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Urban Heat Island (UHI) is a phenomenon that can cause hotspots in city areas due to dense, impervious
infrastructure and minimal vegetation cover. UHI hotspots may become worse in extreme heat events
that are already affecting many regions across the globe due to increased frequent hot extremes, human-
induced warming in cities, and rapidly growing urbanization, as documented by the latest IPCC report
2021. In seeking to support designers, planners, and decision-makers in developing and implementing
adaptation strategies and measures to make our cities sustainable and resilient, reliable projections and
modelling are required. In this study, we modelled UHI vulnerability using high-resolution spatial data,
advanced geospatial tools, and socio-demographic data. This modified vulnerability approach drew upon
UHI index maps and 20 select customized indicators of heat exposure, population sensitivity, and
mobility /adaptive capacity. The indicators were Delphi evaluated and weighted, and the methodology
was applied against the City of Greater Geelong municipality in Australia. The resulting UHI index maps
indicated significant hotspots in areas of high building density, commercial/industrial zones, newly
constructed sites, and zones with low urban green infrastructure. These UHI maps, in combination with
selected indicators, highlighted the areal concentration of heat risk areas and vulnerable locations for the
sensitive human population. The highlighted areas were primarily concentrated in high building density
and high population density areas, which was seen through correlation curves. However, the building
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density showed a weak correlation, and population per meshblock indicated a strong correlation with UHI
measurements. This study provides a comprehensive analysis of risk mapping and vulnerability assess-
ment using GIS geospatial data for the advancement of a major local government area and concludes that
this methodology has replicability incomparable geographical regions.

Keywords. UHI; heatwave; risk and vulnerability maps; Greater Geelong; GIS.

1. Introduction

As evidenced in Intergovernmental Panel on
Climate Change (IPCC) reports published in 2018,
human-induced climate change has been reported
to be affecting climate and weather extremes
around the globe with increased frequency of
extreme events, including heatwaves, heavy rain-
falls, droughts, and tropical cyclones (Masson-
Delmotte et al. 2018). IPCC 2021 reports that
human-induced climate change is already affecting
many regions across the globe with increased
heatwave events, floods, and droughts (IPCC
2021). The report further details global surface
temperatures to be 1.09°C higher between 2011
and 2020, higher than the temperature rise repor-
ted between 1850 and 1900. IPCC 2021 reported
that human-induced climate change has already
been affecting many regions across the globe with
increased heatwave events, floods, and droughts.
Human-induced warmings have been intensified
locally in cities, and further frequent hot extremes
with growing urbanization are leading to the
severity of heat waves (IPCC 2021). Increases in
the intensity of heat waves will be concentrated
more in cities than rural or peri-urban areas since
urban areas already experience increased temper-
atures due to the urban heat island (UHI) effect
(Sidiqui et al. 2016; Rizvi et al. 2019).

The ‘Urban Heat Island’ (UHI) effect is the
phenomenon where cities show a higher tempera-
ture than their surrounding non-built areas. Based
on UHI theory, cities tend to have higher surface
and air temperatures than adjacent rural zones.
The UHI is caused due to landscape modifications,
high densities of impervious or impermeable sur-
faces, and less percentage cover of green vegetated
areas in urban zones 5. The UHIs are deleterious
modifications in the environment that result in
increased temperatures in urban zones compared to
rural or non-built areas. Most cities are surrounded
by green vegetated zones or peri-urban agriculture
land that contrasts and concentrates UHIs in cities
due to their absence of vegetation cover or little

greenness compared in urban zones to surroundings
(Keeratikasikorn and Bonafoni 2018). The factors
that affect the temporal and spatial variability of
UHI are many; however, the vegetation cover type
and impervious surface play the most crucial role.
The vegetation plays a role in driving the inter and
intra-annual patterns in UHI. The vegetation also
derives the daytime UHI by providing cooler sur-
faces via evapotranspiration. On the other hand,
the impervious surfaces drive night-time UHI
trends due to the high thermal inertia character-
istics of given materials. Therefore, the gradient in
vegetation cover from rural to urban zones causes
spatial variability in temperature and gives rise to
the UHI effect. It also gives rise to temporal vari-
ability in UHI intensity over the year. However,
these seasonal, temporal, and diurnal characteris-
tics of UHI are out of scope for a given study. The
effects of UHI on cities across the globe cannot be
overemphasized, particularly in exacerbating neg-
ative impacts on urban residents’ health, ecological
environment, economy, energy, social well-being,
and others. In urban ecology, UHI has been
observed to be negative influential, resulting in
higher air and water pollution levels as reported in
cities including Athens (Keramitsoglou et al. 2011),
Paris (Menut 2000), Berlin (Li et al. 2018), Tai-
chung City (Lai and Cheng 2009), and Port Louis
(Zaheer and Elahee 2014). On human health, this
urban phenomenon has been reported as causing
respiratory difficulties, heat cramps, physical dis-
comforts, and other health issues resulting in
increased morbidity rates (Vaidyanathan et al.
2020). In extreme cases, UHI has been reported as
heightening mental illness and in worse-case sce-
narios, deaths (Tomlinson et al. 2011; Heaviside
et al. 2017). On this, in United States, there is
evidence of over 10,527 deaths between 2004 and
2018 arising from heat-related complications
(Vaidyanathan et al. 2020). In Pakistan and India,
3500 deaths are documented as being associated
with a heatwave in 2015 (Saeed et al. 2021). This
global health burden has, in most cases, resulted in
a direct ‘assault’ upon host economies with
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increased hospitalization and medication costs. For
instance, a study estimated that in New York,
every year, an amount of more than US$ 644,069 is
spent to cater for hospitalization of such cases (Lin
et al. 2012). UHI is also credited with increasing
urban energy demand, especially in air-conditioning
technologies (Raalte et al. 2012; Hélia and Graham
2015). Noting that a majority of energy sources are
from non-renewable energy sources, this has a direct
effect on increasing carbon emissions. Arising from
excessive heat instances, an increasing urban budget
is expended upon the renewable energy sector. For
instance, in Melbourne, it is reported that approxi-
mately AU$ 1.8 billion is spent on heat mediation
activities, with over AU$ 300 million attributed
directly to UHI18. In European cities, Costa and
Floaster (Hélia and Graham 2015) report that when
there are unit increases in temperatures, especially
during summer, there is a proportionate increase of
approximately 1.66% in energy consumption which
translates to between AU$ 382.67 million (€314) to
AU$ 28,035.20 (€23,004) million in a year used for
the different preventative and containment mea-
sures. The cumulative impacts of UHI on different
sectors are particularly sharp in the economic sector
(Walter 2016). Cities reporting high incidences of
UHI are equally witnessing high economic costs and
diversion of economic resources from development
agendas to preventive and mitigation programs
against this menace. The costs of investing in
infrastructures that can withstand and alleviate
some of the challenges caused by UHI are also high,
and their ramifications are experienced in the
entirety of a city, warranting the need to undertake
this study.

Geospatial tools in mapping UHI offer advanced
remote sensing/airborne data and spatial analytics
to process huge datasets efficiently. Remote sensing
has capabilities to capture wider areas and has to
offer a huge archive of data that allows users to go
back in time and collect the data as required. The
air temperature data available from observatories
are mostly limited to the number of stations
available. The analysis gets limited not only in
time but also in terms of spatial pattern analysis.
On the other hand, remote sensing and geospatial
tools allow the user to investigate larger spatial
areas with great temporal coverage.

For Australian cities, it is noted that they are
prone to persistent risks due to variations in climate
change and projected rise in incidents of extreme
weather events. In Australia, surface temperatures
have increased by 1°C since 1910 (Grose 2015;
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BOM 2017). The 1l-year mean temperature for
2008-2018 was a record high, approximately 0.77°C
above the average (BOM 2018). Warming remained
modest in Australia during the early 20th century,
with a slight drop from 1935 to 1950, and then it
rapidly increased (CSIRO 2011). Almost all of the
Australian continent has warmed over the last 50
years since 1960 (CSIRO 2011). Most Australian
regions have experienced a temperature rise of up to
2°C over the last 50 years, while others have expe-
rienced little or no change (CSIRO 2011). The
number of days with record hot temperatures has
increased each decade over the past 50 years
(CSIRO 2011). It is further reported that the
strongest trends in the frequency of hot days and
warm nights have occurred in the tropical northeast
of Australia since the mid-20th century, while the
most substantial declines in the frequency of cold
days have occurred across its southern flanks
(Sidiqui et al. 2016). Thus, with existing UHIs in
urban areas, increased frequencies of extreme tem-
perature events may elevate the risk factors for the
resident human population and result in loss of
human lives due to extreme heat incidents or heat-
related illnesses along with existing hotspots in
urban zones. In 2009, 173 people died in the Black
Saturday bushfires in the state of Victoria; how-
ever, more than twice as many victims lost their
lives in the heatwave that preceded these fires
(Black Saturday death toll lowered — ABC News
(no date)). In Victoria, heatwave events in 2008,
2009, and 2014 caused 101, 374, and 167 deaths,
respectively, according to reports published Victo-
rian Auditor-General (Heatwave Management:
Reducing the Risk to Public Health | Victorian
Auditor-General’s Office (no date)). They con-
cluded that the greatest number of deaths occurred
in people 75 years of age or older (DHS 2009). The
human mortality associated with heatwaves can be
considerable, but there are important unresolved
questions about the extent to which deaths are
brought forward in time and the extent to which
many of these deaths are preventable (Kovats and
Kristie 2006). The January 2009 heatwave in Vic-
toria was of unprecedented intensity and duration,
with maximum temperatures 12-15°C above nor-
mal average across much of the Victorian state,
including its capital Melbourne (DHS 2009). During
the Summer week of 26 January to 1 February 2009,
medical locum services attended to 96 patients
diagnosed with direct heat-related effects, including
heatstroke, heat stress, heat exhaustion, heat syn-
cope, heat rash, and dehydration. According to the
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Australian Bureau of Meteorology (BOM), the
summer of 2016-2017 in Australia broke more than
205 climate records and included several extreme
temperatures in January and February (ABC
2009). In January and February 2017, southeastern
Australia was hit by a series of distinct heatwaves,
with the deadliest one being recorded in the period
9-12 February 2017 (ABC 2009). This event, in
addition to other such past events, demonstrates
the heightened urgency to undertake city-level
heat-related climate change mapping, conducting
detailed analysis, and scenario model the risks of
extreme heat events upon our vulnerable human
populations, especially those living in cities.

2. Background

There are various methods and approaches that
can be adapted to analyze and map UHI. Tradi-
tionally, the most potent approach is the reliance
on data and information drawn from satellites, as
practised by NASA (Zhou 2018). The data can also
be obtained from sources including the National
Centers for Environmental Information (NOAA),
the National Weather Service Stations, and
National Centres for Environmental Prediction,
and NASA’s Moderate Resolution Imaging Spec-
troradiometer (MODIS), among others (Galloa
et al. 1993; Schatz and Kucharik 2015; Mathew
et al. 2019). However, with time, other method-
ologies, including remote sensing, use of GIS-based
spatial analysis, and relying on unmanned aerial
systems (UAS) (like the use of unmanned aerial
vehicles (UAVs)), have emerged, opening the scope
and capabilities of mapping and analyzing. In most
cases, a combination of both the traditional and
modern approaches is adopted by researchers to
map, analyze and evaluate the effects of UHI.
Stelian applied this approach in their analysis of
the effects of UHI in the city of Sofia, Bulgaria
(Dimitrov et al. 2020). Wang notes that the use of
remote sensing, among other modern methodolo-
gies, can help in solving some obvious flaws that
are synonymous with conventional UHI monitoring
methods (Wang et al. 2019). The key advantage of
adopting modern technologies is that they can be
seamlessly combined and used together, thereby
helping to include diverse variables and indicators
such as land covers, temperatures, and others.
Data from networks of meteorological observa-
tion stations have also been a potential source of
data for mapping UHI, especially in the United
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Kingdom (Chowienczyk et al. 2020). While all
these methodologies are important, they need to
capture different variables and indicators to ensure
that they not only help in identifying UHI but also
in identifying vulnerability and risks. The need for
a wide scope of variables is important as it can help
in the generation of a UHI map, which has not
always been the case with most studies conducted.
In most cases, temperature maps and grid maps are
most common, but in the case where multiple
methodologies are combined, more variables can be
introduced, including UHI mapping and analysis,
rendering more accurate information leading to
informed policy decisions.

In our literature appraisal, mapped in table 1, only
a few studies were identified that propose various
methods and indicators for mapping and analyzing
urban heat vulnerability risks. Such research is
highlighted in the literature that was based upon
past and recent developments in mapping and
monitoring heat risk to vulnerable populations in
city areas. Table 1 thus coalesces a group of current
and relevant studies that have been conducted
around the world in various cities to examine and
review their methodologies, analyses, and parame-
ters/indicators applied in their attempts to identify
UHI vulnerability and risk at various scales.

Despite their different approaches, shortcomings
in all of these studies were the nature of risk factors
applied to measure and evaluate heat exposure,
sensitivity, and adaptive capacity. These multiple
studies used various risk factors, predominately
utilizing simple temperature maps to identify heat
exposure in urban zones. However, UHI is one
phenomenon that may cause hot spots in urban
areas, causing particular and discrete locations to
be at relatively higher risk than other zones within
the same urban polygon. Therefore, a broad-brush
approach was infeasible and lacked the quality
resolution to inform conclusions.

Moreover, none of the above studies utilized UHI
index maps to identify heat exposures within a city
block. Instead, most studies used temperature maps
only to characterize locations prone to extreme heat.
UHI is an index that is calculated by subtracting
urban temperature from non-urban temperatures.
With advancements in spatial science and tools, it
has become increasingly possible to map UHI foot-
prints at local and neighbourhood scales, or census
districts (CD) and at meshblock levels in Australia.
This research further identifies and appraises the
levels of resilience of those humans who are most
vulnerable in this municipality from a social
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Table 1. (Continued.)

Description

Literature review

Indicators

o)
154

a0
@
(=}
]
—
[\)
[en}

Hot days per year. Mean temperature increase and

Voelkel and Hellman; Kumar and Geneletti; Uejio

Air quality

Heat

several heavy rains.

and Wilhelmi; Harlan and Braze; Meerow and

exposure Air temperature

Newell (Harlan et al. 2006; Uejio et al. 2011; Kumar
et al. 2016; Meerow and Newell 2017; Voelkel et al.

2018)

Humidity

Vapour pressure

Precipitation

Urban hotspots that may cause the city to be at high risk

Sidiqui; Meerow and Newell; Sidiqui; Huang; Uejio;

Land surface temperature (LST maps)

from heat or extreme temperatures; High-resolution

Oke (Oke 1982; Huang et al. 2011; Uejio et al. 2011;

Air temperature data

traffic-related air pollution estimates.

Sidiqui et al. 2016; Meerow and Newell 2017;

Sidiqui et al. 2022)

Green space per person.

Kumar and Geneletti; Harlan and Brazel (Harlan

et al. 2006; Kumar et al. 2016)

Greenness cover

Percent cover of roads, high-density areas, and buildings

Wang; Méndez-Lazaro (Méndez-Ldzaro et al. 2018,;

Wang et al. 2019)

Impervious surface (%)

as per land use land cover data that may give

information on total impervious surface cover.
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perspective to the impacts of Urban Heat Island
(UHI). For which data images of summer (repre-
senting hottest summer days in concurrent years)
were acquired and processed. The process further
identifies 20 potential population sensitivity,
mobility, and heat exposure indicators. These indi-
cators are adjusted and selected based on literature
and outcomes of multiple workshops organized with
the city council, emergency department, health
department, and state government.

In this study, we mapped UHI using Landsat
imagery and thermal imagery from drones for the
City of Greater Geelong (COGG), the largest
regional city in Victoria outside Melbourne and a
city that is encompassed within one large expan-
sive municipality. These UHI maps were then
integrated into our heat vulnerability index anal-
ysis. The UHI vulnerability analysis was carried
out on the basis of three main factors: (1) sensi-
tivity, (2) adaption (mobility/accessibility), and
(3) exposure to heat.

To achieve this outcome, we integrated geospa-
tial data with socio-demographic data to map and
create a detailed and interactive Urban Heat Vul-
nerability (UHV) mapping and monitoring for the
COGG. The methodology was divided into two
parts: (a) analyzing existing urban heat island
(UHI) patterns across the city and (b) generating a
detailed CD-level and meshblock-level UHV anal-
ysis for COGG.

To investigate and incorporate how climate
change was and is going to impact the risk and
vulnerability of humans in a city urban planning
zone and each CD-level and meshblock-level, we
defined and mapped the UHV and tried to under-
stand its relationship with building density and
population spread.

The objectives of this research were to:

e identify independent standard and custom indi-
cators and weigh each indicator according to
their contribution to the risk and vulnerability of
sensitive populations;

e identify hotspots in the city experiencing the
urban heat island effect;

e integrate heat maps with identified indicators to
generate detailed UHV maps for the study area
with a CD-level and a meshblock-level resolution.

2.1 Study area

The city of Greater Geelong is Australia’s one of
the fastest-growing regional cities. The city is
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geographically located near the south of Melbourne
in Australia. The population of Geelong is
approximately 260,000, which is forecasted to grow
to 393,200 by 2041 with a growth rate of 1.44%
(Western Geelong Growth Area Precinct — VPA
2022). The climate of Geelong is a temperate and
warm climate. The city experiences an annual
mean temperature and precipitation of 14.7°C and
522 mm, respectively (Roos et al. 2021). Figure 1
shows the study area.

Geelong has remained a regional town over the
past; however, with recent population rise and
development, the town has become a regional
centre with a population climbing faster than
almost anywhere else in Australia, and the recent
covid-19 pandemic has only added to the demand
(Clayton 2021). In recent years, Geelong has been
reported to be grown at the most significant growth
rate among Australia’s capital cities, with a rate of
14% over the past five years (Fastest Growth
Region Needs Faster Infrastructure Delivery — G21
2020). Furthermore, the growth areas in Geelong
are further set to contribute to the largest urban
growth in regional Victoria, with the potential to
welcome more than 100,000 residents in growth
area Precinct Structure Plans (PSPs) (Western
Geelong Growth Area Precinct 2022). On the other
hand, it is known that climate change, rising global
temperatures, and droughts are already existing
climate issues in all regions across the globe, as per
the recent IPCC report (Intergovernmental Panel
on Climate Change (IPCC) 2021). With a rising
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population, urban heat may present social, eco-
nomic, and environmental risks. These may further
be exacerbated by extreme climate events such as
heatwaves in the region. The present study analy-
ses the risk maps for Geelong in the context of
existing UHI and other sensitivity factors. Since
the city is moving faster in development and
growth, this study presents an excellent example of
mapping and monitoring risk to make future
development more sustainable and liveable.

2.2 Data and methods

The data acquired was prepared to construct
indicators based on three factors:

(1) population sensitivity to heat and socio-eco-
nomic variables that may increase risk factors;

(2) mobility/accessibility to thermal comfort
zones or medical facilities;

(3) spatial locations that were relatively more
prone to heat exposure due to existing urban
hot spots or minimal greenness cover or
possessing a high impervious percentage of
surfaces (Rinner et al. 2010; Résénen et al.
2019).

Figure 2 summarises the proposed conceptual
diagram for UHV mapping. Figure 3 further splits
up the conceptual diagram explaining the detail of
representations or data acquisition on selected
themes and workflow.

CLIMATE CHANGE & HEATWAVE PROJECT
RISK ARFA

ATION OF HIGH RISK AREAS
FOR THE CITY OF GREATER GEELONG

City of Greater Geslong
C0GGLGA

&) s T Ve

b i = y)

Figure 1. The city of Greater Geelong, as seen from the satellite image. (A) Australia as seen on the world map, the small red box
illustrates the study area; (B) Satellite image of the study area in true colour (modified from Roés et al. 2021).
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Urban Heat
Vulnerability
Population Mobility / Locations at risk of
Sensitive to Heat Accessibility Heat

Group of people most prone to risk
from extreme heat due to age,
economic conditions or existing
health conditions

Increase thermal comfort, provide
recreational locations, green spaces,
open space, easy access to medical
Jacilities, shopping centres with A/C,
communily centres, elc.

Hot spots due to existing UHI, high
impervious surface and low
greenness per cent

Figure 2. Conceptual diagram of heat.

3. Preparation of data

3.1 Socio-economic and socio-demographic data

In terms of socio-economic data, information about
population, age groups, people with health issues,
people living in isolation, people with low economic
conditions, and gender information were down-
loaded and assembled from the Australian Bureau
of Statistics (ABS) 2016 records (https://www.abs.
gov.au). ABS offers data as per meshblocks derived
from the Australian Statistical Geography Stan-
dard (ASGS) Volume 1. Meshblocks are the
smallest geographical area defined by ABS, smaller
than CDs, and form the building blocks for the
larger regions of the ASGS. All other statistical
areas or regions are built up from or approximated
by whole meshblocks. They broadly identify land
use such as residential, commercial, primary
production and parks, etc.

3.2 Other ancillary data

In terms of GIS Data, detailed specific data on
cadastre, land use and land cover, and building
usage, including community centres, medical cen-
tres, hospitals, ambulance shelters, bus shelters,
train stations, road network data, vegetation, and
green areas coverage data, street tree, public open
space, tree species data, general open space data,
and building blocks were collected in the form of
GIS layers. These datasets were extracted at
meshblock level from local data distributing gov-
ernment /semi-government agencies.

The files on vegetation and open spaces included
attributes on vegetation type, such as trees, forest,
woodlands, parks/grasslands, shrubs, coastal

vegetation, dry land vegetation, recreational areas,
nature conservation, passive outdoor enjoyment,
and places of public gatherings.

3.3 Satellite and airborne data
3.3.1 Landsat data

Landsat data along with airborne thermal data
were used to map UHI footprints and intensity at
the neighbourhood scale. Data belongs to the
Landsat-8 satellite. The Landsat-8 data offers a
spatial resolution of 100 m for thermal bands.
Landsat has a temporal resolution of 16 days.
Landsat data can be obtained from the Earth
Resources Observation and Science (EROS) Cen-
tre (www.espa.cr.usgs.gov/). Data in this study
were from the Landsat Thermal and Infrared
Sensor (TIRS, Landsat 8) with 16 days of tem-
poral and 100 m spatial resolution. Amongst all
the available data from 2015 to 2019, the images
with less than 5% cloud cover for the Australian
summer season (November, December, and Jan-
uary) were chosen. The data selection was done
based on availability in the data catalog, cloud
coverage, clear visibility, and days of extreme
heat events as per records and local newspaper
articles. The Landsat scenes were of the dates
11-11-2017, 15-12-2017, and 12-12-2016, which
were mentioned to be the hottest days of summer
for selected years as documented in local reports
and news media. The thermal bands were con-
verted into brightness temperature measures and
then into land surface temperature measures using
the single-channel (SC) approach (Li et al. 2013).
The LST data was later converted into urban heat
island (UHI) data using algorithms successfully
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Figure 3. Detailed conceptual diagram of heat vulnerability (source: modified from Rods et al. 2021).

applied (Oke 1982; Voogt and Oke 2003; Sidiqui
et al. 2016, 2022).

3.3.2 Aerial imagery data

For aerial photos, data with a spatial resolution of
0.5 m was acquired from COGG for the month of
September 2018. The datasets were provided in
Kelvin (K) unit and then converted into degrees
Celsius (°C) for analysis. K, a unit of thermody-
namic temperature, comprises the fraction
1/273.16 of the thermodynamic temperature of
the triple point of water, being: t = T- T. t/°C =
T/K —273.15. The K and the degree °C are also the

International Temperature Scale of 1990 (IT'S-90)
units adopted by the International Committee for
Weights and Measures (CIPM) in 1989. Later we
calculated UHI on this data using algorithms (Oke
1982; Sidiqui et al. 2016).

3.3.3 Data validity/ground truthing

All datasets, including (satellite images, airborne
thermal imagery, land use land cover data, vege-
tation data, and other ancillary data) were ground-
truthed by the council. Moreover, the vector files,
such as land use/land cover, vegetation files, etc.,
were also highly detailed. The council did the
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ground-truthing of data to ensure that the data
provided to its stakeholders was smooth and
dependable.

3.3.4 UHI plots

To understand the spatial extent of UHI and its
variation in space, we followed the following method
to map UHI (Lee et al. 2013; Sidiqui et al. 2016;
Keeratikasikorn and Bonafoni 2018; Sidiqui 2019).
The process of extracting UHI was applied to both
the landsat image and aerial photo. To calculate
UHI, we first marked out urban zones from the LST
image of the study area, leaving only rural pixels in
theimage. The urban and rural pixels were identified
using land use/land cover data, secondly, calculated
the mean over rural pixels. Thirdly, the rural LST
mean was then subtracted from the original LST
images to calculate UHI (equation 1). The UHIs
mapped from satellite and aerial photo, were then
averaged to make a final footprint of UHI for incor-
poration into UHV analysis.

rural

UHI(z,y) = LST(z, y)igima— LST(z, )
(Voogt and Oke 2003; Sidiqui et al. 2016; (1)
Sidiqui 2019)

where (z, y) represents the coordinate of single-pixel,
LST(x7 y)originala LST(%’, y)ruraly and UHI($, Z/) repre-
sent original LST measurement, and isolated UHI
intensity at z, y pixel positions, respectively.

3.3.5 Identifying key indicators for UHV
mapping

The data acquired was prepared to construct the
indicators based on the following three factors:

(1) population sensitivity to heat and socio-eco-
nomic variables that may increase the risk
factors;

(2) mobility/accessibility to thermal
zones or medical facilities;

(3) spatial locations that were relatively more
prone to heat exposure due to existing urban
hotspots or less greenness coverage or possess-
ing a high impervious percentage surface
(Rinner et al. 2010; Réséanen et al. 2019).

comfort

These datasets were utilized to construct the
required indicators to generate the risk factors for
exposure and sensitivity of the vulnerable popula-
tion to heat. The indicators were identified and
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weighted based on a Delphi evaluation method, as
previously used by several researchers (Olaf Hel-
mer-Hirschberg 1967; Lee et al. 2013; Rasanen
et al. 2019). In the Delphi method, a group of rel-
evant independent experts assigns subjective
weights to each of the different indicators (Brooks
et al. 2005; Kumpulainen 2006; El-Zein and Ton-
moy 2015). The workshop was arranged with a
panel of people from sectors that may be identified
to be directly impacted by heat vulnerability, with
a specific emphasis on COGG and individual vul-
nerability. Table 2 indicates the data that was
utilized to construct the required indicators to
generate the risk factors for exposure and sensi-
tivity, along with their assigned weights.

3.3.6 Generating 2D maps of UHV

Once the weights were decided in the workshop
with stakeholders and relevant people, we gener-
ated the index maps with multiple indicators and
assigned weightings. These were then integrated
into a composite measure of population sensitivity
to risk (Rinner et al. 2010). The processing of
weights and generating of indicators was done in
GIS software: ArcMap and CommunityViz. Com-
munityViz plugin represents a group of extensions
to ArcGIS software. This plugin is widely used in
applications of urban planning and land use/land
cover planning (CommunityViz Urban Analytics
for Planners 2021). The layers were segregated
using the suitability wizard tool in the Commu-
nityViz plugin. The suitability wizard tool utilized
given weights to each indicator and merged the
layers by providing a final output map. Later the
images were composited in ArcGIS to construct the
final UHV maps.

4. Results

4.1 Heat exposure maps

The UHI maps generated from Landsat-8 and
aerial photos helped to identify hotspots in the city
and nearby areas. These hotspots were character-
ized by less vegetation cover and increased bare
land coverage or high building and road density.
Figure 4 shows the UHI map for the date 15
December 2017, as seen from the Landsat-8 satel-
lite for COGG. We generated similar maps for 12
December 2016, 11 November 2017, and 1
September 2018 and merged these to generate our
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Table 2. Indicators and assigned ranks (source: modified from Roés et al. 2021).

Detriment Indicators Weights/Rank

Population sensitive to heat

Childhood <5 The proportion of children <5 over the total population 2/10

Elderly >65 The proportion of residents >65 over the total population 4/10

Tll-health/people with disabilities (%) The proportion of ill health people over the total population 2/10

ABS SEIFA The proportion of people over the total population 1/10

People taking medication The proportion of people over the total population 0.5/10

Homeless The proportion of people over the total population 0.5/10

Mobility/accessibility

Medical facilities The proportion of parcels/zones beyond a certain distance 3/10
(parcels beyond the range of 400 m)

Shopping centres/cinemas The proportion of parcels/zones beyond a certain distance 1/10
(parcels beyond the range of 400 m)

Community centre/care The proportion of parcels/zones beyond a certain distance 1/10
(parcels beyond the range of 400 m)

Public transport — bus stops/train stops The proportion of parcels/zones beyond a certain distance 1/10
(parcels beyond the range of 400 m)

Open spaces The proportion of parcels/zones beyond a certain distance 1/10
(parcels beyond the range of 400 m)

Vegetation green spaces The proportion of parcels/zones beyond a certain distance 1/10
(parcels beyond the range of 400 m)

Spatial locations prone to heat

Hotspots (Urban Heat Island) The proportion of residential parcels with higher UHI zones 4/10

Impervious surface per cent (%) The proportion of area covered by roads 3/10

Enhanced Vegetation Index (EVI) The proportion of residential parcels with higher EVI zones 3/10

City of Greater Geslong
UHI ('C) 2017

Figure 4. Landsat-8 based UHI map, dated 15 December 2017.

heat exposure maps. Figure 4 further illustrates the
map as seen for UHI. We further zoomed the map
to highlight hotspots in the inner Central Business

Area (CBA) of COGG. Figure 4 depicts the bare
land or land possessing relatively no vegetation
having a UHI of 6°C or over, whereas green zones
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indicate lower UHI values. In some cases, we also
found that the areas or zones reserved for vegeta-
tion had higher UHI values, which can be further
corroborated by site inspection evidence that north
hemisphere-planted perennial grasses covering the
reserve zones may be at the end of peak living
season as per grass phonology. It is known that
grasses are not green the whole year rather, these
follow a certain life cycle called phenology, whereas
these are greener at their peak of the season. This
pattern is particularly evident in Australia, where
a mix of northern hemisphere perennial green
grasses are used extensively by municipalities
across but that is increasingly mixed with native
Australian often brown-coloured grasses in deco-
rative and less-intensive-play contexts, wherein
they are naturally across the year a mix of green to
being to brown in their colour characteristics
irrespective of the season and or rainfall.

4.2 Population sensitivity

For risk maps, a particular population was high-
lighted to be most vulnerable to heat risk. Figure 5
indicates the population sensitivity map generated
from indicators for population sensitivity and
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assigned  weights. Moreover, the following
figures were based on the meshblock scale that
graphically shows a proportion of a sensitive group
of people. The results from the modelling shown in
figure 5 indicate that the majority of risk areas are
away from the CBA, concluding that most of the
elderly people are living further away from the
central city. The overall rank goes from 0 to 1.
Hence, with 0 being the lowest rank and 1 being the
highest rank, it means 1 shows areas with the most
sensitive zones and 0 illustrates areas with the least
sensitive zones.

4.3 Accessibility/mobility map

Figure 6 depicts the accessibility /mobility maps
for COGG. This map highlights the areas of easier
access to people for obtaining thermal comfort or
medical help in case of extreme temperatures or
prolonged heatwave events.

4.4 Urban Heat Vulnerability (UHV)

Our applied analysis involves an approach similar
to academic research methodologies used to map
social vulnerability to environmental hazards.

CITY OF GREATER GEELONG
Population sensitive to risk
Seratrity

oos [ o« [ o>
o [N o> -o.sl
! ’ou-ox-on

Figure 5. Population sensitivity map Geelong.
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CITY OF GREATER GEELONG
Mobility / Accessibility Map

Risk Factor for
Overall Population Sensitve

Figure 6. Accessibility/mobility map.

Figure 7 shows the UHV map for COGG. Figure 7
highlights the zones with selected indicators and
given weights. The assigned weights can be chan-
ged as per further analysis and options. Figure 7
indicates the high-risk zones. The scale for UHV
goes from 0 to 1, where values equal to 0.4 or less
indicate no risk, values above or equal to 0.5 rep-
resent a low risk, values above or equal to 0.6
represent a low-medium risk, values above or equal
to 0.7 represent a medium risk, values above or
equal to 0.8 represent a high risk, and values above
or equal to 0.8 represent a very high risk. Figure 7
shows the current status of COGG as per heat
vulnerability risk for a selected sensitive group of
population. It can be further observed that most of
the zones in COGG are at no risk or less risk;
however, some of the spots indicate medium to
high risk due to a higher proportion of the sensitive
population and increased exposure to heat when
these maps are generated from heat exposure,
population and accessibility maps. These areas of
medium to high risk could also be areas with less
vegetation coverage or tree coverage, as greenness
plays a vital role in diminishing the effects of heat
or extreme temperatures. The results were

provided to the council, as the work was part of the
project. Council further wverified and ground-
truthed the model and results.

4.5 Relationship of UHI with population
and building density

The UHI maps were further correlated with the
total population, population density, and building
density. Figure 8 illustrates the maps and graphs
generated for UHI per meshblock, population per
meshblock, population density per meshblock,
building density per meshblock, and their rela-
tionship with UHI measurements. The correlation
graphs indicate a significant direct relationship of
UHI with population and building density, as the
p-value indicates < 0.01. The results further sup-
port the statement that the higher the population
density, the higher is the building density, and so it
leads to higher UHI.

High building density indicates dense settle-
ments, high impervious surface per cent, and
therefore low vegetation cover leading to higher
anthropogenic heat and ultimately high UHI
intensity in those particular zones. Residential
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Figure 7. UHV map (source: modified from Ro6s et al. 2021).
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Figure 8. (a) Map representing UHI per meshblock as of 15 December 2017; (b) Map representing persons per meshblock as of
ABS 2016 Census data; (c) Graph showing correlation between UHI measurements against population per meshblock; (d) Graph
showing correlation between UHI measurements against population density (persons per sq. meter); (e) Graph showing a
correlation between UHI measurements against building density per meshblock.
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areas with less population density and low building
density with higher spatial distribution contribute
to the UHI effect. Literature also supports our
results, where it has been observed that higher
population density results in higher anthropogenic
heat due to dense settlements and a high percent-
age of impervious surfaces.

5. Discussion

During the 20th century, temperatures increased
significantly faster in cities compared to nearby
rural areas due to the urban heat island effect. The
transformation of native landscapes into dense
urban  settlements possessing heat-retaining
impervious surfaces and building materials that
inhibit night-time cooling is the most significant
anthropogenic driver of urban climate change in
cities around the world. Warmer baseline temper-
atures in cities are further elevated by extreme
heat events (EHEs) or heat waves, which are pro-
jected to strike with increasing frequency and
intensity in the 21st century.

Our analysis applies a similar methodology used
in other academic research projects to map social
vulnerability to environmental hazards. We high-
lighted areas with the highest risk and vulnerabil-
ity to extreme heat, considering the vulnerability
factors in this analysis. Taking reference to IPCC
report data and scenarios, heat waves were pro-
jected to increase in frequency, duration, and
intensity. In this research, the vulnerability maps
were projected for 2040, 2070, and 2100 recognizing
population growth in the region and using tem-
perature projections drawn from the TPCC and
CSIRO and respective UHI changes.

Climate change is one of the most complex issues
of the 21st century. Even though there is a con-
sensus about the urgency of taking action at the
city level, planning and implementation of adap-
tation and resilience measures are advancing
slowly. The lack of data and information to support
the planning process is often mentioned as a factor
hampering the adaptation processes in cities. In
this paper, we developed and tested a methodology
for heat stress vulnerability and risk assessment at
the neighbourhood scale to support designers,
planners, and decision-makers in developing and
implementing adaptation strategies and measures
at the local level. The methodology combined high-
resolution spatial information and crowd-sourcing
geospatial data to develop sensitivity, adaptive
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capacity, vulnerability, exposure, and risk indica-
tors. The methodology was then tested on the
urban fabric of the COGG municipality in Aus-
tralia. Our results show that different vulnerability
and risk values correspond to different typologies
of urban areas. Furthermore, the possibility of
combining high-resolution information provided by
the indicators and land use categories is of great
importance to support the adaptation planning
process. We also argue that the methodology is
flexible enough to be applied in different contexts.

From the literature, it was established that most
studies had opted to use temperature maps instead
of using UHI maps. From this study, it is apparent
that some critical issues may be overlooked when
this is the case. For instance, according to the
results obtained, it was evident that some areas of
COGG municipalities revealed few sensitive groups
of people, especially the elderly. Coupling this
result with the mobility map, it is easier to
understand the morphology of population dynam-
ics in cities. With UHV, it becomes even clearer not
only how the urban population dynamics are but
how much could be moulded to render more live-
able urban fabrics. On this, such information
becomes critical, especially for urban planners
regarding adopting greener infrastructural invest-
ments and helping in providing UHI mitigation
measures in urban areas. From the study, it was
evident that areas of ‘no risk’ or ‘less risk’ had a
higher proportion of the sensitive population, thus
supporting the proposition of having increased
greener spaces. This finding corresponds with the
argument by Aram et al. (2019), who also noted
that green spaces have the propensity to reduce the
impacts of UHI and offer safe havens for sur-
rounding occupants due to their increased capa-
bilities to influence both the intensity and density
of cooling.

Besides helping in planning for both, under-
standing the UHV is important in helping in
determining the locations and distancing of critical
urban infrastructures such as health facilities.
From the results, it has been observed that areas
with less green and those perceived to experience
higher UHI have fewer populations. Additionally,
with the ongoing trends of the increasing urban
population, and the unprecedented changing
weather patterns, it would be important to con-
sider prioritizing critical infrastructures, especially
in vulnerable urban areas. This could entail further
equipping existing health facilities to build capac-
ity for the increasing cases of hospitalizations and
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the emergence of heat-related health issues, as
noted in an article by the California Environment
protection agency. The UHV results obtained in
this study further affirm the need for prioritizing
certain parts of cities for mitigation by adopting,
among others, strategies such as emphasizing
urban greening, adopting green building and con-
struction strategies, and adopting modern urban
planning models, among other strategies.

Finally, it is noted that UHI studies are site-
specific and that results vary in regard to the
typology and morphology. With the increasing
concerns of urbanization and the associated con-
cerns of health-related impacts on both health and
urban comfort, and its socio-economic impacts,
there is a growing need for further research in this
area, through the use of multi-methodological
approaches, as is the case of this study.

6. Limitations

The paper discusses the benefits of integrating
remote sensing data in developing the approach to
map heat-risk areas to urban residents. The UHI,
which is derived from satellite, is called surface
urban heat island, and the UHI derived from air
temperature is called boundary/canopy Urban
Heat Island (Oke 1982). We used surface UHI for
our analysis in this research since the available air
temperature data were insufficient for the subject
study due to limited coverage (only one station
covers the whole greater city area). The UHI
derived from LST, as seen in satellite images, is
dominantly present, particularly during daytime
(Ramamurthy et al. 2017). LST has, in fact, dif-
ferent physical meanings from surface air temper-
ature; however, they have close and complex
relations, and both contribute to building the UHI
effect. Generally, under clear sky conditions, larger
LST means larger sensible heat flux, resulting in
larger surface air temperature and higher urban
boundary layer (Arnfield 2003).

The images used in the manuscript were of
daytime and summer months. The context of this
paper is to analyze risk areas within the city during
extreme heat days in summer. Since the available
data were daytime, we had to restrict our analysis
to daytime temperatures. UHI is a diurnal phe-
nomenon that exists both during the day and
night-time (Sidiqui et al. 2016; Zhou 2018). Some
studies also noticed that the daytime intensities in
UHI were significantly higher in magnitude than at
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night (Yao et al. 2018; Zhou 2018). However, it is
recommended to carry out a night-time study for a
similar context, which may require additional
drone flights, particularly at night-time and
respective ground-truthing. In addition to it, the
MODIS satellite, on the other hand, may provide
diurnal analysis; however, the spatial resolution is
coarse (1000 m), which may put a hurdle on subject
analysis.

The study did not incorporate satellite-based
vegetation (NDVI/EVI) data since vegetation data
acquired from the council was detailed, ground-
truthed, and up-to-date. In that case, it was not
required to process satellite images to calculate
vegetation cover for the study area. In addition to
it, city elevation was ignored in the subject
assessment of UHI, due to no significant variations
in topology, since the average elevation of the city
is 33 m above sea level (Roos et al. 2021). Other
data, such as wind data that may have implications
on UHI pattern, were not included in the subject
assessment due to the lack of availability of these
data sets. However, such inclusions are suggested
in future studies depending on data availability.

7. UHI risk management

The UHI risk can be managed by introducing more
vegetation cover in city areas so that the hotspots
can be converted into cool spots. Another measure
that can be taken is that the locations which are
concentrated with more population of elderly,
children, and population higher at risk, should be
given access to emergency services. For example,
when it is heat stress or heatwave event, the
emergency departments should be on call and
within the buffer of accessibility of sensitive pop-
ulations. Moreover, these highlighted risk areas
should be accommodated with accessible relief
centres, emergency services, and relatively more
plantation of trees and vegetation.

8. Conclusion

This research discusses the benefits of integrating
remote sensing data in developing the approach to
map heat-risk areas to urban residents. In litera-
ture, the UHI, which is mapped from the satellite, is
called a surface Urban Heat Island. The air tem-
perature data was not sufficient for the sit; thus, in
this study, we utilized SUHI index maps. The
satellite-based temperature maps not only provide
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us the liberty of going back in time but also offers a
great range of coverage. It is factual that air tem-
perature is not the same as surface temperature;
however, the surface temperatures also contribute
to developing the UHIs in the cities these are
dominant, particularly in the daytime. This study
is based on SUHI index maps; however, the
approach utilized can also be copied if air temper-
ature UHI is available for the selected site. This
research presents a comprehensive and detailed
study; it also helps in identifying the key indicators
of heat risk, whether in population, mobility, or
spatial variance. During the 20th century, temper-
atures increased significantly faster in cities com-
pared to nearby rural areas due to the Urban Heat
Island (UHI) effect. Despite some limitations, the
findings of this study provide useful information for
mapping and monitoring urban heat vulnerability
risk zones, especially during summer. The risk fac-
tors used for heat exposure, sensitivity, and adap-
tive capacity in the multiple studies used different
approaches. In this study, we proposed a simple and
easy-to-follow methodology. Moreover, we pro-
posed to utilize UHI maps instead of utilizing direct
land surface temperature maps. The different risk
factors identified in our literature appraisal largely
used simple temperature maps to identify heat
exposure in urban zones. Where UHI was one phe-
nomenon and may cause hotspots in urban areas, it
was very evident that it caused particular locations
to result in a relatively higher risk than in other
zones within the same urban polygon.
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