(a)
30°S
35°S
40°S
45°S
130°E / 140°E 150°E  160°E
(b) 2 Dry Crg‘bland & Pastrure 16 Water body\
3 Irrigatéd Cropland & Pastrure 31 Urban and Built-up
7 Gragsland 32 Urban and Built-up
13 v"ergreen Broadleaf Forest 33 Urban and Built-
.
37°S -
37°30'S
38°S
38°30'S

144°E 144°30'E 145°E

. ] | e [

Fig. 1. (a) WRF domain configuration, d02 represents the second domain which has a
resolution of 6 km, and d03 represents the innermost domain with a resolution of
2 km. (b) Dominant land use categories in the innermost domain (d03) with the lo-
cations of four weather stations (Black Circles) from the Australian Bureau of Meteo-
rology, used for evaluation.

145°30'E 146°E

dataset were classified as low-density and high-density urban
areas respectively, while the high-density urban areas and tall
buildings were classified as commercial/industrial areas, as illus-
trated in Fig. 1(b). Such a re-classification allowed for a realistic
representation of urban land-use categories for the region. Finally,
non-urban land use categories were modified based on the
Australian Land Use and Management Classification Version 7
(http://[www.agriculture.gov.au/abares/aclump/land-use/alum-
classification). The dominant land use categories across the model
domain are shown in Fig. 1(b).

As part of configuring the WRF model, a user needs to specify
the number of vertical atmospheric levels to be used. Following
Imran et al. (2017), this study used 38 vertical levels from the
surface to 50 hPa (top of the atmosphere), with levels more closely
spaced close to the surface, so as to better resolve near surface
atmospheric processes, and wider apart in the upper troposphere
where high vertical resolution is not required. The WRF model of-
fers multiple options for different physical parameterizations,
including cloud microphysics (MP), planetary boundary layer (PBL),
radiation, land surface model (LSM) and cumulus processes, and
the model is well documented to be sensitive to the choice of
physics options (e.g., Evans et al., 2012; Kala et al,, 2015a). The
choice of physical parameterizations was based on Imran et al.
(2017) who investigated the sensitivity of WRF to different phys-
ical parameterizations and provided an ideal set-up for the simu-
lation of heatwaves in southeast Australia. This includes: (a) the
Noah LSM (Chen and Dudhia, 2001) coupled with the SLUCM (Chen
and Dudhia, 2001; Liu et al., 2006; Chen et al., 2011), (b) the Mel-
lor—Yamada—Janjic (MY]) PBL scheme (Janji¢, 1994), (c) the
Thompson MP (Thompson et al., 2008), (d) the RRTMG shortwave
and longwave radiation schemes (lacono et al., 2008). No cumulus
physics parameterization is used for the domain d03 as convection
is resolved at 2 km resolution, while the Grell3D scheme (Grell and
Dévényi, 2002) is used for the outer two domains dO1 and d02. The
interactions between these different physical parameterizations
are illustrated in Fig. 2. For a more detailed description of the WRF
model, we refer the reader to Skamarock et al. (2005), and for more
details on WRF configuration, we refer the reader to WRF user's
guide available online at http://www2.mmm.ucar.edu/wrf/users/
docs/user_guide_V3/contents.html. The initial and boundary con-
ditions for the WRF simulations were obtained from 6-hourly ERA-
interim reanalysis product with 0.75 x 0.75° spatial resolution

. . cloud detrainment
Microphysics —— Cumulus
cloud
non
effects convective rain convective rain
Radiation PBL
surface
emission/
albedo '
d d Surt surface
SW, LW urrace T, Qv, wind
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Fig. 2. Interactions between different physical parameterizations in the WRF model
(Dudhia, 2014).
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available from 1970 onwards (Dee et al., 2011). All analysis has been
performed considering only the innermost domain (d03) for Mel-
bourne metropolitan area.

2.3. Numerical set-up of green and cool roofs

The updated SLUCM incorporates various urban parameteriza-
tions for green and cool roofs (Chen et al., 2011). The SLUCM takes
into consideration important properties of the urban canyon
environment including solar azimuth angle, orientations of an ur-
ban canyon and the shadowing effects of buildings (Kusaka et al.,
2001). The model diagnoses air temperature, skin temperature,
wind speed, relative humidity and fluxes from all surfaces within
the canopy. The SLUCM resolves air temperature at the top of the
canopy exchanged with the lowest level of the atmosphere incor-
porating all factors within the urban canopy (Smith and Roebber,
2011).

Green roofs in the SLUCM consist of four different layers and a
vegetation layer, and an urban irrigation algorithm is included. The
total depth of the four layers is 50 cm including a 15 cm loam soil
(5 cm top soil + 10 cm soil) layer for grassland, 15 cm growing
medium layer, and 20 cm for concrete roof layer. In the SLUCM, the
grid cells are treated as urban if the dominant land use category is
classified as either low-density urban or high-density urban or
commercial/industrial areas. When the SLUCM is used, an urban
grid cell is further divided into an impervious and a grass-covered
fraction as described by Chen et al. (2011). The grass fraction of the
SLUCM represents urban parks and lawns and captures small scale
variability inside the built terrain (Li et al.,, 2013). Fig. 3 shows a
typical schematic diagram for impervious and vegetated fractions
in the SLUCM for different roofs. Urban/built fraction includes
buildings, roads, pavements and artificial built surfaces while
vegetated fraction incorporates a cropland/grassland mosaic. The
figure also illustrates energy fluxes for conventional, green and cool
roofs.

The urban morphological properties used in this study are the
same as the properties used in the default WRF model, except for

Vegetated
Built/Impervious Fraction A/Fraction
JAN T T
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Fig. 3. A typical framework of an urban grid cell in the WRF-SLUCM. The SLUCM in-
corporates a built/impervious fraction (left side of line A-A) and another vegetated
fraction (right side of boldly dotted line-A). The subscripts a, cr, g, gr, 1, veg, and w
represent air, cool roof, ground, green roof, conventional roof, vegetation and wall,
respectively while the T, SH, LH, G and SW represent temperature, sensible heat flux,
latent heat flux, storage heat and shortwave radiation. Finally, Zcanyon, Zroot and Z,
represents street canyon height, rooftop height, and the first level of atmospheric
model (adapted from Sharma et al., 2016).

the built/impervious fraction for low-density urban areas (Table 1).
The SLUCM includes several parameters for each of the three urban
categories, and the default parameters may not necessarily be
representative for a particular city. Although the default impervious
fraction in the WRF model is 0.50 for the low-density urban area,
this study uses a 0.70 impervious fraction for the same area based
on previous study by Coutts et al. (2007), who used urban fraction
0.71 for low-density areas for the city of Melbourne. Moreover, we
found that the WRF model underestimated the near-surface tem-
perature in our previous study (Imran et al., 2017). Therefore, an
urban fraction of 0.50 for low-density urban areas appears to be too
low, and hence this study uses a fraction of 0.70 to obtain more
realistic simulations as compared to observations. The use of a
higher urban fraction is also consistent with other studies whereby
all urban areas were considered as high-density urban and assigned
an urban fraction of 0.90 for all urban grid cells for the city of
Sydney in Australia (Argueso et al., 2014).

2.4. Design of numerical experiments

Following Imran et al. (2017), simulations are carried out from
the 27th to the 30™ of January 2009 with the first 24 h considered
as spin-up time and the remaining 72 h are used for analyses.
Hourly outputs are used to assess the effectiveness of green and
cool roofs for mitigating the UHI effects. The numerical experi-
mental set-up using different roofs is shown in Table 2. The effec-
tiveness of green and cool roof strategies in mitigating UHI effects
are investigated by running experiments with increasing green roof
fractions and roof-top albedo of the urban grid cells. The first
experiment is for the conventional roofs (control) with an albedo of
0.20. This numerical experiment is designed as a standard coupled
WRF-SLUCM model by updating only three urban categories (low
density, high density and commercial/industrial areas) according to
the Jackson et al. (2010) data-set for the city of Melbourne
(Fig. 1(b)). The non-urban grid cells were not modified. The second
numerical experiments are carried out to examine the effectiveness
of cool roofs by using different albedo values of 0.50, 0.70 and 0.85.
The third series of experiments are conducted to evaluate the
effectiveness of green roofs employing different percentages of
green roof fractions of 30%, 50%, 70% and 90%. The choice of these
percentages was based on a study by Sharma et al. (2016) who
showed that large percentages of green roof fractions are needed so
as to result in noticeable effects of green roofs using the WRF-
SLUCM. On the other hand, 100% cool roof is used for all cool
roofs experiments as the default SLUCM does not have the func-
tionality to alter the cool roof fraction, the idea being that the entire
roof is painted or covered with reflective material. These reflective
materials can be made of a highly reflective type of paint, a sheet
covering, tiles or shingles. In the final numerical experiments, the
cooling benefit of increased soil moisture in 50% green roofs is
examined by using initial soil moisture of 0.30 and 0.40 m®m 3 as
compared to the default initial soil moisture of 0.15m3>*m™ to
examine the performance of green roofs under very dry conditions.
The default initial soil moisture of green roofs is 0.20 m> m—>. The
rationale for using higher initial soil moisture was to investigate the
effects of “once-off” irrigation at the start of the heat-wave event,
and how long any subsequent cooling effects would last.

2.5. Outdoor HTC calculations

This study uses the UTCI index for representing the outdoor HTC
by quantifying a physiological response based on meteorological
input data. Although, there are several HTC indices such as the
Discomfort Index, the approximate wet bulb globe temperature,
and the Physiological Equivalent Temperature, for describing HTC,
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Table 1
The urban properties for the three urban categories used by the SLUCM.

Properties/Parameters

Low-Density Urban

High-Density Urban Commercial/Industrial

Built/Impervious fraction

Roof width (Rf) 8.3 m
Road width (Rd) 83 m
Roof fraction in built/impervious part [Rf/(Rf + Rd)] 507%
Roof fraction in whole urban grid 25%
Building Height 5m

0.70 (default 0.50)

0.90 0.95
94m 10m
94m 10m
50% 50%
45% 47.5%
7.5m 10m

Table 2
Numerical experimental set-up.

Numerical Experiment Type of roof Albedo Cool Roof Fraction Green Roof Fraction Initial Soil Moisture
Control Conventional 0.2 — — —

Cool Cool 0.50, 0.70 and 0.85 100% - -

Green Green — 30%, 50%, 70% and 90% —

SMOIS Green - - 50% 0.15, 0.30 and 0.40 m* m~3

the UTCI is most widely used (Brode et al., 2012a; Vatani et al,,
2016).

The UTCI index is a widely accepted HTC index in representing
bioclimatic conditions related to thermal stress under various cli-
matic conditions which make this index more universal (Blazejczyk
et al., 2012). The RayMan Pro 3.1 model is used for calculating the
UTCI where the default clothing factor of 0.9 and activity rate of
80 W is used for a male of 35 years age. The UTCI index considers
not only air temperature effects on the human body but also other
climatic factors of wind speed, relative humidity and solar radiation
(Johansson, 2006). The temperature, wind speed, relative humidity
and solar radiation simulated by the WRF model are used as inputs
in the RayMan model. The physical basis, abilities and limitations of
RayMan have been discussed by Matzarakis et al. (2010). The UTCI
index is classified into five categories as shown in Table 3 according
to the scale proposed by Brode et al. (2012b).

3. Results and discussion
3.1. Evaluation of the WRF model

The WRF model has been evaluated for the Melbourne region in
our previous study (Imran et al., 2017), where we conducted an
extensive sensitivity analysis of the WRF model to different physics
options in simulating four heatwave events, including the case-
study used in this paper. In our previous study (Imran et al,
2017), we compared WRF simulations against station and gridded
surface observations as well as atmospheric soundings. We tested a
number of physics options for each physical parameterization and
evaluated the WRF model based on statistical analyses. In addition,
we carried out an in-depth analysis of the physical processes
associated during heatwaves and how these physical dynamics
were simulated by the model. Finally, we showed that the WRF
model was able to simulate the various climate variables the city of

Table 3

Universal Thermal Comfort Index (UTCI) range for different grades
of human thermal perception and associated physiological stress
(Brode et al., 2012b).

UTCI (°C) Physiological Stress
+9 to +26 no thermal stress

+26 to +32 moderate heat stress
+32 to +38 strong heat stress

+38 to +46 very strong heat stress
> +46 extreme heat stress

Melbourne during heatwave events. As additional evaluation for
this paper, we compare the simulated hourly near-surface tem-
perature (T2) and wind speed (10 m) against observations from four
weather stations in the urban region from the Australian Bureau of
Meteorology (black circles in Fig. 1(b)). The observed and simulated
near-surface temperature and wind speed are averaged across the
four weather stations. This is illustrated in Fig. 4 showing that the
simulated temperature and wind speed were very close to obser-
vations, with relatively small differences between the model and
observations. The WRF simulations captured the observed near
surface and wind speed reasonably well, although the model had a
tendency to simulate the increase in wind-speed slightly earlier
than observed. Together with our previous evaluation (Imran et al.,
2017), Fig. 4 shows that WRF performs satisfactorily and can be
used for UHI studies, consistent with the existing literature
(Sharma et al., 2014).

3.2. Diurnal cycles of sensible heat flux and UHI

Diurnal cycles of sensible heat flux, near-surface, and roof sur-
face UHI are shown in Fig. 5 for the conventional roof (control), cool
roof (albedo 0.85), and 90% green roof experiments. The Control
simulation shows that the city of Melbourne is experiencing a near-
surface UHI from 1.5 to 5.7 °C, and a roof-surface UHI from 3.0 to
11.0°C, and the maximum UHI occurs in the evening. Diurnal var-
iations of simulated near-surface and roof-surface UHI have

40 ] P P f;l\ T2 P
535 f
0] XA :“// - Q\
o Jd i = e
=25 i
20~
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N Observed
—— Simulated
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Fig. 4. Comparison of observed and simulated near-surface temperature (top) and
wind speed (bottom) for 28—30 January 2009 at four BoM weather stations (black
circle in Fig. 1(b)) in the urban areas. The mean from the four stations, and WRF
outputs from the closest grid point to the stations are plotted.
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(a) Sensible Heat Flux

(b) Near-surface UHI

(c) Roof-surface UHI
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Fig. 5. Diurnal variations of (a) sensible heat flux (W m~2), (b) near-surface UHI (UHI,)
(°C) and (c) roof surface UHI (UHIg) from domain d03 averaged over 3 days (from 28th
to 30™ January 2009). Sensible heat flux results are averaged over urban grid points
only and the UHI is the difference in near surface and roof surface temperature be-
tween urban and surrounding rural grid cells.

different hourly variations but reach their peak at the same time at
2000 local time while sensible heat flux reaches its peak at 1430
local time. The use of 90% green roof fraction results in lower
sensible heat flux, near-surface and roof-surface UHI as compared
to conventional roofs during the day while the cool roofs (albedo
0.85) result in the lowest sensible heat flux, near-surface and roof-
surface UHI during both the day and night. The near-surface UHI
shows an increasing trend during the day while the roof-surface
UHI shows the opposite. Interestingly both green and cool roofs
show maximum reductions during the day. Cool roofs with an al-
bedo of 0.85 are more effective than 90% green roofs, with larger
reductions in the sensible heat flux, near-surface and roof surface
UHI. Although green roofs result in a slight warming during the
early morning, cool roofs substantially reduce warming effects
during both the day and night. It is noteworthy that both green and
cool roofs are also effective in reducing sensible heat flux, near-
surface and roof surface UHI, even when they reach their peaks.

3.3. Effectiveness of green roofs in mitigating UHI effects

Fig. 6 shows the energy balance of different green roof fractions
in urban areas. Green roofs substantially reduce sensible heat flux,
storage heat and net radiation, and increase latent heat flux.
Increased green roof fractions (0%—90%) can reduce the daily peak
sensible heat flux by up to 150 W m~2. Interestingly, green roofs
especially 90% green roof fraction results in slightly higher sensible
heat flux during the morning and late-night. The daily peak latent
heat flux is higher by 70 W m~2 when 90% green roof fraction is
used. The higher latent heat flux would be expected to result in

(a) Sensible Heat Flux (b) Latent Heat Flux
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Fig. 6. Diurnal variation of (a) sensible heat flux (b) latent heat flux, (c) storage heat,
and (d) net radiation, averaged only over urban grid points in domain d03 over 3 days
(from 28—30 January in 2009), for experiments with 30%, 50%, 70% and 90% green roof
fractions and the control.

larger reductions of roof surface temperature. This finding is re-
flected in Fig. 7 which shows that green roofs substantially reduce
the roof surface UHI intensity during the day due to higher latent
heat flux resulting from evapotranspiration. Although the differ-
ences in storage heat between green roof fractions and conven-
tional roofs are small during early morning and late night, higher
green roof fractions result in larger reductions of storage heat
during the day. Usually, this energy is either stored into roofs and
later released or conducted into the building indoor space and
pumped back into the atmosphere by air conditioners (Li et al.,
2014). Green roofs have relatively lower positive values of storage
heat flux being released back into the atmosphere in the early
morning and late night. On the other hand, green roofs show a
higher reduction of storage heat being transferred to the buildings
as compared to conventional roofs during the day. Net radiation is
substantially reduced by the green roof fractions in the afternoon
(1300—1800 local time). As reported by Sharma et al. (2016), this is
most likely due to the slight increase in albedo by increasing green
fractions.

The city-scale effectiveness (i.e., considering all urban grid cells
in the metropolitan areas) of different green roof fractions in
reducing the UHI is shown in Fig. 7 based on the ability of green
roofs in reducing the maximum near-surface and roof surface UHI
effects. The UHI is calculated as the difference between the urban
and surrounding rural grid cells. The effectiveness of green roofs
relative to conventional roofs in reducing the UHI is quantified as
the difference of the UHI intensity between green roofs and con-
ventional roofs (UHlgreen — UHlconventional). Fig. 7(a) and (b) show
the diurnal changes of the UHI at the near-surface and roof surface
levels respectively while 7(c) and 7(d) illustrate the relationship
between green roof fractions and the reductions of the UHI, aver-
aged over three diurnal cycles from 28—30 January in 2009. The use
of green roofs in urban areas has a substantial cooling effect across
the whole metropolitan area due to a reduction in sensible heat
flux. Increasing the green roof fractions from 0% to 90% results in
maximum reductions of the near-surface UHI from 0.30 to 1.15°C
and this occurs between 1200 and 1400 local time, while the
maximum roof surface UHI reductions range from 1.0 to 3.8 °C and
this occurs between 1300 and 1500 local time. Interestingly, both
the near-surface and roof surface UHI reductions vary linearly with
increasing green roofs fractions (Fig. 6(c) and (d)). The reductions of
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Fig. 7. Diurnal variations of (a) near-surface UHI (AUHI;) and (b) roof surface UHI
(AUHIsk) reductions by using green roof fractions of 30, 50, 70, 90%. (c) and (d) are the
corresponding reductions of near-surface and roof surface UHI effects when the re-
ductions reach their maxima. The UHI has been averaged over urban grid points only
in domain d03 over the 3 days (from 28—30 January in 2009).
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roof surface UHI are substantially higher (0.70—2.65 °C) than the
near-surface UHI during the day. This larger reduction of the roof
surface UHI occurs due to higher evaporation and transpiration
during photosynthesis during the day at the roof level. The lower
reductions of the near-surface UHI is likely due to radiation effects
(trapping solar radiation between buildings) inside the canopy. The
building facades, impervious surfaces and heights between green
roof and ground surfaces plays the important role in the dilution,
dispersion and dissipation processes. On the other hand, the dif-
ferences in near-surface UHI reductions among the green roof
fractions are smaller than the reductions of the roof surface UHL
Fig. 8 illustrates the effectiveness of different green roof frac-
tions in mitigating the UHI effects for the three different urban
categories (Fig. 1(b)) between the central business district and
surrounding urban suburbs. The roof surface and near-surface UHI
reductions are shown for low-density urban, high-density urban
and commercial/industrial areas. These three urban categories have
different urban properties for vegetated and impervious surfaces in
the UCM (Table 1). Over the low-density urban area, the maximum
reductions of the near-surface UHI intensities are 0.30, 0.50, 0.70
and 0.90 °C, and the roof surface UHI intensities are 1.0, 2.0, 2.7 and
3.5 °C during the day for green roof fractions of 30%, 50%, 70% and
90% respectively. High-density urban and commercial areas show
reductions 0.40, 0.70, 1.0 and 1.4 °C for the near-surface UHI and 1.2,
2.5, 3.4 and 4.8 °C for the roof surface UHI by using the same per-
centages of green roof fractions. The high-density urban and
commercial areas show higher reductions of the near-surface and
roof surface UHI effects than the low-density urban area during the
day. This finding shows that the application of green roofs can
considerably reduce the roof surface and near-surface UHI effects in
denser impervious areas due to the larger size of roof areas.
Importantly, both the roof surface and near-surface UHI in the early
morning (0200—0700 local time) are elevated as compared to
conventional roofs at both the city-scale (Fig. 7) and the individual
urban categories (Fig. 8) while there are no substantial differences
during the night (2100 - 0200 local time). The roof surface and
near-surface UHI are elevated by 1 °C and 0.40 °C respectively in the
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Fig. 8. The near-surface (left panel) and roof surface (right panel) UHI reductions for
low density, high density, and commercial/Industrial urban categories by using 30%,
50%, 70% and 90% green roof fractions.

early morning. According to Li et al. (2014), near-surface moisture
in the low-density urban area is substantially increased due to
evapotranspiration from surrounding larger size pervious area. As a
consequence, a vapor pressure deficit over the low-density urban
area reduces evapotranspiration, which helps to increase the
temperature in the vegetated surface (Li et al., 2014). Overall, the
warming effect at night is much lower as compared to the re-
ductions in temperature during the day.

Fig. 9 shows the spatial differences in the roof surface UHI and
wind speed at 10 m over the city of Melbourne by using 30%, 50%,
70% and 90% green roof fractions relative to conventional roofs,
averaged from 1400 to 1800 local time over the 3 days simulation
period. This time interval was chosen as it corresponds to the
period when the roof surface temperature reaches its peak. Fig. 9
(top panel) shows that the 30% and 50% green roof fractions can
reduce the roof surface UHI from 1 to 2 °C, while the 70% and 90%
cool roof fractions can reduce the maximum UHI by 2—3°C and
3—4°C, respectively. The reductions in roof surface UHI increases
with larger green roof fractions. Fig. 9 (bottom panel) also shows
that green roofs have a smaller effect on wind speed as the re-
ductions of wind speed by the green roof fractions are lower. Green
roofs reduce the maximum wind speed by up to 0.25—1.25 ms~! by
increasing green roof fractions from 30% to 90%. Interestingly, wind
speed increases by up to 0.75ms~! over offshore areas. This is
likely related to changes in roughness due to the vegetation on
green roofs. It is also noteworthy that the impacts of green roofs are
not substantial in non-urban areas.

3.4. Effectiveness of cool roofs in mitigating UHI effects

The effectiveness of cool roofs in mitigating the UHI is assessed
based on three numerical experiments by varying the albedo to
0.50, 0.70 and 0.85 for 100% cool roofs (the UCM model is designed
for only 100% cool roofs). Fig. 10 shows changes in the surface en-
ergy balance due to increased albedo. Cool roofs reduce daily
average sensible heat flux by up to 100, 170 and 220 Wm~2 by
using the albedo values of 0.50, 0.70 and 0.85 respectively. Net
radiation is also reduced by up to 100, 160 and 180 W m™2 (~4
times) as compared to the conventional roofs by using the same
albedo values during the day due to substantial amount of
incoming solar radiation being reflected back to the atmosphere.
Cool roofs are more effective in reducing net radiation and conse-
quently, sensible heat flux, as compared to green and conventional
roofs, especially during the day. Although green roofs transform net
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Fig. 9. Changes of roof surface UHI (upper panel) and wind speed at 10 m (bottom
panel) by using 30%, 50%, 70% and 90% green roof fractions. All the results are averaged
from 1400 to 1800 local time for the 3 days (from 28—30 January in 2009) over domain
d03 when roof surface temperature reaches its peak.
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Fig. 10. Diurnal variation of (a) sensible heat flux (b) latent heat flux, (c) storage heat,
and (d) net radiation, averaged only over urban grid points in domain d03 over 3 days
(from 28—30 January in 2009), for experiments with albedo values of 0.5, 0.7, and 0.85
for cool roofs and the control.

radiation into latent heat flux due to evapotranspiration, the
reduction in sensible heat flux is smaller as compared to the use of
cool roofs. Interestingly, increasing albedo substantially reduces the
latent heat flux in urban areas because of lower net radiation. In the
UCM, 10% of urban grid cells are considered as a naturally vegetated
surface. Therefore, the source of this latent heat flux must be from
the naturally vegetated part of the urban grid cells. The reductions
in storage heat of cool roofs are also similar to green roofs except in
the morning (0700—1100 local time). However, the reductions of
net reduction by cool roofs are considerably higher (120 Wm2)
than the green roofs during the day. The storage heat in the roofs
re-radiates during the latter part of the day, or alternately, this heat
can be transferred into the building indoor spaces and can increase
the cooling energy demand for the air conditioners. Therefore, cool
roofs and green roofs have the potential to reduce the cooling en-
ergy demand for buildings by reducing the storage heat, and
consequently, reducing anthropogenic heat emissions in urban
areas. Finally, cool roofs result in a substantial reduction in net
radiation that is an important contributor in mitigating UHI effects.
There are no substantial differences in the surface energy balance
between cool and conventional roofs at night.

Fig. 11 shows the near-surface and roof surface UHI reductions
by using albedo values of 0.85, 0.70 and 0.50, and the relationship
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Fig. 11. Diurnal variations of (a) near-surface UHI (AUHI,) and (b) roof surface UHI
(AUHIsk) reductions by using albedo values of 0.5, 0.7, and 0.85 for cool roofs. (c) and
(d) are the corresponding reductions of near-surface and roof surface UHI effects when
the reductions reach their maxima. The UHI has been averaged over urban grid points
only in domain d03 over the 3 days (from 28—30 January in 2009).

between the albedo values and UHI reductions. The higher albedo
of cool roofs substantially reduces the roof surface and near-surface
UHI effects during the day. City-scale maximum reductions of the
near-surface UHI reach up to 0.60, 1.1 and 1.5 °C, while roof surface
UHI reductions are 2.2, 3.8 and 5.2 °C by using albedos of 0.50, 0.70
and 0.85 respectively. Larger reductions of the roof surface UHI
(1°C) and the near-surface UHI (0.50 °C) are obtained by using cool
roofs (albedo 0.85) as compared to 90% green roof fraction during
the day (Fig. 7). The effectiveness of cool roofs in reducing UHI ef-
fects is drastically reduced (2/3) when the albedo is lowered from
0.85 to 0.50. Interestingly, a slight non-linear relationship is ob-
tained between the UHI reductions and increasing albedo values of
cool roofs (Fig. 11(c) and (d)) as compared to green roofs (Fig. 7(c)
and (d)).

Fig. 12 shows the effectiveness of cool roofs in reducing both the
roof surface and near-surface UHI effects for the different urban
categories in the city center and surrounding low-density urban
areas (Fig. 1 (b)). The reductions in the near-surface UHI are 0.50, 1.0
and 1.4 °C in the low-density urban areas during the day while the
roof surface UHI reductions are 2.2, 3.6 and 5.0 °C by using albedos
of 0.50, 0.70 and 0.85 respectively. During the day, cool roofs can
reduce the near-surface UHI by 0.80, 1.5 and 2.2°C and the roof
surface UHI by 2.4, 4.2 and 5.8 °C in the high-density urban and
commercial areas by using the same albedo. The cooling effect of
cool roofs is larger in the high-density urban and commercial/in-
dustrial areas than the low-density urban area because of the larger
roof areas (90—95%) in the high-density and commercial/com-
mercial areas. When the albedo is reduced from 0.70 to 0.50 and
0.85 to 0.70, the cooling effects of cool roofs are reduced by up to
0.70°C for near-surface temperature in both high-density urban
and commercial areas, and 1.8 °C and 1.6 °C for the roof surface UHI
in high-density urban and commercial areas, respectively. These
results suggest that cool roofs may need a higher degree of main-
tenance for maintaining a high albedo by preventing dirt accu-
mulation on the roof surfaces.

When considering all urban categories (Fig. 11) and each urban
category separately (Fig. 12), a cool roof strategy results in larger
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Fig. 12. Diurnal variation of the near-surface (left panel) and roof surface (right panel)
UHI reductions for low density (a and b), high density (b and ¢) and commercial areas
(c and f) by using albedo values of 0.50, 0.70 and 0.85 for cool roofs.
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reductions of the roof surface and near-surface UHI effects in the
early morning and the night as compared to using green roofs
(Figs. 7 and 8). This finding suggests that cool roofs extend the
daytime cooling effect into the night by reducing heat storage in the
roofs during the day, which is consistent with the study of Li et al.
(2014). A similar result has been reported by Georgescu et al.
(2014), who have shown that cool roofs are more effective than
green roofs in reducing the UHL

In summary, it is notable that the substantial direct thermal
impacts of green and cool roofs on roof surface temperature for
both the city-scale and different urban categories happens during
the afternoon (1200—1600 local time), which is nearly the same
time when the daily roof surface temperature reaches its peak at
1500 local time (Fig. 5). On the other hand, the maximum direct
thermal impacts of green and cool roofs for near-surface temper-
ature occurs earlier between 900 and 1300 local time, but the near-
surface temperature reaches its daily peak later at 1700 local time.
Hence, the effectiveness of green and cool roofs in reducing the
near surface temperature is limited as near surface temperatures
are largely driven by properties of the land surface.

Fig. 13 shows the changes in roof surface UHI (upper panel) and
the wind speed at 10 m (bottom panel) for different albedos with
100% cool roofs as compared to conventional roofs. Cool roofs can
reduce the maximum roof surface UHI by up to 3, 4 and 5°C in
urban areas for albedos of 0.50, 0.70 and 0.85 respectively. The
reductions of the roof surface UHI depends on the magnitude of the
albedo, with higher albedo leading of higher amount of reflection of
incoming shortwave radiation, and consequently, higher re-
ductions of UHI effects. The reductions in wind speed by using cool
roofs are also lower (0.5—1.75 m s~ ') in urban areas, but higher than
the green roofs. On the other hand, cool roofs increase the wind
speed (0.50—1.0m s~ ') over offshore areas. As would be expected,
the impacts of cool roofs in reducing the roof surface UHI and
changing the wind speed are always higher in the center of the city.

3.5. Influence of initial soil moisture
All the simulations discussed so far use the WRF default initial

soil moisture of 0.20 m> m3 for the green roofs. To investigate the
effects of initial soil moisture, two additional simulations were
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Fig. 13. Changes of roof surface UHI (upper panel) and wind speed at 10 m (bottom
panel) by using albedo values 0.50, 0.70 and 0.85 for cool roofs. All the results are
averaged from 1400 to 1800 local time for the 3 days (from 28—30 January in 2009)
over domain d03 when roof surface temperature reaches its peak.
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Fig. 14. Diurnal variations of (a) near-surface UHI (AUHI;) and (b) roof surface UHI
(AUHIsk) as a function of green roof soil moisture (experiments with 50% green roof
fraction). The UHI has been averaged over urban grid points only in domain d03 over
the 3 days (from 28—30 January in 2009).

carried out by setting up initial soil moisture to 0.30 and
0.40 m® m~3 for the experiment with 50% green roof fraction. An
additional simulation was carried out using a lower initial soil
moisture 0.15m> m~ in order to examine the performance of 50%
green roofs under dryer conditions. The impacts of initial soil
moisture on green roofs are examined based on the ability of green
roofs in reducing near-surface and roof surface UHI effects where
the 50% green roof experiment is the control simulation. Fig. 14
shows that changing initial soil moisture conditions did not have
a sustained effect on the UHI Although the increased initial soil
moisture in green roofs slightly reduces the near-surface UHI
(maximum 0.015 °C) and the roof surface UHI (maximum 0.03 °C)
during the day, the maximum near surface and roof surface UHI
during the morning and night are elevated by up to 0.03 °C and
0.15 °C respectively as compared to the 50% green roofs. On the
other hand, using drier initial soil conditions (0.15m>m~3) for
green roofs increases warming effect during both the day and night.
The near-surface UHI increases by up to 0.042 °C during the night
while the roof surface UHI is elevated by up to 0.06 °C as compared
to the 50% green roofs. Hence, the effect of initial soil moisture in
green roofs is not substantial in reducing near-surface and roof
surface UHI effects for this case study. This is likely due to the very
hot and dry conditions quickly evaporating any excess soil mois-
ture, consistent with the study by Kala et al. (2015b) who investi-
gated the effects of higher initial soil moisture during the same
heat-wave event.

3.6. Effects of green and cool roofs on boundary layer

Fig. 15 shows the changes in air temperature, winds (rotated to
earth coordinates) and relative humidity in the boundary layer
averaged over urban areas for 90% green roofs and cool roofs (al-
bedo 0.85) as compared to conventional roofs over 3 days from
28—30 January in 2009. The maximum air temperature is reduced
by up to 0.4 °C and 0.6 °C by using green and cool roofs respectively
in the lower boundary layer during the day. Interestingly, the
reduction in air temperature for cool roofs extends up to 1.8 km
within the PBL, while the reduction for green roofs is only up to
0.9 km. The magnitude of the reduction in air temperature by cool
roofs are higher by up to 0.2 °C as compared to green roofs. The
maximum reduction in wind speed (1 ms~!) occurs in the lower
boundary layer for green and cool roofs during the late afternoon
on the 28th and 30 January. However, the changes in wind speed
are not substantial for the remaining hours in both lower and upper
boundary layer as compared to conventional roofs. Furthermore,
both green and cool roofs demonstrate no substantial changes in
relative humidity as compared to conventional roofs in the lower
boundary layer. This finding suggests that the changes in relative
humidity as a result of evapotranspiration are not substantial
because of the dry and hot conditions during the heatwave event.
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Fig. 15. The differences between green and conventional roofs (top) and cool and
conventional roofs (bottom); (a) and (d) are the changes of air temperature; (b) and (e)
are the changes of wind speed; (c) and (f) are the changes of relative humidity aver-
aged over urban grid cells for green and cool roofs for the 3 days from 28—30 January.

This finding is not consistent with previous studies. For example, Li
et al. (2014) report higher relative humidity in urban areas because
of stronger advection of moist air from rural areas. Similarly,
Sharma et al. (2016) report higher relative humidity for green roofs
because of higher evapotranspiration and lower winds, and higher
relative humidity for cool roofs due to the reduced temperature and
moist cool air from surrounding rural areas. However, based on the
analyses of vertical profiles of temperatures, winds and relative
humidity of green and cool roofs, this study suggests that the
advection of moist air from rural areas is unlikely to be the driving
mechanism due to the extremely hot and dry conditions during the
heatwave event. Another mechanism could be convective rolls due
to heated urban surfaces and higher roughness of the urban areas.

To investigate the influence of convective rolls, it is useful to
examine changes in the vertical wind component as well as tur-
bulence. Vertical wind speeds are shown in Fig. 16(a)—(c)) while
Turbulent Kinetic Energy (TKE) are shown in Fig. 16(d)—(f)) for
conventional, 90% green roofs and cool roofs (albedo 0.85) over 3
days from 28—30 January in 2009. Finally, the planetary boundary
layer heights (PBLH) are illustrated in Fig. 16(g) for the same ex-
periments. The vertical wind speed, TKE and PBLH are important
factors for indicating the strength of vertical mixing. Fig. 16(a) il-
lustrates that the conventional roofs show stronger vertical wind
speed on the 28th and 30™ January, which indicates vertical
transport of energy fluxes (e.g., latent and sensible heat fluxes)
from surface to higher boundary layer. Furthermore, green and cool
roofs (Fig. 16(b) and (c)) also indicate positive vertical wind speed
with smaller reductions as compared to conventional roofs in most
cases except on the 29th January which also indicates vertical
transport of energy. Fig. 16(d) and (f) show that green and cool roofs
result in a decrease in TKE from 0.2 to 1.5 m?s 2 during the day,
while conventional roofs show the highest TKE ranging from 0.2 to
1.9 m? s~ Both the vertical wind speed and the TKE results indi-
cate that the conventional roofs result in stronger vertical mixing
during the day as compared to green and cool roofs, which show
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Fig. 16. Vertical wind speed for (a) conventional roofs, (b) 90% green roofs and (c) cool
roofs with the albedo of 0.85. TKE for (d) conventional roofs, (e) green roofs (f) cool
roofs. Temporal variations of PBLH for (g) conventional, green and cool roofs.

reductions in the vertical wind speed and TKE. The prevalence of
vertical mixing in all experiments is due to the strong surface
heating during the heatwave event. These findings are consistent
with the reduction in sensible heat fluxes by green and cool roofs
(Figs. 6(a) and 10(a)). Green roofs reduce PBLH by up to 180 m as
compared to conventional roofs while cool roofs reduce the
maximum PBLH by 300 m over urban areas (Fig. 16(g)). In general,
lower sensible heat flux reduces vertical mixing and reduces ver-
tical wind speed, and consequently, the PBLH is shallower. Fig. 16(b)
and (c) illustrate that green and cool roofs slightly reduce vertical
wind speeds, and consequently, generate lower PBLH due to lower
sensible heat flux. Similar results have been obtained by Georgescu
(2015) and Sharma et al. (2016), who have shown that lower sen-
sible heat flux generated by green and cool roofs leads a reduction
in vertical mixing and the lower PBLH.

Li et al. (2014) reported that the advection of moist air from rural
to urban areas occurs due to weaker vertical mixing over urban
areas, and consequently, the atmosphere beyond a given height
over urban areas is not affected by surface conditions. The much
weaker vertical mixing further enables the development of stron-
ger advection. However, this study did not obtain stronger advec-
tion of moist air from rural areas (Fig. 15(c) and (f)) and this is most
likely because of the considerable vertical mixing for green and cool
roofs over urban areas (Fig. 16(b) and (c)). In general, vertical
mixing helps to develop horizontal convective rolls over urban
areas. As a result, the urban atmosphere is strongly affected by the
surface conditions in urban areas during heatwave events.
Fig. 16(a)—(f) suggest that the heated surfaces in the urban areas are
the main influencing factor for controlling vertical wind speed and
TKE that enhances in developing larger convective rolls over urban
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areas. According to (Miao et al, 2009), the development of
convective rolls is enhanced when the vertical wind speed is
stronger. Based on the vertical wind speed and TKE analyses for
green and cool roofs, the result indicates the stronger influence of
convective rolls on the urban atmosphere during heatwave condi-
tions. This is another important finding of this study as compared to
previous studies, which reported that the synoptic or mesoscale
wind plays an important role for the advection of moist air from
rural areas into urban areas (Li et al., 2014; Sharma et al., 2016).

3.7. Effects of green and cool roofs on human thermal comfort

Fig. 17 shows the control (top panel) and changes in human
thermal stress via UTCI index at pedestrian and roof-surface levels
(middle and bottom panels). The improvement in HTC is smaller at
pedestrian level/near-surface (2 m) for both green and cool roofs.
However, the HTC is noticeably improved by reducing of the UTCI
index at roof-surface level during the day. For pedestrian level UTCI,
using 50% and 90% green roofs result in reductions of the maximum
UTCI by up to 0.60 °C and 1.5 °C during the day, respectively, while
cool roofs with albedos of 0.50 and 0.85 lead to reductions in the
maximum UTCI by 1°C and 2.4°C respectively. At roof-surface
level, the maximum reductions of the UTCI are 2.8 °C and 5.7°C
by using 50% and 90% green roofs, and 3.2 °C and 8 °C by using an
albedo of 0.50 and 0.85 for cool roofs, respectively. Green and cool
roofs are very effective in reducing the UTCI index from extreme
(UTCI>46°C) to very strong (UTCI>38°C) at roof-surface level
during the day according to the classification presented in Table 3.
Interestingly, cool roofs always result in a higher UTCI reduction
than the green roofs, while 90% green roofs and cool roofs with an
albedo of 0.85 show almost similar reductions of the UTCL It is
noteworthy that at night, cool roofs also reduce the UTCI while
green roofs increase the UTCI, but the changes are small. Cool roofs
are more efficient than green roofs in improving HTC during the
day because of higher reflection of incoming solar radiation. Green
and cool roofs substantially improve the HTC at rooftop-podium
level as compared to the pedestrian level as the temperature
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Fig. 17. Hourly time series of HTC in pedestrian and roof-surface levels for conven-
tional roofs (top). The changes of HTC in near-surface (middle) and roof surface
(bottom) levels for green and cool roofs. HTC effects represented by the UTCI index. All
results are averaged over only urban grid points in domain d03 for the 3 days (from
28-30 January in 2009).

reductions are much higher at the roof-surface level than the near
surface. This finding suggests that green and cool roofs result in
smaller changes to the pedestrian level HTC due to the additional
reflective radiation from building facades and impervious surfaces
at the surface. This is expected as green and cool roofs are unlikely
to affect the energy balance at pedestrian level due the consider-
able distance between roof-surface and near-surface levels, and
consequently, this result in only minor improvements for the
pedestrian level HTC. It is also noteworthy that green and cool roofs
are able to reduce heat stress, even when very strong and extreme
heat stress occurs at pedestrian and roof surface level respectively
during the day. Furthermore, the differences in wind speed and
relative humidity between conventional and green and cool roofs
are small (Fig. 15), but the differences in sensible heat and latent
heat fluxes are substantial (Figs. 6 and 10) for green roofs while the
differences in sensible flux are higher for cool roofs. Therefore, the
sensible and latent heat fluxes play a key role in controlling HTC for
green roofs while sensible heat flux is the key driving factor in
improving HTC for cool roofs during heatwave.

4. Conclusions

Heatwave events exacerbate UHI effects, and the frequency and
intensity of heatwaves are increasing in southeast Australia.
Therefore, it is critical to investigate the effectiveness of mitigation
strategies such as the use of green and cool roofs. To address this
important question, this study evaluates the effectiveness of green
and cool roofs in mitigating UHI effects and improving HTC in the
city of Melbourne during an extreme heatwave event from the 27th
to 30™ of January 2009 using the WRF-UCM model.

The UHI reductions vary linearly with the increasing green roof
fractions, but slightly non-linear with the increasing albedo of cool
roofs. The roof surface UHI is reduced from 1.15 °C to 3.8 °C when
green roof fractions are increased from 30% to 90%. Furthermore,
cool roofs result in maximum reductions of the roof surface UHI
ranging from 2.2 to 5.2 °C by increasing the albedo from 0.50 to
0.85, which is a larger reduction by approximately 1.4°C as
compared to 90% green roofs. The impacts of green and cool roofs
varied for the different urban categories with reductions of the roof
surface UHI by green roofs ranging from 1 to 3.5 °C in low-density
urban areas, and 1.2—4.6°C in the high-density urban and the
commercial/industrial areas. Similarly, the reductions due to cool
roofs ranged from 2.2 to 5.0 °C in the low-density urban areas, and
2.4—5.8 °Cin the high-density urban and the commercial/industrial
areas. The high density and commercial/industrial areas experi-
enced larger UHI reductions because of larger areas of cool roofs.
Furthermore, increasing soil moisture did not have a substantial
influence in reducing UHI effects. However, soil moisture deficit on
green roofs can exacerbate the UHI effects during both the day and
night.

The green roofs and cool roofs not only alter the surface energy
balance and reduce the UHI effects but also influence the boundary
layer up to 2.5 km. The decrease in sensible flux due to the green
and cool roofs reduces vertical mixing and the PBLH, and conse-
quently, reduces the air temperature. However, the changes in wind
speed and relative humidity are not substantial in the lower
boundary layer during the day. Green and cool roofs decrease the
sensible heat flux and consequently reduce vertical mixing, the
depth of boundary layer and temperatures over urban areas in the
lower atmosphere, which reduces UHI effects. Cool roofs reflect the
incoming solar radiation, and consequently, decrease the sensible
heat flux and reduce UHI effects. Green roofs provide heat transfer
benefits via evapotranspiration. Nonetheless, green roof approach
has a limitation particularly in the early morning because of
increased UHI effects. This problem might be overcome by applying
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an optimal strategy including the appropriate mix of vegetation on
green roofs and cool roofs, and this requires further study.

Green and cool roofs substantially improve HTC at the roof
surface level but this effect is much smaller at the pedestrian level.
Both green and cool roofs are effective in improving HTC by
reducing the UTCI index from extreme (UTCI>46 °C) to very strong
(UTCI>38°C) at roof surface level although the improvement of
HTC at pedestrian level is not substantial. Interestingly, green and
cool roofs show their potential in reducing thermal stress during
the day when the worst (very strong to extreme) thermal stress
occurs. This finding reflects the potential of green and cool roofs in
reducing heat related illness and offering comfortable recreational
and amenity spaces for the urban dwellers.

Our results also indicate that the physical processes/mecha-
nisms involved in altering boundary layer structure and reducing
UHI effects interact differently based on the characteristics of
heatwave conditions as compared to regular summer days and
geographical locations for green and cool roofs. Based on the ana-
lyses of vertical profiles of air temperature, wind and relative hu-
midity, this study suggests that the advection of moist air from rural
areas is unlikely to be the driving mechanism in boundary layer
dynamics due to the extremely hot and dry conditions during the
heatwave event. Furthermore, the study investigates the influence
of convective rolls by examining the changes in the vertical wind
component and TKE, which indicates the stronger influence of
convective rolls on the urban boundary layer dynamics during
heatwave conditions because of heated urban surfaces.

Finally, the study has some important inherent limitations
which are important to discuss. While our study shows that cool
and green roofs have potential to reduce UHI effects, implementing
90% green roofs, and having 100% of roofs with high albedos of up
to 0.85 is not likely to practically feasible across an entire city. The
aim of this study was to investigate the maximum response, and
this provides useful information, however, this does not necessarily
translate to practical implementation. Additionally, the WRF-
SLUCM model has inherent limitations in how buildings are rep-
resented in the model, for example, extensive (depth <150 mm)
versus intensive (depth > 150 mm) roofs and pitched versus flat
roofs may have different effects on the surface energy balance, and
this cannot be resolved by the model. Nonetheless, this study
provides useful findings on the maximum expected response due
to cool and green roofs at the large scale, and these findings are
relevant for other cities which experience similar weather condi-
tions during summer.
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Chapter 6

Impacts of Future Urbanization on the UHI and Urban

Meteorology during Heatwave Event

6.1 Introduction

Chapter 5 investigated the effectiveness of green and cool roofs in mitigating the UHI of
Melbourne using current urban land use. However, the population is increasing rapidly in
Melbourne, which is leading to an increase in urbanization in surrounding suburbs of the
city of Melbourne. In 2017, the city of Melbourne released the urban expansion strategy
under the vision of Plan Melbourne 2050. According to Plan Melbourne 2050 urban
expansion strategy, urban areas will substantially expand particularly West, North, and
South-Eastern part of the city. The expanded urban areas could exacerbate the effects of
UHI, and consequently can decrease the HTC. Hence, this Chapter examines the potential
impacts of future urban expansion (based on the Plan Melbourne 2050) on the UHI, HTC
and urban meteorology for the city of Melbourne during the same four heatwave events

that considered in chapter 4.
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Abstract

The city of Melbourne in southeast Australia is planning to substantially expand urban areas
by the year 2050 and this expansion has the potential to alter the Urban Heat Island (UHI),
i.e., higher temperatures in urban areas as compared to surrounding rural areas. Moreover,
Melbourne has been experiencing more frequent heatwaves for last two decades, and the
intensity and duration of heatwaves is expected to increase in the future, which could
exacerbate the UHI. This study evaluates the potential impacts of future urban expansion on
the urban meteorology in southeast Australia during four of the most severe heatwave events
during the period of 2000 to 2009. Urban expansion is implemented as high density urban
with a high urban fraction of 0.9 to investigate the maximum possible impacts. Simulations
are carried out using the Weather Research and Forecasting model coupled with the Single
Layer Urban Canopy Model with current land use and future urban expansion scenarios.
Urban expansion increases the near-surface (2 m) UHI (UHI,) by 0.75 to 2.80 °C and the
skin-surface UHI (UHIg) by 1.9 to 5.4 °C over the expanded urban areas during the night,
with no changes in existing urban areas. No substantial changes in the UHI, and UHI occur
during the day over both existing and expanded urban areas. This is largely driven by changes
in the storage heat flux, with an increase in storage heat at night, and a decrease during the
day, i.e., excess storage heat accumulated during the day is released at night, which causes
slower decrease of near surface temperature and increase in the UHI. Urban expansion did
not affect human health (HTC) comfort in existing urban areas and there were no marked

differences in HTC between existing and expanded urban areas.
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1. Introduction

Changes in land cover due to increased urbanization can substantially affect the urban
environment and climate (Seto and Shepherd, 2009). One of the well-documented effects of
urbanization is the Urban Heat Island (UHI); i.e., higher temperatures in urban areas as
compared to surrounding rural areas, particularly during the night (Arnfield, 2003). Urban
expansion has the potential to further enhance UHI effects (e.g., Argiieso et al., 2014; Liu et
al., 2018; Yang et al., 2016; Morris et al., 2017; Pauleit et al., 2005) and hence, understanding
the impacts of future urban expansion on the UHI is very important. A number of features
such as building fabric, building form, thermal properties of construction materials, synoptic
condition & wind flow and anthropogenic heat lead to generate the UHI in urban areas (Oke
et al., 1991; Harman and Belcher, 2006). The UHI is driven by the higher thermal heat
capacity and heat storage of urban infrastructure and reduced evapotranspiration due to the
loss of vegetation and increase in impermeable surfaces. The UHI results in higher air
temperatures at screen level in urban areas that can contribute to heat-related illnesses
including heart disease, which can lead to mortality, particularly during summer, and these
effects can be exacerbated during heatwaves in Australia (Department of Infrastructure and
Regional Development, 2013). For example, a total 4555 people’s death were attributed to
extreme heat over the period 1900 to 2011 in Australia, which is 55.2% of total natural
hazard deaths (Coates et al., 2014). In addition, higher temperatures in urban areas also affect
urban ecosystems as well as human thermal comfort and increase the rate of energy

consumption (Block et al., 2012).

Melbourne is the fastest growing city in Australia and according to Plan Melbourne 2050, the
urban area is expected to expand into surrounding suburban regions (more details about plan
Melbourne is available at http://www.planmelbourne.vic.gov.au/the-plan). The urbanization
rate in the Melbourne metropolitan areas is increasing rapidly with the projected population
of Melbourne expected to increase from 3.5 million and reach 8 million by 2056 (Australian
Bureau of Statistics, 2008). Moreover, studies predict more frequent and longer lasting
heatwaves over eastern Australia (Perkins et al., 2016), and UHI effects are likely to be most

pronounced during such events (Liu et al., 2018). The rapid expansion of urban areas is
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continuing within the metropolitan area, which will play an important role in the development

of this city in future.

Coutts et al. (2008) investigated the impacts of long-term urban planning strategies according
to Plan Melbourne 2030, on the local climate and above canopy UHI during the Austral
summer for the month of January in 2004 (current urban scenario) and 2030 (future urban
scenario) in the city of Melbourne by using The Air Pollution Model (TAPM) (Hurley, 2000).
They showed that the urban expansion according to plan Melbourne 2030, would likely lead
to a more intense UHI during the night, with effects during the day being less significant. An
earlier study by Coutts et al., (2007) examined the impacts of urban density on the surface
energy balance for the city of Melbourne and showed that increasing urban fractions led to
higher nocturnal temperatures. A number of studies have used climate models for
urbanization-related climate studies at different spatial scales (global, regional) (Liao et al.,
2014; Wang et al., 2012; Wang et al., 2015; Zhao et al., 2013), and these studies also report
higher near-surface air temperature due to increased urbanization. However, the impacts of

urban expansion during heatwave events are largely unknown.

The impacts of urbanization on the UHI can be investigated from meteorological
observations as well as remote sensing data. However, a number of atmospheric models now
include explicit urban canopy schemes which incorporate complex urban parameterizations
and this can be a useful tool in sustainable urban planning. Hence, numerical weather and
climate models are increasingly used to assess the impacts of urbanization (both current and
future) on weather and climate at global and regional scales (e.g., Chen et al., 2014). A
commonly used numerical modeling tool is the Weather Research and Forecasting (WRF)
(Skamarock et al. 2005) coupled to the Single Layer Urban Canopy Model (SLUCM) model
(Kusaka et al., 2001), which has been used to investigate the response of urban meteorology
to land use changes, including urbanization, in major metropolitan cities such as Guangzhou,
China (Meng et al., 2011), New York USA (Holt and Pullen, 2007), and Sydney in eastern
Australia (Argiieso et al., 2014).

Careful urban planning can be a useful mitigation strategy in reducing the adverse impacts of
urbanization and improving urban climate and human health (Stone et al., 2010). According
to Adachi et al. (2014), a compacted city has a higher potential to increase the mean UHI

effects as compared to a sparse city. Changes in urban structures vary between different cities
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and the mitigation of heat-related risks varies according to different urban structures
(Frolking et al., 2013; Oke, 1981). Therefore, the impacts of future urbanization at the city
and neighborhood scales need to be included in urban design and development plans. The
aim of this study is to investigate the impacts of increased urbanization according to plan
Melbourne 2050 on the urban meteorology during heatwave events. The study focuses on the
physical mechanisms, which play key roles in affecting key atmospheric variables as a result
of urban expansion. Although this study is limited to one particular city, the overall principles

will be relevant elsewhere for other cities, which experience a similar climate.

2. Methodology

2.1 Plan Melbourne Urban Planning Strategy/Projections

The Victorian Government has introduced an urban planning strategy titled ‘Plan Melbourne
2050’ to accommodate the increasing population. The Plan Melbourne 2050 urban expansion
data can be obtained from the Environment, Land, Water and Planning Department of the
Victoria State Government (http://www.planmelbourne.vic.gov.au/maps). This plan describes
the future shape of the city of Melbourne over the next 33 years, with the new wave of urban
growth expected to spread to the outer-suburban especially in the west, north, and southeast

of the city (Fig. 1c¢).

The anticipated urban development could affect Melbourne’s built and natural environment
and could potentially increase UHI effects if urban development is not planned in a careful
manner. The city of Melbourne has already faced several extreme heatwave events, during
which maximum temperatures reached 45.1°C and 43.9°C during 2009 and 2014
respectively. During summer, prevailing anticyclonic conditions can lead to heatwaves which
bring dry and warm air over the city, which exacerbates urban temperatures (Nairn and
Fawcett, 2013; Nicholls and Larsen 2011). Summer heatwaves can lead to temperatures in
excess of 35 °C, while the mean UHI intensity is estimated at 3.56°C in the early morning (6
a.m.), during these heatwave events in Melbourne (Morris and Simmonds, 2000). However,
the UHI intensity can be much higher than the mean UHI under optimal conditions such as
clear skies and low winds. A maximum UHI of 7.1°C has been observed in the central
business district of Melbourne at 9 p.m. (local time) from an automobile transect carried out

in 1992 (Torok et al., 2001).
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2.2. Case Studies

The study investigates the impacts of urban expansion during severe heatwave events as heat
stress is more likely during such events. Following Imran et al. (2018b), who evaluated the
WRF model coupled to the SLUCM, in simulating heat waves events over southeast
Australia, this study focuses on four heatwave events which were the most severe over the
city of Melbourne during the period of 2000 to 2009. These events occurred in 2000 (2nd to
4™ February), 2006 (20™ to 22™ January), 2007 (16™ to 18™ February) and 2009 (28" to 30"
January). Event-4 was the most severe among these four heatwave events. It led to the Black
Saturday bushfires (one of the largest bushfire events in Australia’s history that led to a large
number of fatalities) in early February 2009 (Engel et al., 2013).

2.3. WRF model set-up and experiments

This WRF model is commonly used for urban meteorology studies (e.g., Argilieso et al.,
2014; Chen, et al., 2014; Morris, et al., 2017; Sharma et al., 2016) and the version used in this
study is WRFv3.8.1. The model was used to simulate the four heatwave events with present
urban land-use (control simulations) and experiments were carried using the 2050 urban land-
use scenarios over the city of Melbourne in southeast Australia. The initial and boundary
conditions were obtained from 6-hourly ERA-interim reanalysis data (Dee et al., 2011).
Three two-way nested domains with horizontal grid resolutions of 18, 6 and 2 km were used
(Fig. 1a). The innermost domain (D03) mainly covers the city of Melbourne and surrounding
rural areas. A total of 38 vertical levels were used, closely spaced in the boundary layer and
further apart in the upper atmosphere. Following Imran et al., (2018a), the first 24 hours of
the simulation period are considered as spin-up time and the remaining 72 hours simulations

are used for analyses.

The choice of physics parameterizations was based on Imran et al. (2018b), who conducted
an extensive sensitivity analysis of WRF to different physics options in simulating the same
four heatwave events over the city of Melbourne. Imran et al. (2018b) evaluated a number of
physics options by comparing WRF simulations against station, gridded and atmospheric
sounding observations. In addition, they carried out an analysis of the physical processes and
dynamics associated during the four heatwave events and showed that the WRF model is able
to simulate various climate variables (e.g. temperature, relative humidity, wind speed) and
UHI over the city of Melbourne. This choice of physical parameterizations includes the

Thompson microphysics scheme (Thompson et al., 2008), the RRTMG shortwave and
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longwave radiation schemes (Iacono et al., 2008), the MYJ Planetary Boundary Layer (PBL)
scheme (Janjic 1994), the Monin-Obukhov surface layer scheme, the Noah land-surface
model (Chen and Dudhia, 2001) and the Grell-3d cumulus scheme (Grell and Dévényi,
2002). No cumulus scheme was used for the innermost domain because of a resolution of 2
km is sufficient to resolve convection. We do not carry out model evaluation in this paper, as
extensive evaluation is documented in Imran et al. (2018b) for the same 4 heatwave events,
as well as Imran et al. (2018a) who conducted further comparisons of WRF-SLUCM winds
and temperature against station observations for the most severe event out of the 4 case

studies.

The SLUCM was used to parameterize the physical urban processes, which represent energy
and momentum exchange between urban surfaces (e.g., roofs, walls, and roads) and the
atmosphere (Kusaka et al., 2001). The default representation of urban land-use in WRF was
replaced by the Jackson et al. (2010) urban dataset for representing the current spatial
distribution of low-density, high-density and commercial/industrial areas in the city of
Melbourne. The Jackson et al. (2010) data is a global dataset of four urban categories (low-
density urban, medium-density urban, high-density urban and tall building areas) and also
includes properties of urban extent, urban morphology, and thermal and radiative properties
of building materials. It is specifically designed for use in urban meteorology and
climatological studies. The four urban categories from the Jackson et al. (2010) urban land
use data were converted into the three categories (low-density, high-density and
commercial/industrial) based on the 24-USGS land use categories, as used by the SLUCM in
the WRF model. We note that other land use databases can be used in WRF, e.g., MODIS.
Our choice of the USGS database is based on our previous studies (Imran et al 2018a, 2018b)
which showed that WRF was able to adequately simulate the heatwave events when
compared against meteorological stations in the urban area. The low and medium density
urban categories of the Jackson et al. (2010) land-use dataset were classified as low and high-
density urban areas respectively, while the high-density urban areas and tall buildings were
classified as commercial/industrial areas, as illustrated in Fig. 1(b). These re-classifications
allow for a realistic representation of urban land-use categories for this city. Only urban grid
cells were modified and the remaining grid cells were kept the same as the default WRF land
use data. Fig. 1(b) shows the current distribution of urban land-use and Fig. 1(c) shows the
future urban expansion scenario based on Plan Melbourne 2050. Following the previous

study by Argueso et al. (2014), who investigated the impacts of future urban expansion in the
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city of Sydney in eastern Australia using WRF-SLUCM, all future urban expansion (Fig.
1(c)) was classified as high density urban. A similar approach has been used to investigate the
impacts of future climate change and urban expansion for US cities using the coupled WRF-

SLUCM model (Krayenhoff et al., 2018).

(a)
30°S
35°S
40°S
45°S
130°E 140°E 150°E 160°E
(b) (c)
37°S . : ----- ” rrrrrrr ------ 37°S '

37°30'S 37°30'S

38°S 38°S |

38°30'S 38°30'S

Fig. 1. (a) Model nested domain configuration (the boundary represents the outer domain
with a resolution of 18 km, and d02 and d03 denote the boundaries of the two inner nested
domains, with resolutions of 6 km and 2 km respectively), (b) current distribution of urban
land-use, (c) high-density urban expansion according to Plan Melbourne 2050. The numbers
31, 32 and 33 represent the low-density urban, high-density urban and commercial/industrial

areas, respectively.
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The urban morphological properties for all simulations use the default set-up in the WRF
model except urban fraction for low-density urban areas (Table 1) which was increased from
0.5 to 0.7. Default urban fractions are included in the SLUCM for three urban categories,
which may not necessarily be representative for a specific city. Using urban fractions of 0.50
and 0.70 showed that the results were more realistic when using an urban fraction of 0.7 for
low-density urban areas and this is consistent with a study focusing on the UHI in Melbourne
by Coutts et al. (2007), who derived urban fractions using Geographic Information System
and aerial photography. Following Coutts et al. (2007), other studies also have used same
urban fraction 0.70 for low-density urban areas in evaluating UHI effects in the city of
Melbourne (Jacobs et al., 2017; Jacobs et al. 2018; Imran et al., 2018a). The use of higher
urban fraction as compared to default values is also consistent with other studies which have
used WRF-SLUCM for UHI studies for cities in China (Chen and Frauenfeld, 2016), and city
of Sydney in southeast Australia (Argueso et al., 2014).

Table 1. Urban properties for low-density, high-density and commercial/industrial areas used

by the SLUCM in WRF.
Properties/Parameters ~ Low-Density Urban High-Density Urban Commercial/Industrial
Built/Impervious 0.70 (default 0.50) 0.90 0.95
fraction
Roof width (Rf) 8.3 m 94 m 10 m
Road width (Rd) 83m 9.4m 10 m
Roof fraction in 50 % 50 % 50 %
built/impervious part
[Rf/(Rf + Rd)]
Roof fraction in whole 25% 45 % 47.5 %
urban grid
Building Height S5m 7.5 m 10 m

2.4. Numerical Experiments

The impacts of urban expansion are explored by incorporating high-density urban expansion
over the rural areas based on the proposed urban expansion strategy of the Plan Melbourne
2050. A total of 8 numerical simulations were conducted: 4 control experiments with current
urban land use (Fig. 1(b)), and 4 experiments with high-density urban expansion according to
plan Melbourne 2050 (Fig. 1(c)). All simulations used the same initial and boundary

conditions from ERA-Interim re-analysis.
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2.5. Human Thermal Comfort (HTC) Calculation

This study also examines the impacts of urban expansion on the pedestrian level
(approximated as above 2 m from ground level) HTC characterized by the UTCI index
(Brode et al., 2012). Although there are a number of indices used to calculate the HTC (e.g.,
the Discomfort Index, the approximate wet bulb globe temperature, and the Physiological
Equivalent Temperature), the UTCI has been used in calculating HTC index in several
studies (e.g., Coutts et al., 2016; Vatani et al., 2016). The UTCI is a physiological response
index in representing human-bioclimatic conditions and their relevance to human thermal
stress under different climatic conditions, which makes this index universal in nature, and it
represents the temporal variability of thermal conditions better than other indices (Blazejczyk
et al., 2012). In this study, the radiation and human-bioclimatic model Rayman Pro version
3.1 (Matzarakis et al., 2010; Matzarakis et al., 2007) is used for calculating the UTCI index.
The UTCI takes into consideration not only the effect of air temperature, but also wind speed,
relative humidity, and incoming solar radiation (Johansson, 2006). These variables were
taken from the WRF outputs at pedestrian level at 2 m except incoming solar radiation at
surface level as input data to the Rayman model. The latter also requires several human
thermal parameters, and a default activity factor of 0.80 W and clothing factor of 0.90 for a
male of 35 years of age were used. Different values of the UTCI correspond to different
physiological stresses as illustrated in Table 2 (Brode et al., 2012). It should be noted that
there are some limitations and assumptions when computing indices such as the UTCI from
model outputs. Wind speed at 2 m has to be interpolated from 10 m, as models typically
diagnose winds at 10 m for evaluation purposes. Additionally, the calculation assumes a
person is always sunlit, which is not realistic in urban environments. Finally, temperatures at
2 m from models such as WRF are diagnosed using Monin-Obukhov similarity over a flat
surface. In urban areas, given the complexity of urban surfaces, this diagnosed temperature,
does not truly represent air temperature at an elevation of 2 m, but rather should be
interpreted as a diagnostic representative near-surface urban air temperature (Li and Bou-

Zeid 2013).
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Table 2.Scale of Universal Thermal Comfort Index (UTCI) for different grades of human

thermal perception and associated physiological stress (Brode et al., 2012)

UTCI (°C) Physiological Stress
+9 to +26 no thermal stress

+26 to +32 moderate heat stress
+32 to +38 strong heat stress

+38 to +46 very strong heat stress
> +46 extreme heat stress

2.6. Brief Meteorology of the four Heatwave Events

Fig. 2 shows the mean daily mean sea level pressure (MSLP), wind speed with direction at 10
m and potential temperature at 850 hPa from the outermost domain, Fig. 1(a). All four events
were characterized by a strong anti-cyclone to the east, and an approaching cold-front from
the south-west (top panel). The anticyclone resulted in the advection of hot and humid air
from north and north-east (middle and bottom panels). This north/north-easterly wind-flow
resulted in very hot conditions throughout the lower atmosphere (bottom panel), with
potential temperatures reaching a maximum of 310 to312 °K during event-4 over large parts

of southeast Australia.
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Fig. 2. Mean Sea Level Pressure (top panel), wind speed (colored contours) and direction
(middle panel) and potential temperature at 850 hPa (bottom panel) for the four heatwave

events averaged over 72 hours, from the outermost domain (Fig. 1).

3. Results

3.1. Impacts of high-density urban expansion on the surface energy balance

The diurnal cycle of the surface energy balance is shown in Fig. 3 for the control (solid lines)
and experiments (dotted lines) with urban expansion, averaged over urban grid cells only.
Urban expansion results in higher sensible heat flux during both the day and night for all
events. The differences range from 70 to 80 W m™ during the evening between 1800 and

1900 local time while early morning peaks range from 22 to 35 W m™ for the four events.
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Urban expansion results in a large reduction of latent heat flux for all events, with the
maximum reduction occurring at 1300 local time, and varying between 100 and 140 W m™
among the four events, which is a much larger change in magnitude as compared the increase
in sensible heat flux. The reduction in latent heat flux and higher thermal capacity of urban
surfaces lead to enhanced storage heat for all events (Fig. 3(c)). A positive sign of storage
heat indicates the flow of heat from the surface to atmosphere and vice-versa for negative
storage heat. Urban expansion results in maximum reduction in storage heat of 90 W m™ for
the four events at 1200 local time, while the storage heat increases nearly 50 and 70 W m™

during the morning and the night, respectively.

(a) Sensible Heat Flux (b) Latent Heat Flux
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Fig. 3. Diurnal cycle of the surface energy balance for control simulations (solid lines) and
experiments (dotted lines) for the four heatwave events, averaged over expanded urban grid

cells only (Fig. 1(c)).

The spatial changes (experiment minus control) in daily mean sensible and latent heat fluxes

are shown in Fig. 4 (note that daily mean changes in storage heat are not shown in Fig. 4, but
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discussed in more detail in later in the paper in Fig. 10 as changes are of opposite sign during
the day and night and hence shown separately). The increase in sensible heat flux ranges from
50 to 70 W m™in the western part of the city of Melbourne for the four events while areas to
the north and southeastern parts of the city show an increase between 20 and 40 W m™. The
latent heat flux reductions range from 50 to 70 W m™ in the most areas over the expanded
areas in the western and southeastern part of the city of Melbourne. The areas to the north
show reductions in latent heat flux of 30 to 50 W m™. Urban expansion results in slightly
smaller changes in sensible and latent heat fluxes during event-4 as compared to all other
events. This is likely due to this heatwave event being the driest and hottest of all four events.
For events-2 and 3, the changes in sensible and latent heat fluxes extend to surrounding non-

urban areas and this is further explored in section 4).
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Fig. 4. Changes (experiment minus control) in daily mean sensible (SH, top panels) and
latent fluxes (LH, bottom panels) due to urban expansion for the four events, averaged over

72 hours.

3.2. Impacts of high-density urban expansion on the near-surface and skin-surface UHI

Fig. 5 (a) and (b) show the influence of urban expansion on the near-surface urban heat island
(UHI,) and skin-surface urban heat island (UHIg) at the city-scale (averaged over original
and expanded urban grid cells across the domain), and Fig. 5 (¢) and (d) show the same

variables but averaged over the expanded urban areas only (Fig. 1(c)). Urban expansion

118



increases the UHI, and UHIg at city scale and over expanded urban areas. The maximum
UHI intensity for near-surface and skin-surface is highest during the night at both the city-
scale and over expanded urban areas. At the city-scale, UHI, increases by 0.20 to 0.35 °C
during the morning and 0.10 to 0.50 °C during the night while UHI increases by 0.10 to
0.40 °C and 0.10 to 0.50 °C during morning and night respectively. Furthermore, UHI,
increases by 1.2 to 2 °C during the morning and 1 to 2.8 °C during the night over the
expanded urban areas, but such large changes are not observed at the city scale. The effect of
urban expansion is greater on the UHIy as compared to the UHI,, with the UHIy ranging
from 2.2 to 4.1 °C during the morning and 2 to 5.4 °C during the night over expanded urban
areas only. Interestingly, event-4 showed the highest change in UHI, and UHIg during both
morning and the night at both the city-scale and over expanded areas likely due to the drier
and more severe heatwave characteristics among four heatwave events. All events showed a

lower change in UHI, and UHIg between 0900 and 1600 local time over expanded urban

areas only.
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Fig. 5. Changes in diurnal (a) UHI, (UHI at 2 m above the ground) and (b) UHI (surface
UHI) averaged over all urban grid cells (original plus expanded), and (¢) UHI, and (d) UHI

averaged over the expanded urban areas only (Fig. 1(c)).

The spatial changes (experiment minus control) in mean near-surface (T,) and skin-surface
(Ts) temperatures are shown in Figs. 6 and 7 respectively averaged over three different time
intervals 0200 to 0600 (before sunrise), 1000 to 1400 (when the change in UHI, and UHI is
minimum) and 2000 to 2400 local time (when the change in UHI, and UHIy is maximum)
for the four events. T, increases between 1.0 and 3.0 °C before sunrise, and 1.0 and 4.5 °C
from evening to midnight, while events 3 and 4 show the warmest conditions as compared to
events 1 and 2 (Fig. 6). No substantial changes in T, are evident during the day (middle row)
for all four events. The increases in Ty (Fig. 7) are higher than T,, ranging between 1.0 and
7.0 °C for all the four events before sunrise, and between 2000 and 2400 local time when the
maximum changes in UHI, and UHIg occurs. Similar to changes in T, changes in Ty are not
substantial during the day. It is also important to note that the high-density urban expansion
extends the change in T, and Ty to the surrounding areas before sunrise, and from evening to
midnight. Event-4 shows the highest change in T, and Ty due to high-density urban
expansion as compared to other three events before sunrise and after sunset. The changes in
mean T and Ty during these 3 time periods were largely driven by changes in the minimum

T, and Ty over these periods, rather than the mean (Supplementary Figures S1 and S2).
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Fig. 6. Changes (experiment minus control) in mean T, (experiment minus control) due to
urban expansion for the four events. Top row shows the results before sunrise (0200 to 0600
local time), middle row shows results when the effect of AUHI, is minimum (1000 to 1400
local time), and bottom row shows the results when the effect of AUHI, is maximum (2000 to

2400 local time).
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Fig. 7. Changes in mean Tg (experiment minus control) due to urban expansion for the four

events. Top row shows the results before sunrise (0200 to 0600 local time), middle row

shows results when the effect of AUHI is minimum (1000 to 1400 local time), and bottom

row shows the results when the effect of AUHI is maximum (2000 to 2400 local time).

The spatial distributions of changes in mean storage heat flux, wind speed at 10 m and

relative humidity at 2 m averaged over the different times (before sunset, during the day and

after sunset) are shown in Figs. 8, 9 and S; (supplementary figure) respectively. These were

examined to help explore the physical processes and dynamics associated with the causes of

higher intensity of the UHI, and UHIy during the morning and night. Upward storage heat

flux (positive storage heat) increases from 20 to 60 W m™ before sunrise and 40 to 80 W m’

*during the evening for all events. On the other hand, downward/absorbed storage heat flux

(negative storage heat) increases from 50 to 100 W m™ during the day for all events. The

magnitude of increased storage heat is higher during the evening as compared to increased

storage heat before sunrise. The changes in T, and Ty are therefore largely driven by the
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changes in storage heat flux. During the day, urban expansion results in more heat storage,

which is released at night. Since there were no changes in wind direction, but only in wind

speed, Fig. 9 shows the changes of wind speed (experiment minus control), and the wind

barbs show the wind direction for the experiments only. The wind was predominantly

northerly during both the day and night for all events, with wind speed reductions from 1.0 to

4.0 m s™'especially during the day. The reductions of wind speed were slightly higher during

the day as compared to reductions of wind speed before sunrise and evening time.
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Fig. 8. Changes in storage heat (experiment minus control) due to urban expansion for four

events. Top row shows the results before sunrise (0200 to 0600 local time), middle row
shows results when the AUHI, and AUHIg is minimum (1000 to 1400 local time), and
bottom row shows the results when the AUHI, and AUHI is maximum (2000 to 2400 local

time).
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Fig. 9. Wind direction from the experiment only as shown by the wind vectors and changes in
wind speed (experiment minus control) due to urban expansion for four events shown as
filled color contours. The top row shows results before sunrise (0200 to 0600 local time),
middle row shows results when the AUHI, and AUHIsk are minimum (1000 to 1400 local
time), and bottom row shows results when the AUHI, and AUHI is maximum (2000 to 2400

local time).

3.3 Impacts of Urban Expansion within the Boundary Layer

The planetary boundary layer plays an important role in the transport and mixing of fluxes of
heat and moisture. The changes in potential temperature within the boundary layer are shown
in Fig. 10. Urban expansion increases the potential temperatures between 0.4 and 1.4 °C in
the lower PBL (<300 m) between the evening and morning for all events, and potential
temperature decreases from 0.2 to 1.0 °C in the upper PBL (>300 m) both during day and
night, especially for events 2 and 4. Event 2 showed the largest changes within the boundary
layer as compared to all other events, showing that the magnitude of the response to future

urban expansion depends on the event, especially within the middle and upper boundary
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layer. Changes in PBL height were small (not shown), and only showed a slight increase

during both the day and night, peaking in the evening.
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Fig. 10. Changes (experiment minus control) in hourly potential temperatures within the
planetary boundary layer for (a) Events-1, (d) Events-2, (c) Events-3 and (d) Events-4,

averaged over all urban grid cells in the expanded urban areas only.

Figs. 11 and S4 (supplementary figure) are similar to Fig. 10 but show the effect of urban
expansion on wind speed within the boundary layer. Urbanization results in a reduction in
wind speed from 0.8 to 2.0 m s™ in the lower boundary layer (<300 m) for all the events
mostly during the night because wind was obstructed by the higher roughness (0.50) of urban
structures as compared to the roughness of replaced vegetated surfaces particularly dry
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cropland and grassland (0.05 to 0.12). In the upper boundary layer (>300 m) wind speed
increses from 0.8 to 2.5 m s™ especially for events-2 and 3. This increase in wind speed in the
upper boundary occurs likely due to increased pressure gradient bacause of the decrease in
temperature in the upper layer.
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Fig. 11. Changes (experiment minus control) in hourly wind speed within the planetary
boundary layer for (a) Events-1, (d) Events-2, (c) Events-3 and (d) Events-4, averaged over

all urban grid cells in the expanded urban areas only.
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3.4. Impacts on Human Thermal Comfort

The hourly variations in human thermal comfort (HTC) at pedestrian level (approximated as
2 m above ground level) for the four events are assessed over 3 days. The HTC is represented
by the UTCI index. The higher UTCI index indicates a decrease in HTC and vice-versa. Fig
12 (top) shows the hourly variation in the UTCI for the 4 events for the control experiment
showing that strongest heat stress occurs between midday and afternnon, and event-4 showed
the most severe HTC. We next examined the difference in UTCI between existing and
expanded urban areas, and existing areas. The differences were small (+1 to -1 °C, not
shown), showing that urban expansion does not have a strong influence on the UTCI in
existing urban areas. We also examined the difference in UTCI between the expanded urban
area and existing urban area as shown in Fig. 12 (bottom). The expanded urban area has
slightly lower UTCI (1 to 2.5 °C) between 10.00 and 17.00 local time as compared to existing
urban areas, but higher UTCI between 1 and 5 °C from evening to morning (1800 to 1000
local time), when the UTCI is generally at it’s lowest. For event-4, the most severe event, the
increase in UTCI during this period can change the HTC from modereate to strong, but

overall, this increase does not lead to marked changes in HTC.
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Fig. 12 Hourly variation in pedestrian level UTCI from the control simulations for 3 days

(top), and changes (expansion minus existing urban areas) in hourly UTCI (bottom).
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4. Discussion and Conclusions

Previous studies have investigated the impacts of future urbanization in the city of Melbourne
and other Australia cities (Coutts et al. 2008, Argiieso et al., 2014), however, no studies have
investiaged the impacts of future urbanization on the UHI during heatwave events, when
health impacts are likely to be the most severe. Additionally, these studies were based on
older policies, namely, plan Melbourne 2030, and the release of plan Melbourne 2050 calls
for an updated assessment of the impacts of future urbanization. Our results show that urban
expansion substantially affects the surface energy balance by converting vegetated surfaces to
impervious surfaces, which limits the availability of soil moisture and evapotranspiration, and
affects the partitioning of surface heat fluxes by increasing sensible heat flux and decreasing
latent heat flux. Liu et al. (2018) and Argueso et al. (2014) report similar results in their
studies, and showed that urban expansion leads to a substantial increase in sensible heat flux
and decrease in latent heat flux. Urban surfaces lead to an increase in sensible heat flux
during the day as compared to vegetated surfaces because of a lack of evapotranspiration and
trapping of solar radiation within the urban canopy. As the urban expansion replaces
vegetated surfaces to impervious urban surfaces, the reduction in evapotranspiration and soil
moisture reduces the latent heat flux especially during the day. Hence, sensible heat flux
increases and latent heat flux decreases over the expanded urban areas (Fig. 3a, 3b). The
increase in sensible heat flux and decrease in latent heat flux were generally higher in the
western part of the city (Fig. 4), because the western suburbs of the Melbourne city are
climatologically drier and less densely forested as compared to east suburbs (Jacobs et al.,
2018). Therefore, the land cover and climatic conditions appear to play an important role on
reduction in latent heat flux and increase in sensible flux. However, these changes in sensible
and latent heat fluxes do not influence the UHI directly, but the storage heat flux plays a more

important role.

There was a substantial increase in storage heat over the expanded urban areas but no change
in the surrounding areas. Absorption of solar radiation by the urban surfaces increases the
storage heat during the day as compared to vegetated surfaces due to higher conductivity and
heat storage capacity of the construction materials (Liu et al., 2018; Li et al., 2015; Morris et
al., 2017). As a result, negative storage heat flux (from the atmosphere to surface) increases
during the day while positive storage heat (from the surface to atmosphere) increases between
evening and morning. All 4 heat-wave events showed the same overall response, i.e.,

enhanced storage heat in urban surfaces during the day, because of extreme hot and dry
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weather conditions, which is released at night. Event-4 being the most severe, showed the
largest response overall. Since the incoming solar radiation is more intense during heatwaves
as compared usual summer days (Liu et al., 2018; Wang, et al., 2017), higher urban fraction
of urban surfaces absorb and store more solar heat, and consequently, intensify the nocturnal
UHI, and UHI (Fig. 5). The stored heat is slowly released during the night until morning
(Liu et al., 2018; Wang et al., 2017; Coutts et al., 2007), and therefore, urban expansion
intensifies the nocturnal UHI, and UHIg (Fig. 5), and also leads to a substantial increase in
mean near-surface (Fig. 6), skin surface (Fig. 7) temperatures, and minimum near-surface
(Fig. S)) and skin-surface (Fig. S;) temperatures during the night particularly from evening

until morning.

It is noteworthy that there were no substantial UHI effects during the day. The likely reason
is that both urban and vegetated surfaces were heated by intense solar radiation with drier
weather condition due to heatwaves during the day, which dominated the fluxes over urban
and vegetated areas and reduced the thermal difference between these two areas (Liu et al.,
2018). Another important finding of this study is that increases in the mean temperature
before sunrise, between 1000 to1400 and 2000 to 2400 were driven by chagnes in the
minimum between these time intervals. Dry and hot inland winds from the north (inland) to
the south (Ocean) extend the UHI, beyond expanded areas, although there was an overall
reduction in wind speed near the surface. The changes in wind speed are unlikely to have a

large impact on the T, and T as the reductions in wind speed were fairly small for all events.

Urban expansion had a substantial influence on the potential temperature within the lower
boundary layer particularly during the evening and night due to higher heat storage by the
urban surfaces. The increase in potential temperatures decreased with the increasing PBL
height, which is consistent with Yang et al. (2016), who showed lower potential temperature

with increasing PBL height due to urbanization.

Urban expansion did not affect the HTC in existing urban areas, and differences in the UTCI
between the exiting and expanded urban areas were not large enough to change the HTC,
except for the most severe event from evening to morning, when the UTCI is low. It is
noteworthy that the hourly variations of the UTCI indices follow the variations of diurnal
cycles of the UHI, and, which is driven by the increase in storage heat. Therefore, storage

heat due to urbanization plays a crucial role in decreasing HTC during the night.
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Finally, this study has some limitations, which need to be discussed. The impacts of future
climate change on the future urban expansion are not considered as the simulations including
urban expansion are driven with the ERA-interim reanalysis data since this study is based on
real case studies. Future warming is likely further exacerbate UHI effects if there is no
mitigation, and therefore, the effects of future urban expansion are likely to be under-
estimated in this study. For example, Krayenhoff et al. (2018) showed the combination of
urban expansion and future climate change is likely to increase summertime urban warming
by 1-6 K in the afternoon and 3-8 K at night by the end of the century. These ranges of
warming are larger than our results for increases in near surface temperature due to urban
expansion alone. We also acknowledge the use of constant urban fractions, road fractions,
building heights etc, for each of the 3 urban categories is unlikely to be truly representative of
the city of Melbourne. This study evaluated the impacts of high-density urban expansion
using a constant urban fraction for all future expansion, to investigate the maximum possible
response, rather than the expected response. Offline simulations with the Noah land surface
model for the city of Houston, USA, have shown that explicitly specifying the urban fraction
for each grid-cell, as opposed to using constant values for each urban land use category,
yielded more accurate simulations of the surface radiative temperature (Monaghan et al.
2014). Therefore, future studies should investigate the use of spatially varying urban

properties versus constant values.
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Supplementary Material

Figs. S and S, are similar Figs 6 and 7, except that they show changes in minimum T, and Ty,
respectively, rather than the mean. The increase in minimum T, ranges from 0.5 to 3.0 °C before
sunrise and 0.5 to 4.5 °C during the evening (2000 to 2400 local time) for all four events. There
are no substantial effects of urban expansion on minimum T, during the day. Furthermore, the
increase in minimum Tg ranges from 1.0 to 6.0 °C before sunrise and 1.0 to 7.0 °C from the
evening to midnight. Similar to minimum T, no substantial change in Tg occurs during the day.
The urban expansion extends the effects of minimum T, and Ty in surrounding non-urban areas
especially for events 3 and 4. In addition, the increase in minimum Ty is also higher than the
minimum T, for all events. It is noteworthy that the event 4 shows a higher increase of minimum
T, and Ty as compared to other three events. There were no substantial changes in maximum T,
and Ty (not shown). The changes in T, and Ty are highest in the center of the expanded urban

areas, with the most severe heatwave event (event 4) showing the largest increase.
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Fig. S;. Changes in minimum T, (experiment minus control) due to urban expansion for four
events. Top row shows the results before sunrise (0200 to 0600 local time), middle row shows
results when the AUHI; is minimum (1000 to 1400 local time), and bottom row shows the results

when the AUHI, is maximum (2000 to 2400 local time).
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Fig. S,. Changes in minimum Ty (experiment minus control) due to urban expansion for four
events. Top row shows the results before sunrise (0200 to 0600 local time), middle row shows
results when the AUHIg is minimum (1000 to 1400 local time), and bottom row shows the

results when the AUHI is maximum (2000 to 2400 local time).

Near-surface relative humidity is reduced due to urban expansion with reductions ranging from 1
to 11 % before sunrise, 1 to 10 % during the evening, and there were no substantial changes in
relative humidity during the day for all events (Fig. Ss). It is noteworthy that the reductions in
relative humidity extend to surrounding non-urban areas especially before sunrise and after
sunset for all events. Relative humidity increases slightly over the coastal areas for event 4
before sunrise and for event 2 during the day while events 2 and 3 show an increase in relative
and after sunset. Since

humidity over both coastal surrounding non-urban areas

evapotranspiration is shut-down at night, the reductions in relative humidity must be due to the
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increase in temperature as warmer air can hold more moisture, which would result in lower
relative humidity.
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Fig. S;. Changes in relative humidity (experiment minus control) due to urban expansion for four
events. Top row shows the results before sunrise (0200 to 0600 local time), middle row shows
results when the AUHI, and AUHIg is minimum (1000 to 1400 local time), and bottom row
shows the results when the AUHI, and AUHI is maximum (2000 to 2400 local time).

Furthermore, relative humidity decreases from 2 to 6 % especially in the lower boundary layer
(<200 m), accompained by an increase in relaive humidity of 2 to 7 % in the upper boundary
layer (>300m) (Fig. S4). Urban expansion results in a larger influence on relative humidity for
events-2 and 3 as compared to events-1 and 4, showing that the magnitude of the response can be
quite varied depending on the event. The increase in relative humidity in the upper boundary

layer (Fig. S4) occurs because of decrease in temperature in the same layer.
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Fig. S4. Changes (experiment minus control) in hourly relative humidity within planetary

boundary layer for (a) Events-1, (d) Events-2, (¢) Events-3 and (d) Events-4, averaged over all

urban grid cells in the expanded urban areas only.
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Chapter 7

Green Infrastructure Practices in Mitigating UHI

Effects during Heatwave Event

7.1 Introduction

This chapter examines the effectiveness of different vegetated patches as Gl practices in
reducing UHI effects by increasing fractions of different vegetated patches from 20 to 50
%. This chapter further builds on chapter 6, by running simulations with future urban
expansion scenarios based on Plan Melbourne 2050 urban expansion strategy to examine
the effectiveness of possible UHI mitigation strategies to minimize the impacts of future
urbanization. We note that Chapter 5 investigated the effectiveness of green and cool
roofs but did not include future urban expansion, as the data from Plan Melbourne 2050
was not available at the time that these simulations were carried out. Similar to Chapter
5, this chapter also investigates the potential of different vegetated patches/Gl scenarios

in improving HTC.
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Effectiveness of Vegetated Patches as Green Infrastructure in Mitigating Urban

Heat Island Effects during a Heatwave Event in the City of Melbourne
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Abstract

The city of Melbourne in southeast Australia experiences frequent heatwaves and their
frequency, intensity and duration are expected to increase in the future. In addition,
Melbourne is the fastest growing city in Australia and experiencing rapid urban expansion.
Heatwaves and urbanization contribute in intensifying the Urban Heat Island (UHI) effect,
i.e., higher temperatures in urban areas as compared to surrounding rural areas. The
combined effects of UHI and heatwaves have substantial impacts on the urban environment,
meteorology and human health, and there is, therefore, a pressing need to investigate the
effectiveness of different mitigation options. This study evaluates the effectiveness of urban
vegetation patches such as mixed forest (MF), combination of mixed forest and grasslands
(MFAG), and combination of mixed shrublands and grasslands (MSAG) in reducing UHI
effects in the city of Melbourne during one of the most severe heatwave events. Simulations
are carried out by using the Weather Research and Forecasting (WRF) model coupled with
the Single Layer Urban Canopy Model (SLUCM). The fractions of vegetated patches per grid
cell are increased by 20 %, 30 %, 40 % and 50 % using the mosaic method of the WRF
model. Results show that by increasing fractions from 20 to 50 %, MF reduces near surface
(2 m) UHI (UHL) by 0.6 to 3.4 °C, MSAG by 0.4 to 3.0 °C, and MFAG by 0.6 to 3.7 °C
during the night, but there was no cooling effect for near surface temperature during the
hottest part of the day. The night-time cooling was driven by a reduction in storage heat.

Vegetated patches partitioned more net radiation into latent heat flux via evapotranspiration,
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with little to no change in sensible heat flux, but rather, a reduction in the storage heat flux
during the day. As the UHI is driven by the release of stored heat during the night, the
reduced storage heat flux results in reductions in the UHI. The reductions of the UHI, varied
non-linearly with the increasing vegetated fractions, with lager fractions of up to 50 %
resulting in substantially larger reductions. MF and MFAG were more effective in reducing
UHI, as compared to MSAG. Vegetated patches were not effective in improving HTC during
the day, but a substantial improvement of HTC was obtained between the evening and early
morning particularly at 2100 local time, when the thermal stress changes from strong to
moderate. Although limited to a single heatwave event and city, this study highlights the
maximum potential benefits of using vegetated patches in mitigating the UHI during

heatwaves and the overall principles are applicable elsewhere.

Keywords: UHI mitigation, Urban Vegetation, Heatwave, WRF-SLUCM

1. Introduction

Urbanization results in increased runoff and decreased infiltration of water due to impervious
surfaces. The higher thermal conductivity of construction materials in urban areas increases
the absorption of solar radiation and reduced vegetation cover limits evapotranspiration.
These changes in the surface energy balance can have impacts on near-surface air
temperature, humidity, winds and atmospheric convection (Liu et al., 2018; Morris et al.,
2017). A well-documented impact of urbanization is the Urban Heat Island (UHI), defined as
higher temperatures in city areas as compared to surrounding rural areas (Howard, 1833). In
addition, the intensity of the UHI is amplified during heatwaves (Li et al., 2015; Zhao et al.,
2018). From a meteorological context, a heatwave is usually defined as very unusual hot
conditions for at least three consecutive days, during which the mean of minimum and
maximum temperatures exceeds the climatological 95" percentile (Nairn and Fawcett, 2013).
The combination of UHI and heatwaves can severely affect urban meteorology, environment,

energy demand and human health (Liu et al., 2018).

The higher temperatures in urban areas increases energy demand for cooling systems and
water demand for urban landscape irrigation (Yu and Hien, 2006). The increased energy
demand can also cause higher ambient temperatures via the use of air conditioners for

building cooling systems (Ohashi et al., 2007). The UHI and heatwaves further amplify heat-
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related diseases and mortality (Mirzaei and Haghighat, 2010; Nicholls et al., 2008). For
example, between 35,000 and 50,000 people are estimated to have died in Europe because of
heat-related diseases during heatwaves in 2003 (Harlan et al., 2006). This threat is also
important in Australia, with 374 and 167 additional human deaths during heatwaves in the
state of Victoria in southeast Australia in 2009 and 2004 respectively (Victorian Auditor
General's Report, 2014). The threats imposed by the UHI and heatwaves are very important
in southeast Australia because of its hot summer, and these threats are likely to get worse in
the future with projections that the intensity, frequency and duration of heatwaves in

Australia will increase (Cowan et al., 2014).

The city of Melbourne, the capital of Victorian state of Australia, has been facing frequent
heatwaves for the last two decades (Perkins-Kirkpatrick et al., 2016). For example, maximum
temperatures of up to 45.1°C and 43.9°C were recorded in January 2009 and 2014
respectively (Victorian Auditor General's Report, 2014). In addition, the rate of urbanization
is increasing rapidly to accommodate the increasing population. It is estimated that the
population of the city of Melbourne will increase by 1.5 to 3.5 million by 2056 (Australian
Bureau of Statistics, 2008). Hence, urban expansion will continue to meet the residential
demands for the increasing population. Recently, the Victorian government released “Plan
Melbourne 20507, a policy document which provides projections of future urbanization and
recent studies have shown that this future urban expansion could increase the nocturnal near-
surface UHI by 0.75 to 2.80 °C over the expanded urban areas during heatwaves in the city of
Melbourne (Imran et al., 2018c). Therefore, impacts of the UHI, especially during heatwave

events, must be minimized to make the city more resilient and livable.

A number of studies, including observational, modelling, or both, focusing on the micro to
the meso-scale, have investigated the effectiveness of using different mitigation strategies to
reduce the UHI in various cities. These strategies include increasing urban vegetation
(Bowler et al., 2010; Coutts et al., 2016; Fallmann et al., 2013; Oliveira et al., 2011; Rizwan
et al., 2008) ; use of water bodies (Hathway and Sharples, 2012; Theeuwes et al., 2013;
Zuvela-Aloise et al., 2016) and changing the size and geometry of urban infrastructures (Ali-
Toudert and Mayer, 2007; Middel et al., 2014). Adding more urban trees, parks, gardens,
wetlands, and green roofs within urban areas, is generally referred to as the implementation
of Green Infrastructure. The GI strategy is generally regarded as a sustainable strategy in

mitigating UHI effects due to their multiple functionality and benefits for the urban
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environment such as increasing biodiversity and improving air quality in urban areas (Akbari
et al., 2001). Initially, GI was defined as floodways, wetlands and parks, which provide water
infiltration and flood control facilities (Mcmahon and Benedict, 2000). More recently, the
definition has been expanded to include a variety of environmental and sustainability goals
through a network of natural and planted vegetation such as street trees, parklands, rain
gardens, community gardens, wetlands, green and cool roofs, and green walls (Foster et al.,
2011). However, there is limited information about the potential of GI in mitigating UHI
effects particularly during heatwaves when different GI scenarios are applied at the city scale.
In addition, there is a pressing need to examine to what extent these mitigation strategies
should be implemented to obtain substantial cooling benefits to mitigate UHI effects during

heatwaves.

Increasing the areas of green spaces in urban areas can be an effective strategy to mitigate
UHI effects by modifying the surface energy balance of the city by reducing storage heat in
urban surfaces (Jacobs et al., 2018) and increasing evapotranspiration (Loughner et al., 2012).
These two mechanisms play a key role in reducing UHI effects. Urban surfaces have higher
thermal conductivity than vegetated surfaces, and store more heat during the day, which is
later released at night. Hence, by decreasing the surface area of urban surfaces, and
increasing the area of vegetated surfaces, storage heat is reduced during the day, leading to
cooling at night. Another effect of vegetation on urban surfaces is direct shading by
vegetation on urban surfaces, which also results in lower storage heat, and consequently,
night-time cooling. Additionally, vegetated surfaces transform more of the net radiation to
latent heat, rather than sensible heat, due to the evapotranspiration processes, and
consequently, reduce urban temperatures. The size of green areas and their spacing play an
important role in obtaining the optimum cooling benefit for the surrounding environment.
Honjo and Takakura (1990) investigated the spatial extent of cooling effects of green areas
based on their size. They reported that cooling effect extended to almost 300 m and 400 m,
when the sizes of green areas were 100 m” and 400 m’ respectively. Shashua-Bar and
Hoffman (2000) used an empirical model to investigate the cooling effect of wooded sites
using a combination of trees and urban green areas. They showed that the partially shaded
areas by the tree canopy was the main driving factor for controlling air temperature within

green areas, while tree characteristics and geometry played a limited role.
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Urban vegetation also plays significant role in improving human thermal comfort within
cities (Coutts et al., 2016; Shashua-Bar et al., 2010). Coutts et al. (2016) investigated the
effects of street trees in reducing air temperature and improving Human Thermal Comfort
(HTC) within individual streets at the micro-scale in the city of Melbourne in southeast
Australia, and showed that urban trees are effective in reducing daytime Universal Thermal
Climate Index (UTCI) during summer, whereby the thermal stress is reduced from very
strong (UTCI>38 °C) to strong (UTCI 32 °C). Furthermore, Jacobs et al. (2018) investigated
the effectiveness of increasing urban vegetation, cool roofs and a combination of both
strategies in reducing UHI effects and human thermal stress in the city of Melbourne using
the Princeton Urban Canopy model (Wang et al., 2013) coupled with the WRF model. In
their study, the percentage of urban grass was increased to evaluate the effectiveness of urban
vegetation in reducing UHI intensity. Jacobs et al. (2018) report that urban vegetation is
effective in mitigating UHI effects during the night due to lower ground/storage heat flux,
with minimal cooling during the day, while cool roofs are more effective during the day but
the combination of urban vegetation and cool roofs provides the maximum cooling benefit.
Green and cool roofs have also been shown to reduce the UHI and improve the HTC
particularly during the day, in the city of Melbourne during heatwaves (Imran et al., 2018a).
Although all these studies provide highly valuable information on the effectiveness of
different UHI mitigation strategies, the effects of implementing different GI components such
as mixed forest, shrublands and grasslands, and their combined effects in reducing UHI
effects and improving HTC for the city of Melbourne during heatwave events need further
investigation. In addition, given the impacts of future urban expansion in Melbourne on the
UHI (Imran et al. 2018c), there is a need to investigate the effectiveness of different GI
components in reducing UHI impacts during heatwaves under future urban expansion
scenarios. By implementing different types of urban vegetation/GI components, this study
further builds on Imran et al. (2018c) by examining the effectiveness of different areas of
vegetated patches within urban grid cells in reducing UHI effects due to urban expansion.
The aim of this study is to evaluate the effectiveness of different types of urban vegetated
patches, such as mixed forest, mixed forest with grasslands and mixed shrublands with
grasslands in mitigating UHI effects and improving HTC at a city scale (meso-scale) during
one of the most severe heatwave events, using the latest future urban expansion scenario for
the city, as per the “Plan Melbourne 2050 urban expansion strategy. Simulations are carried
out by increasing fractions of vegetated patches within urban grid cells to investigate the

maximum possible cooling benefits that can be obtained.
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2. Methodology

2.1. Model Configuration

Numerical weather and climate models are effective and commonly used in urban
meteorology studies. One of the most widely used models is the Weather Research and
Forecasting (WRF) model, which has been used in numerous urban meteorology studies (Li
et al., 2014; Imran et al., 2018a; Jacobs et al., 2017; Jacobs et al., 2018; Li et al., 2015; Liu et
al., 2018; Morris et al., 2017; Sharma et al., 2016). This study uses the Weather Research and
Forecasting (WRFv3.8.1) model with the Advanced Research WRF (ARW) dynamics solver
(Skamarock et al., 2008).

The WRF model was operated using three nested domains (d01, d02 and d03) at 18, 6 and 2
km horizontal resolution respectively, as illustrated in Fig. 1(a). The largest domain (d01)
includes a larger part of southeast Australia and the second domain (d02) covers major part of
Victorian State. The innermost domain covers the Melbourne metropolitan and surrounding
rural areas. The dominant land use categories for each grid cell are derived from the 24-
USGS land use classification. Furthermore, the urban grid cells were modified based on the
Plan Melbourne 2050 urban expansion strategy (more details about plan Melbourne at

http://www.planmelbourne.vic.gov.au/the-plan). Such re-classification of urban land use

represents the future urban expansion for the city of Melbourne. Following Imran et al.
(2018c) who investigated the impacts of future urbanization on the UHI during heatwaves in
Melbourne, all urban expansion was set to high-density urban. This is also consistent with
other studies, which have investigated the impacts of future urban expansion for other
Australian cities (e.g., Argiieso et al., 2014). The dominant land use classification for the
innermost domain are shown in Fig. 1(b). 38 vertical levels were used (model top at 50 hPa),
spaced closer together near the surface, and wider apart in the upper atmosphere. Initial and
boundary conditions were from 6-hourly ERA-interim reanalysis, which has a spatial

resolution of 0.75x%0.75 degrees (Dee et al., 2011).

The WRF model offers a number of physics options for each physical parameterization
including the Land Surface Model (LSM), Planetary Boundary Layer (PBL), cumulus
parameterization, short and longwave radiation (SW and LW) and microphysics (MP), and

the model is known to be sensitive to selection of different physics options (e.g., Evans et al.,
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2012; Imran et al., 2018b; Kala et al., 2015a). This study uses the physics options suggested
by Imran et al. (2018b), who conducted an extensive sensitivity analyses of the different
physical parameterizations of the WRF model in simulating the UHI during heatwaves for the
city of Melbourne, including the heatwave event in this study. By evaluating an ensemble of
WREF simulations against station, gridded and sounding observations, Imran et al. (2018b)
provide an ideal WRF set-up for simulating the UHI during heatwaves. This set-up has been
used and further evaluated by Imran et al. (2018a), who investigated the effectiveness of
green and cool roofs as UHI mitigation strategies during heatwaves in Melbourne. Hence
this study uses the same set-up, which includes: unified Noah LSM (Chen and Dudhia, 2001),
the Thompson MP scheme (Thompson et al., 2008), the Mellor-Yamada-Janjic PBL scheme
(Janjic, 1994), the RRTMG SW and LW schemes (Iacono et al., 2008), the Monin-Obukhov
similarity scheme for the surface-layer and the Grell-Devenyi scheme (Grell and Dévényi,
2002) scheme for cumulus convective parameterization. The cumulus scheme is only used for
the two outermost domains dO1 (18 km) and d02 (6 km) as the innermost domain, d03 (2 km)

is at a sufficiently high resolution to resolve convection.

Additionally, WRF was operated with the unified Noah LSM coupled with the Single Layer
Urban Canopy Model (SLUCM) (Chen and Dudhia, 2001; Chen et al., 2011; Liu et al., 2006)
with the mosaic option. The SLUCM calculates fluxes for the urban surfaces within a grid
cell, and incorporates parameterization of physical processes involved in the exchange of
heat, momentum and water vapor in the urban environment by considering shadowing effects
from buildings, reflection of shortwave and longwave radiation, wind profile in the canopy
layer and a multilayer heat transfer equation for roofs, walls, and road surfaces (Kusaka and
Kimura, 2004; Kusaka et al., 2001). On the other hand, the Noah LSM calculates fluxes for
the vegetated portion of the grid cell. Thus, the coupled Noah-LSM and the SLUCM
complete the urban surface energy balance by calculating fluxes from both the vegetated
portion and built/impervious portion of urban areas. However, an important limitation of
WRF-SLUCM is that the model does not resolve direct interactions between vegetation and
urban surfaces, such as the shading effects of vegetation on buildings facades and roads,
whereas more sophisticated urban canopy models resolve such effects (e.g., Lee and Park
2008; Lemonsu et al., 2012; Krayenhoff et al., 2013; Redon et al., 2017). Since the aim of
this paper is to investigate the effects of relatively large portions of urban grid cells being
completely converted to vegetation, rather than the implementation of vegetation within

individual urban canyons, direct shading of urban surfaces by vegetation is not the key
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mechanism, and hence this limitation is reasonable given the aims. We note that we do not
show any model evaluation in this paper since extensive model evaluation against
observations for the same heatwave event, using the same WRF version and configuration
has already been carried by Imran et al. (2018b), and additional model evaluation is also
provided in Imran et al. (2018a). Both studies showed that WRF was able to simulate the UHI

and heatwave conditions well.

1 Urban and Built-up 10 Savana

2 Dry Cropland and Pastrure 13 Evergreen Broadleaf Forest
7 Grassland 16 Water body (b)
30°S 37°s
35°8S 37°30'S
38°S
40°S
38°30'S
45°S

144°E 144°30'E 145°E 145°30'E 146°E

130°E 140°E 150°E 160°E

Fig. 1. (a) WRF domain configuration, where d02 and d03 represent second and innermost
domains with resolution 6 km and 2 km, respectively, (b) Dominant land use classification in
the innermost domain (d03) incorporating future urban expansion according to Plan

Melbourne 2050.

The Noah LSM in WRF can be operated by using either dominant land-use types or a mosaic
approach. When using dominant land-use types, the whole grid cell represents only one land
use category. On the other hand, when mosaic approach is used, a grid cell can be subdivided
into multiples tiles, to represent different land use categories within a single grid cell. This
method is ideal to investigate the effects of converting relatively large portions of urban grid
cells to vegetation. Moreover, recent studies by Sharma et al. (2017) have showed that use of
the mosaic approach in WRF to represent sub-grid scale variations in land use improved
simulation of the UHI for the city of Chicago in the USA. The mosaic approach allows a user

to introduce different land use types into individual grid cells. To investigate the effectiveness
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of different vegetated patches in mitigating UHI effects, the mosaic approach was used, with
two tiles per grid cell for MF and MSAG and three tiles per grid cell for MFAG (more details
in section 2.2). When the mosaic approach is used, the SLUCM is used only for the urban tile
instead of the whole grid cell, and the Noah LSM is used for the vegetated portion.

2.2. Numerical Experiments

Following our recent work which examined the effectiveness of green and cool roofs in
mitigating UHI effects in Melbourne during a heatwave event (Imran et al., 2018a), we focus
on one of the most severe heatwave events, which occurred from the 27" to 30™ January
2009. All simulations were conducted for four days and the first 24 hours were considered as
spin-up time, following our previous study (Imran et al., 2018a). This heatwave event
occurred after a long of period of drought (Nicholls and Larsen, 2011), and antecedent soil
moisture conditions played an important role (Kala et al., 2015b). To examine the
effectiveness of different types of GI scenarios, a portion of each urban grid cell is replaced
with different types of vegetated patches, namely, MF, MSAG and MFAG by using the
Mosaic option. MF is a combination of different trees such as evergreen broadleaf/needleleaf
trees and deciduous broadleaf/needleleaf trees. The city of Melbourne’s urban forest strategy
is that urban forest will be no more than 5% of any tree species, no more than 10% of any
genus and no more than 20% of any one family (Melbourne (Vic.) Council, 2011). Therefore,
this study uses the mixed type of vegetation, which includes mixed forest, shrublands and
grasslands. To evaluate the potential city-scale effects of the proposed vegetated patches,
comparisons are made between the control run (includes both current urban land use and
future urban expansion) and experiments (includes different vegetated patches implemented
into all urban grid cells). For all simulations, the urban and built areas are modified following
Imran et al. (2018c) based on the Plan Melbourne 2050 urban expansion strategy and
increasing fractions of each vegetated patch (Table 1) are incorporated into all urban grid
cells (includes current urban and 2050 urban expansion). All these simulations were carried
out by increasing the land-use fraction within all urban grid cells by 20%, 30%, 40% and
50%, as summarized in Table 1, and Table 2 summarizes key properties of the different plant
functional types. It should be noted that urban surfaces in the SLUCM are assigned an urban
fraction (Chen et al 2011), e.g., 0.9 for high density urban as used in this study. The rest is
assumed to be grass, and the minimum and maximum LAI for the urban category in Table 2

refers to the 0.1 grass fraction. The shade factors in Table 2 refer to direct shading on the
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ground by the different vegetation types or urban grid cells. It is important to note that these
shade factors do not represent shading of vegetation on urban surfaces and vice-versa as this

is not resolved by the model.

Table 1. Design of numerical experiments for different vegetated patches

Fraction of

IY;% iteasted Fragég;aln(% ) Vegetated Combinations
Patch (%)
Control (Urban) 100 - Urban/Impervious areas
80 20 20% Mixed forest
MF (Mixed 70 30 30% Mixed forest
Forest) 60 40 40% Mixed forest
50 50 50% Mixed forest
. 80 20 20% Mixed shrublands and grasslands
g/flﬁ)?al(ﬁf:;ii 70 30 30% M%Xed shrublands and grasslands
Grasslands) 60 40 40% Mixed shrublands and grasslands
50 50 50% Mixed shrublands and grasslands
MFAG (Mixed 80 20 10% Mixed forest + 10% Grasslands
Forest and 70 30 15% Mixed forest + 15% Grasslands
Grasslands) 60 40 20% Mixed forest + 20% Grasslands
50 50 25% Mixed forest + 25% Grasslands

Table 2. Different properties of urban area and vegetated patches in the WRF model

Urban/Vegetated Shade Factor Minimum  Maximum  Minimum  Maximum
Patches LAI LAI Albedo Albedo
Urban 0.10 1.00 1.00 0.15 0.15
Mixed Forest (MF) 0.80 2.80 5.50 0.17 0.25
Mixed
Shrubland/Grassland 0.70 0.60 2.60 0.22 0.30
(MSAG)
Mixed Forest and
Grassland (MFAG) 0.80 0.52 2.90 0.19 0.23

2.3. Pedestrian Level HTC Calculation

Following Imran et al. (2018a) and Imran et al. (2018c), this study uses the Universal
Thermal Comfort Index (UTCI) index in quantifying the pedestrian level (2 m) HTC, via the
UTCI index. The UTCI index is used to assess how different vegetated patches improve the
HTC in the city of Melbourne. The UTCI index calculates a physiological response based on
meteorological and several human thermal parameters and represents human bioclimatic
conditions and their relevance to human thermal stress. The UTCI index is used in

representing human thermal stress under various climatic conditions (Blazejczyk et al., 2012;
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Vatani et al., 2016), which makes this index widely used. Temperature, relative humidity and
solar radiation simulated by the WRF model were used as meteorological input and a default
clothing factor of 0.90 and activity rate of 80 W for a male of 35 years are used as human
thermal parameters. All these variables were used as input to the bioclimatic model RayMan
Pro 3.1 (Matzarakis et al., 2007, 2010) to calculate the UTCI index. The HTC is classified as
five categories based on the ranges of the UTCI index (Brdde et al., 2012) as shown in Table
3.

Table 3. Universal Thermal Comfort Index (UTCI) range for different grades of human

thermal perception and associated physiological stress (Brode et al 2012)

UTCI (°C) Physiological Stress
+9 to +26 no thermal stress

+26 to +32 moderate heat stress
+32 to +38 strong heat stress

+38 to +46 very strong heat stress
> +46 extreme heat stress

3. Results

3.1. Diurnal Variations of the UHI

Before investigating the effects of different vegetated patches on the UHI, it is useful to first
analyze the diurnal variation of the UHI from the control simulation to first understand its
temporal evolution. Additionally, since the Plan Melbourne policy aims to increase
vegetation cover by 40 % by 2040, we also include results from 40 % increase experiments.
This is illustrated in Fig. 2, showing the hourly variation of the near surface (2 m) (UHI,) and
skin surface UHI (UHIg). The UHI, and UHIg are computed as the difference between urban
and surrounding rural areas. The effectiveness of vegetated patches relative to urban areas in
reducing the UHI, and UHIy is estimated as the difference of the UHI, and UHI,
respectively between the experiment (with different fractions of vegetated patches within
urban grid cells) and control (only urban) (UHIye; — UHIban). The control simulation shows
the UHI, ranges from 1.0 to 5.9 °C and UHI ranges from 2.0 to 11.0 °C. The UHI, and
UHIg reach their peaks at 1900 and 2000 local time, respectively. The intensity of UHI is
higher than the UHI, especially between the evening and early morning. The intensity of

UHlI is lower during the day as compared to the night, since the urban surfaces emit less
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heat during the day due to higher thermal conductivity of construction materials. On the other
hand, urban surfaces re-radiate stored heat and result in higher skin-surface temperatures
during the night. Vegetated patches reduce the UHI, and UHI from evening to morning and
no cooling effect is obtained during the day while the maximum UHI, and UHI occurred at

1900 and 2000 local time, respectively.

(a) UHI,_City scale (b) UHIg,_City scale
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10 4 —40% MSAG
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Fig. 2. Diurnal variations of near surface (UHI,) and skin-surface (UHIy) UHI averaged over
the urban grid cells only across domain d03 over 3 days (28 to 30 January 2009), for the
control simulation, and 40% MF, MSAG and MFAG experiments.

3.2 Reductions of the UHI by Different % of Vegetated Patches

Having examined the diurnal variation of the UHI, and UHI from the control simulation and
40% experiments, we now examine the changes in the UHI, and UHIy with different
percentages of vegetated patches within urban grid cells. This is illustrated in Fig. 3 showing
the city-scale impacts of vegetated patches on the UHI, and UHIy averaged over three
diurnal cycles from 28 to 30 January 2009 by using their fractions 20%, 30%, 40% and 50%
(Table 1). The changes in UHI, and UHIg are calculated as the differences between the

experiments and the control.

Fig 3. shows that MF was effective in reducing the UHIL, and UHIy from the night to
morning (Fig. 3a and 3b). The UHI, shows smaller changes (<0.5 °C) as compared to UHI.
The reductions of UHI, and UHIg increase with increasing fractions of MF. The UHI,
reductions range from 0.6 to 3.4 °C during the night when the fraction of MF increases from
20% to 50% while the reductions of UHIy range from 0.8 to 4.2 °C. Although the UHI
increases slightly during the day (between 1000 and 1700 local time), there is no substantial
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increase in the UHIL,. Both the UHI, and UHIg show maximum reductions at around 2100
local time. MSAG reduces the UHI, from 0.4 to 3.0 °C, and the UHI from 0.8 to 3.7 °C
between the evening and early morning (Fig. 3¢ and 3d). It is noteworthy that MSAG shows
more warming at the skin surface between 1000 and 1700 local time with an increase in the
UHI between 0.3 and 1.0 °C, but there are no substantial changes in UHI,. MFAG shows
slightly higher effectiveness in reducing UHI effects during night as illustrated in Fig. 3e and
3f showing that increasing fractions of MFAG from 20 to 50% can reduce the UHI, by 0.6 to
3.7 °C, and UHIg by 1.0 to 4.4 °C from evening to early morning. The maximum reduction

occurs at 2100 local time, similar to the experiments with MF and MSAG.
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Fig. 3. Hourly changes (experiment minus control) in UHI, (left column) and UHIg (right
column) for (a) and (b) MF, (c¢) and (d) MSAG and (e) and (f) MFAG by using their fractions
20%, 30%, 40% and 50% . The UHI, and UHIg have been averaged over urban grid cells
only over 3 days from 28 to 30 January 2009
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Fig. 4 shows the relationship between reductions in the UHI, and UHIy as a function of
different vegetated fractions when the maximum UHI, and UHI reductions occurs at 2100
local time. There are non-linear relationships between the reductions of both UHI, and UHI
and increasing vegetated fractions. Much larger reductions in the UHI, and UHIg occur when
vegetated fractions increases more than 40%. MFAG show the highest reductions in UHI,
and UHIg while the MSAG show the lowest reductions. The reductions of UHI, and UHI
by MF are slightly lower as compared to MFAG.

(a) AUHI, vs Vegetated Fractions (2100 LT) (b) AUHIg vs Vegetated Fractions (2100 LT)
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Fig. 4 Change in (a) UHI, and (b) UHI« as a function of % vegetated patches when the
reductions reach their maxima (2100 local time). The UHI, and UHIg have been averaged

over 3 days over 28 to 30 January 2009.

3.3. Influence of Different % of Vegetated Patches on the Surface Energy Balance

To better understand the drivers of the changes in Figs. 3 and 4, we next examine the changes
in the surface energy balance, as illustrated in Fig.5 showing the sensible (SH), latent (LH)
and ground/storage (G) heat fluxes for the control and all experiments (Table 1). MF and
MFAG do not show substantial changes in SH except for 50 % MF and MFAG, which show
reductions in SH between 20 and 40 W m™ during midday as compared to the control.
Interestingly, all fractions of MSAG slightly increase SH (by approximately 10 W m™)
during the day particularly at midday. By increasing vegetated fractions from 20 to 50 %, LH
increases by 20 to 120 for MF, 5 to 50 for MSAG and 20 to 130 W m™ for MFAG during the
day. It is noteworthy that the MF and MFAG show a higher increase in LH during the day as
compared to MSAG. It is also noteworthy that there was a larger increase of LH for 20 to 30
%, lower increase of LH for 30 to 40 % and abruptly higher increase of LH for 50%
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vegetated patches. Storage heat increases by 20 to 80 for MF, 20 to 60 for MSAG and 20 to
80 W m™ for MFAG by increasing vegetated fractions from 20 to 50%. All fractions of
vegetated patches show a similar diurnal cycle of storage flux. A positive sign of storage heat
during the night indicates heat fluxes flow from the surface to the atmosphere and vice-versa
for negative storage heat during the day. The daytime reductions in storage heat flux are
higher as compared to the nighttime reductions as less heat is stored during the day to be
released during the night. The maximum reductions of storage heat occur at 1200 local time.
MF and MFAG show higher reductions in storage heat and higher increases in LH as
compared to MSAG. There were no changes in downwelling shortwave radiation and small
reductions (less than 10 W m™) in downwelling longwave radiation between late night and
early morning (not shown). In summary, vegetated patches substantially alter the surface
energy balance by increasing LH and decreasing storage heat with relatively small changes in

downwelling longwave and SH.

Fig. 3 showed that vegetated patches reduce the maximum UHI, and UHI at 2100 local time
and this is related to reductions in storage heat during the day. By replacing part of an urban
grid cell with vegetation, the storage heat flux is reduced, as urban surfaces have higher
thermal conductivity than vegetated surfaces. Additionally, a higher proportion of vegetation
in urban grid cells leads to partitioning of net radiation into LH due to evapotranspiration but
there were no substantial reductions in SH. The reduced the storage heat in urban surfaces
during the day which is released after sunset, leads to a cooling effect by the vegetated
patches from evening to morning. On the contrary, MSAG show a slight warming effect
during midday because of the slight increase in sensible flux at that time. Vegetated patches
have little influence in reducing the UHI, during the day despite the fact that there is an
increase in LH during this time. This is due to the fact that the increase in latent heat flux is
not accompanied by a decrease in sensible heat flux, but rather changes in the ground heat
flux. With little to no change in sensible heat flux, there are little to no changes in

temperature during the day.
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Fig. 5. Surface energy balance for MF (left column), MSAG (middle column) and MFAG
(right column) for all experiments including the control simulation (Table 1), averaged over

urban grid cells only in d03 (Fig. 1) over 3 days from 28 to 30 January 2009.

3.4. Spatial Changes due to Different Vegetated Patches

Having examined changes averaged over urban grid cells, we now examine the spatial
changes across the domain. This is illustrated in Fig. 6 showing the spatial changes
(experiments minus control) in mean T, when maximum reductions in the UHI occur
(averaged from 2100 to 0400 local time from 28 to 30 January 2009) as a function of
increasing fractions of vegetated patches. By increasing vegetated fractions from 20 to 50%,
reductions in T, range from 0.5 to 5.0 °C for MF, 0.5 and 4.5 °C for MSAG, and 0.5 to 5.5
°C for MFAG. It is noteworthy that although the reduction ranges of mean T, are nearly
similar for MF and MSAG, MFAG show higher reductions over larger areas. The highest
reduction in the T, occurs in the center of the city. The non-linearity of the reduction in

temperature with increasing fractions of vegetated patches shown earlier in Fig. 4 is further
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reflected in Fig. 6 showing the much larger reductions with 50 %

scenarios as compared to

lower percentages.
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Fig. 6. Changes in T, (experiment minus control) by using 20 %, 30 %, 40 % and 50 %
vegetated patches averaged from 2100 to 0400 (when maximum UHI, reduction occurs) local

time over 3 days from 28 to 31 January 2009.

Fig. 7 shows the changes in storage heat for increasing proportions of different vegetated
patches averaged over the same period used for Fig. 6. The reductions in storage heat ranges
from 5 to 35 W m™ by increasing the fractions from 20 to 50 % of MF and MSAG while the
decrease in storage heat ranges from 5 to 40 W m™ for MFAG by increasing the same
fractions. MFAG and MF are slightly more effective in reducing the storage heat over larger

areas as compared to MSAG.
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Fig. 7. Changes in storage heat (experiment minus control) for MF (upper), MSAG (middle)
and MFAG (bottom) by using fractions 20%, 30%, 40% and 50%. All the results are
averaged from 2100 to 0400 local time for the 3 days (28 to 30 January 2009) when

maximum UHI, reductions occurred.

The effects of the vegetated patches on the spatial distribution of relative humidity (2 m) and
wind speed (10 m) are shown in Figs. 8 and 9 respectively, averaged over the same period
used for Fig. 6. The 20 % MF, MSAG and MFAG experiments do not substantially increase
the relative humidity as there are no substantial reductions of T, (Fig. 6). Increasing the
fractions of vegetated patches from 30 to 40 %, leads to increases in relative humidity by 2 to

8 % for MF, MSAG and MFAG. The 50 % MF, MSAG and MFAG experiments show
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substantial increases in relative humidity ranging from 4 to 14 % because of larger reductions
in T, (Fig. 6). The increases in relative humidity by MF and MFAG are higher as compared
to MSAG. 50 % vegetated patches lead to the highest increase in relative humidity over the
urban areas as compared to other fractions. The increase in relative humidity is a direct result
of the changes in temperature as where were no changes in mixing ratio. There were no
substantial changes in relative humidity during the day (from 1100 to 1400 local time, not

shown), when vegetated patches caused a slight warming effect.
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Fig. 8. Changes in relative humidity (experiment minus control) for MF (upper), MSAG
(middle) and MFAG (bottom) by using fractions 20%, 30%, 40% and 50%. All the results are
averaged from 2100 to 0400 local time for the 3 days (28 to 30 January 2009) when

maximum UHI, reductions occur.
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Fig. 9 shows the changes in wind speed (experiments minus control) due to implementation
of different fractions of vegetated patches in the urban areas. The wind direction from the
experiments is overlaid on the changes in wind speed, as there were no substantial changes in
wind direction due to the implementation of vegetated patches. Wind speed ranges between 5
and 7 m s over urban areas for control experiment (not shown). The reductions in wind
speed range from 0.25 to 1.25 m s by increasing fractions of vegetated patches from 20 to

50 %.
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Fig. 9. Wind direction (only for experiments) and changes in wind speed (experiments minus
control) for MF (upper), MSAG (middle) and MFAG (bottom) by using their fractions 20%,
30%, 40% and 50%. All results are averaged from 2100 to 0400 local time for the 3 days (28

to 30 January 2009) when maximum UHI, reductions occur.
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Furthermore, changes in the boundary layer structure, e.g., vertical profiles of air
temperatures, wind speed, relative humidity, vertical wind component and turbulent kinetic
energy were examined, but these did not show substantial changes and are therefore not
shown. Vegetated patches did not substantially influence vertical mixing within the boundary

layer during the heatwave event.

3.5 Changes in Human Thermal Comfort (HTC)

Fig. 10 shows the HTC via the UTCI index for the control simulation (Fig. 10 (a)) and the
changes in HTC for 40 % (Fig. 10(b)) and 50 % (Fig. 10(c)) vegetated patches as these
vegetated fractions showed the largest changes in UHI, and UHIg. A lower UTCI index
indicates higher HTC and vice-versa. The results illustrate that increasing vegetated patches
in urban areas improves the HTC from evening to night in the urban areas. MF and MFAG
increase HTC by reducing the UTCI index from 3.2 to 4.8°C during the night by using 40 to
50% vegetated patches, while MSAG reduces UTCI index from 1.7 to 2.5°C. The maximum
improvement in HTC occurs during the evening (2100 local time), when the maximum UHI,
and UHIg reductions occur. No substantial improvement of HTC is obtained during the day
(between 1000 to 1700 local time) especially when very strong human discomfort occurs.
Therefore, vegetated patches are not able to improve HTC when stronger heat stress occurs.
In addition, MSAG slightly deteriorate the HTC by increasing the UTCI index by 0.50 °C
due to slightly higher sensible heat flux during the day (Fig. 10b, 10c). MF and MFAG show
similar effectiveness in improving HTC (reducing UTCI) while MSAG show lower
effectiveness as compared to MF and MFAG.
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Fig. 10. (a) Hourly time series of the UTCI index at pedestrian level for the control
simulation. (b) Changes in UTCI (experiment minus control) at pedestrian level for 40 % and
(c) 50 % vegetated patches. All results are averaged over only urban grid cells across domain

d03 for the 3 days over 28 to 30 January 2009

4. Discussion

This study examined the potential of different vegetated patches in urban areas in reducing
UHI effects due to future urban expansion in the city of Melbourne during an extreme
heatwave event. Although MF, MFAG and MSAG substantially increased latent heat flux
and decreased storage heat during the day (Fig. 5), no substantial reductions of the UHI, and
UHI occurred during the day, as there was little to no change in sensible heat flux (Fig. 3).
Rather there was a slight warming effect in the skin surface temperature between 1000 and
1700 local time which is likely due to the rapid release of terrestrial radiation and trapping of

solar heat from MSAG, MFAG and MF as compared to a slower release from the urban
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surfaces as reported by Papangelis et al. (2012), who found similar warming effects over
open vegetated urban green surfaces due to faster release of terrestrial radiation. Additionally,
the heatwave event considered in this study resulted in very hot and dry conditions, and
therefore, vegetated surfaces would like have become warmer as compared to usual summer
days during the day. The key driver in substantial reduction of the UHI, and UHI« between
evening and early morning was the storage heat flux, and this result is consistent with Jacobs
et al. (2018). The higher the reductions of storage heat (Fig. 7), the higher the reductions of
the UHI, and UHI (Fig. 6). The main driver of the reduction in storage heat was the lower

urban fraction with increasing fractions of vegetated patch implementation (Table 1).

A number of studies report daytime cooling of the near surface air temperature by increasing
urban vegetation (e.g., Lee and Park 2008; Loughner et al., 2012; Coutts et al., 2016) due to
shading and evapotranspiration, but this study found no such cooling during the day. The
urban canopy models and experiments used for those studies considered shading effects of
urban vegetation over buildings, roads and walls, which was the main driving mechanism in
reducing day time temperatures in urban areas. In this study, vegetation is implemented as
patches using the mosaic approach, i.e., entire portions of urban grid cells are converted to
vegetated surfaces, rather than the implementation of vegetation which urban canyons
whereby the shading effect of individual trees on buildings would be a key factor. The
nighttime cooling was driven by a reduction in storage heat by the urban surfaces during the
day as the higher fractions of urban areas were replaced by vegetated surfaces (e.g., MF,
MFAG and MSAG). MF and MFAG showed higher cooling effect as compared to MSAG
since MF and MFAG had a lower storage heat. This lower storage heat is likely due to the to
higher shade factor and LAI as compared to MSAG, which would have led to even less
radiation reaching the ground surface during the day, leading to lower storage heat. Similar
findings have been reported by other studies (Kumar and Kaushik, 2005; Lin and Lin, 2010).
Several studies have shown that leaf color (e.g., light green leaves) and LAI of plants are the
most important factors in driving the cooling effect (Kumar and Kaushik, 2005; Lin and Lin,
2010; Rey, 1999; Tanaka and Hashimoto, 2006), with light-green leaves being more effective
in reflecting solar radiation as compared to darker-green leaves and higher LAI of plants
provides more cooling benefits via evapotranspiration. This study suggests that higher LAI
and shade factor (on the ground) for MF and MFAG as compared to MSAG (Table 2) leads
to higher reductions of the UHI, and UHI. Although, the cooling effect of MF, MFAG and
MSAG depend on other factors (e.g., leaf thickness, texture of trees), which are beyond the
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scope of this study. There was a slight warming effect at skin-surface level due to increasing
vegetated patches particularly for MSAG at 1200 local time because of a slight increase in
sensible heat. MSAG resulted in higher SH flux due their lower LAI and shade factor (Table
2) as compared to MF and MFAG. Lower LAI would have allowed more solar radiation to
reach the surface, and given the very dry soil conditions during the heatwave, more solar
radiation reaching the surface would have enhanced SH, and consequently led to a slight
warming effect on skin surface temperature. Furthermore, increased vegetation patches
showed minimal cooling effect for near surface temperature during the hottest part of the day

similar to Jacobs et al. (2018).

Although previous studies showed that the cooling effect of parks extended to surrounding
built-up areas (Papangelis et al., 2012; Yu and Hien, 2006) due to cooler air advection over
the parks and downwind into the urban areas (Papangelis et al., 2012), this study did not
show noticeable cooling effects beyond urban areas when different types of vegetated patches
were used (Fig. 6). The reason was likely due to very dry air flowing from heated interior
during the heatwave event, which limited cooling effects to surrounding areas. The
relationship between the UHI reductions and increased fractions of vegetated patches was
non-linear, with 50 % vegetated patches resulting in much larger cooling benefits than lower
fractions. This was most likely due to the reductions of wind speeds (Fig. 9) for 50 % as
compared to other vegetated fractions. The higher vegetated fractions led to weaker winds
particularly in the center of the city. These weaker winds would have promoted stagnation
rather than advection of the cooler air, leading to more cooling in the city center (Fig. 6),
where the reductions of wind speeds were higher (Fig. 9). Furthermore, MF and MFAG
showed higher effectiveness in reducing UHI effects as compared to MSAG (Fig. 6) because
of lower storage heat (Fig. 7), which is likely due to the higher shade factor and LAI (Table
2).

Earlier studies have shown that MFAG can result in reductions of air temperature by 5 °C in
the city of Washington and Baltimore, USA (Loughner et al., 2012), and 2.5 °C due to MF in
Athens, Greece (Papangelis et al., 2012) during the night, due to lower storage heat in the
areas of MFAG and trees during the day and unobstructed and rapid release of this stored
heat during the night. Loughner et al. (2012) showed that MFAG reduced neighborhood air
temperature by 1 °C during the day because of advection of cooler air due to sea-breeze while

Papangelis et al. (2012) reported the reduction of maximum day time temperature by 4.1 °C
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for MF due to the combined effects of tree shading and evapotranspiration, and sea-breeze.
Although this study showed cooling benefits from different vegetated patches during the
night, there were no cooling effects during the day as no substantial reductions in SH

occurred during this time.

Several studies have shown that changes in wind speed and direction were another driver in
influencing the variability of air temperature as these variables play important role in
influencing vertical mixing (Lin and Lin, 2010; Loughner et al., 2012; Park et al., 2012). This
study did not show substantial reductions in wind speed for 20 and 30 % vegetated patches
(Fig. 9). However, the moderate reductions of wind speed (ranging from 0.50 to 1.25 m s™),
particularly in the center of the city for 40 and 50 % vegetated patches, could have had an
influence on cooling in the center of the city. Vegetated patches were not effective in
improving HTC during the day and the reason was most likely due to increased relative
humidity during the same time (Fig. 10). However, HTC substantially improved during the
night due to vegetated patches because of the reductions of storage heat (Figs. 5 and 7).

5. Conclusions

The study investigated the effectiveness of MF, MSAG and MFAG as vegetated patches in
reducing UHI effects in the city of Melbourne in southeast Australia using the mesoscale
WRF model coupled with the SLUCM during a severe heatwave event. A future urbanization
scenario was implemented based on the Plan Melbourne 2050 urban expansion strategy.
Experiments were carried out by increasing the percentage of vegetated patches from 20 to
50% within all urban grid cells by using the mosaic approach in WRF. All vegetated patches
led to reductions in the UHI, and UHIg and thereby improved HTC from evening to early
morning. The reductions of UHI, and UHIy were higher when the fractions of vegetated
patches were increased, but substantially higher when 50% was used, and the cooling effects
were more intense in the center of the city. The application of different vegetated patches
substantially altered the surface energy balance by substantially reducing storage heat and
increasing latent heat flux, with the storage heat flux being the key driver in reducing UHI

effects.

MF and MFAG were more effective in reducing UHI effects as compared to MSAG. On the

other hand, MSAG resulted in slight warming during midday because of increased sensible
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heat flux due to lower LAI and shade factor. The effectiveness of different vegetated patches
in reducing UHI effects was not substantial during the day as there were no changes in
sensible heat flux. In addition, considerable reductions in wind speed were obtained for only
40 and 50 % vegetated patches especially in the center of the city, and therefore, the cooling
effects due to implementing vegetated patches stagnate in the center of the city. In addition,
vegetated patches also improved HTC particularly during the night when substantial
reductions of UHI occurred. Based on overall results, the findings of this study suggests that
the urban greening strategy, released by the city of Melbourne to increase urban vegetation
cover from 22 to 40 % by 2040, could help to achieve a more thermally comfortable,

sustainable and livable urban environment.

Finally, this study has some limitations that need to be discussed. Direct interactions between
vegetation and urban surfaces are not accounted for in our model. In reality, shading effects
of vegetation at the edges of vegetated patches on urban surfaces would likely result in even
lower storage heat flux. Hence the cooling effects reported in this study are likely to be
under-estimated. The study quantified the effectiveness of different vegetated patches in
mitigating UHI effects including future urban scenarios but without considering future
warming which would be expected by 2050. Reductions in the UHI via vegetated patches
could be lower if there is substantial future warming. This study also assumed that vegetated
patches are implemented within all urban grid cells rather than only within the future
projected urban expansion area. It is unlikely that up to 40 to 50% vegetated patches can be
practically implemented across the entire city. Hence, this study only provides estimates of
the maximum possible benefits, rather than practical benefits considering the challenges of
implementing vegetated patches at such large scales. It should also be noted that this study
does not include anthropogenic heat emissions during the simulations, such as heat from air

conditioning units.
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Chapter 8

General Discussion and Conclusions

8.1 General Discussion
The aims of this thesis were as follows:
1. Evaluation of the performance of the WRF model to simulate heatwave events
over the city of Melbourne
2. Evaluation of the effectiveness of green and cool roofs in mitigating UHI effects
during heatwave event in the city of Melbourne
3. Evaluation of the impacts of future urbanization on UHI effects during heatwave
events in the city of Melbourne
4. Evaluation of the effectiveness of MF, MFAG and MSAG in mitigating UHI

effects during heatwave event in the city of Melbourne

Chapter 4 presented the sensitivity study that was carried out to obtain the best WRF
model physical parameterization options for simulating the UHI during heatwaves in
Melbourne. A series of simulations were conducted using a total 27 WRF configurations
including three PBL schemes (MYJ, ACM2, and QNSE), three MP schemes (WDMS,
WSM6 and Thompson), and three SW (Dudhia, RRTMG, Goddard) and LW (RRTM,
RRTMG, Goddard) radiation schemes. Additionally, simulations were conducted to
examine the role of the SLUCM and two LSMs (Noah-MP and CLLM4) in simulating the

UHI and heatwave events. All simulations showed that the WRF model was able to
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accurately simulate various atmospheric variables including temperature, wind speed and
relative humidity over the Melbourne region. Different evaluation metrics showed that no
particular WRF model configuration showed the best performance in simulating all
different atmospheric variables for all heatwave events for all evaluation metrics. Similar
findings have been obtained by previous studies Stegehuis et al. (2015) and Evans et
al. (2012) who reported that no single configuration of the multi-physics ensemble
showed the best performance in simulating all atmospheric variables for all cases. Based
on statistical measures, it was therefore difficult to identify a consistently best performing
WRF ensemble member as different metrics showed preferences for some particular
physics options across all four events. Hence, the best selection was made based on the
aggregated performance. The results from the sensitivity study confirmed that, the
configuration consisting of the MYJ PBL scheme, RRTMG SW and LW radiation
schemes and Thompson MP scheme showed the best performance as compared to other
WRF configurations, and this configuration was therefore adopted for the rest of the
thesis. The combination included the QNSE PBL scheme, Dudhia shortwave RRTM
longwave radiation schemes, and WSM6 MP scheme should not be used for Melbourne
region. The choice of PBL and LSM schemes had the largest influence on the UHI and
heatwave simulations. The results of sensitivity analyses of the WRF model provided an
improved understanding of how different physics options responded including different
driving mechanisms in simulating different atmospheric variables during heatwaves, and

this will be useful to the wider research community.

In chapter 5, the potential of cool roofs and green roofs in reducing UHI effects during
one of the most severe heatwave events in southeast Australia was examined. The green
and cool roofs practices were very effective in minimizing UHI effects in the city of
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Melbourne during the heatwave event. Cool roofs reflected the incoming solar radiation,
and consequently, decreased the sensible heat flux and reduced UHI effects. Green roofs
provided heat transfer benefits via evapotranspiration. The green roofs and cool roofs
modified the surface energy balance by reducing sensible heat flux, consequently, and
reduced the UHI effects and the influence extended up to 2.5 km within the boundary
layer. The decrease in sensible flux due to the green and cool roofs reduced vertical
mixing and the PBL height, and consequently, reduced the air temperature. However, the
changes in wind speed and relative humidity were not substantial in the lower boundary
layer during the day. It was shown that the green roof approach had a limitation
particularly in the early morning because of slightly increased UHI effects. The reduction
in UHI varied linearly with the increasing green roof fractions, but slightly non-linear
with the increasing albedo fractions of cool roofs. Both green and cool roofs showed
higher UHI reductions in high-density urban area (centre of the city) as compared low-
density urban area (suburb). Increased soil moisture did not have a substantial impact in
reducing UHI effects, but soil moisture deficit on green roofs intensified the UHI during
both the day and night. In addition, green and cool roofs largely improved HTC at the
roof surface level but this effect was much lower at near surface (2 m). However, green
and cool roofs showed potential in reducing thermal stress during the day when the worst
thermal stress occurred. Cool roofs showed more effectiveness in reducing UHI and
improving HTC as compared to green roofs. Although other studies showed that
advection of moisture from rural to urban areas influenced the urban boundary layer (Li
et al., 2014; Sharma et al., 2016), this was not the case for this study. Instead this thesis
showed that connective rolls played important role in influencing the urban boundary

layer because of heated urban surface during severe the heatwave.
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In chapter 6, the potential impacts of future urban expansion on the UHI during
heatwaves were examined. The future urban expansion strategy was examined based on
the Plan Melbourne 2050 urban expansion strategy. Urban expansion altered the surface
energy balance by substantially increasing storage heat and decreasing latent heat flux
because of impervious urban surfaces. Higher thermal conductivity of urban surfaces and
lack of vegetation and soil moisture in urban areas played leading role in increasing
storage heat and reducing latent heat. The increased storage heat was key driver in
increasing UHI, and UHIg effects during the night. Urban expansion substantially
increased the daily minimum temperature as compared to mean and maximum daily
temperatures. Urban expansion substantially increased the minimum temperature due to
mainly increased storage heat. In addition, the reduction of wind speed was another
important driver in intensifying UHI, and UHI effects beyond the expanded urban areas.
Furthermore, urban expansion did not substantially affect the HTC over existing and

expanded urban areas.

Chapter 7 evaluated the potential of vegetated patches such as MF, MFAG and MSAG as
GI practices in mitigating UHI effects during one of the most severe heatwave events.
The future urban expansion based on Plan Melbourne 2050 (chapter 6) was included with
the existing urban extent. Then different vegetated patches as GI practices were
implemented into urban areas and their effectiveness in reducing urban temperatures were
quantified. The higher percentages of vegetated patches/GI practices in urban areas
increased the cooling effect, and consequently, reduced UHI effects between evening and
early morning. The intensity of UHI decreased when the GI fractions increased and there
was a non-liner relationship between reductions of UHI and increasing fractions of GI.
The maximum cooling effect was obtained in the center of the city. Implementation of GI
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practices in urban areas substantially altered the surface energy balance by decreasing the
storage heat and increasing latent heat during the day. The lower storage heat in urban
areas during the day was the main driver in reducing UHI effects during the night. The
storage heat was reduced during the day as the higher fractions of urban areas were
replaced by vegetated surfaces. MF and MFAG showed higher cooling effect as
compared to MSAG since MF and MFAG stored a lower storage heat during the day. The
higher shade factor and LAI of vegetated patches/GI practices as compared urban
surfaces would have led to even less radiation reaching the ground surface during the day
and leading to lower storage heat. There were no substantial reductions of the UHI during
the day as there was no substantial reductions in SH flux. However, the cooling benefits
were localized and varied both temporally and spatially. MFAG was more effective in
reducing UHI effects followed by MF and MSAG. The MSAG showed a warming effect
during the day due to SH flux because of lower LAI and shade factor as compared to MF
and MFAG. Lower LAI would have allowed more solar radiation to reach the surface,
and given the very dry soil conditions during the heatwave, more solar radiation reaching
the surface would have enhanced SH, and consequently led to a slight warming effect.
Therefore, the use of MFAG and MF were more effective in mitigating UHI effects. In
addition, GI scenarios did not substantially change the wind direction but resulted in
small reductions in wind speed, which intensified the cooling effects in the center of the

city by the stagnation of cooler air as a result of GI implementation.
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8.2 Conclusions

The WRF model is an effective modelling tool to investigate the effectiveness of
different UHI mitigation strategies and impacts of urban expansion on the UHI during
heatwaves. The city of Melbourne is already experiencing substantial UHI effects and
these effects will increase in future due to urban expansion. Green and cool roofs showed
potential in mitigating UHI effects and improving HTC particularly during the day while
implementation of vegetated patches was effective during the night. Therefore, the
combination of green/cool roofs with different vegetated patches would be optimal and
effective mitigation strategies in mitigating UHI effects and improving HTC during both
the day and night. Additionally, these combined mitigation strategies can provide some
other benefits such as maintain diverse ecosystem, reducing air pollution, spaces for

recreation activities.

8.3 Recommendations for Future Research
Finally, a number of important research questions and gaps for further study have arisen

from this thesis. The following research gaps are recommended for future study:

1. The WRF model is sensitive to different physical parameterizations and this thesis
used the default urban parameterization in the SLUCM model. Therefore, the
sensitivity of the model to different urban parameterizations is recommended for
future studies, to investigate if results are consistent when different
parameterizations are used. There are other two UCM options available in the
WRF model such as BEM and BEP. The sensitivity of the WRF model to BEM

and BEP should also be investigated in future studies.
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2. This thesis examined the impacts of future urban expansion on the UHI and
effectiveness of UHI mitigation strategies during heatwaves without considering
the effects of future climate change. Therefore, further studies should be carried
out including the effect of future climate change.

3. The effectiveness of green and cool roofs examined based on current urban
scenarios. Further investigation can be conducted for future urban expansion
scenarios considering the effects of future climate change. There is also scope to
investigate the potential of cool roads and walls (whitening surface/increasing
albedo) in reducing UHI effects.

4. Although GI offers a number of vegetation types, the thesis only evaluates the
effectiveness of green roofs, MF, MFAG and MSAG. Further GI practices such as
green walls can be assessed using other modelling tools or introducing new
parameterization scheme in the WRF model.

5. This study examined the role of green and cool roofs, and MF, MFAG and MSAG
separately. Future studies should examine the combined implementation of these
strategies to investigate the maximum possible benefits during both the day and

night, and any possible interactions between the different strategies.
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