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and viability of many regions. Concomitant with predictions of temperature; Northern
increased heat stress in northern Australia, the Australian Australia

Government seeks to boost the population in northern Australia

substantially. This paper assesses the heat stress-related wet-bulb

temperatures the largest northern centres could experience under

Representative Concentration Pathways 4.5 and 8.5 by 2080. The

paper finds that substantial population growth could place signifi-

cant future urban populations at risk from heat stress-related health

issues.

Introduction

While there has been a general presumption that humans will be capable of adapting to
climate change, recent research has begun to identify regional hotspots where climate
change, in the absence of substantial mitigation, will have serious consequences for
human health and wellbeing in the future due to chronic heat stress (Pal & Eltahir,
2016). Indeed, chronic heat stress could potentially call the viability of some regions into
question, particularly in the tropics and parts of the mid-latitudes (Coffel et al., 2017).
Such regions include the Middle East (Pal & Eltahir, 2016; Bolleter et al., 2021), northern
South America, Central and Eastern Africa, and South-East Asia. These regions are some
of the world’s most densely populated (Coffel et al., 2017). This threat is dramatically and
powerfully rendered in an Indian city by the speculative projections of Kim Stanley
Robinson in the opening chapter of his latest work (Robinson, 2020). Urban areas are
also known to exacerbate the impacts of extreme heat events through the Urban Heat
Island (UHI) phenomenon (Gardes et al., 2020). The further concentration of population
in urban areas, which may also be subject to climate change-related heat stress due to
their morphology, poses significant challenges from an adaptation planning perspective
(Fuissel, 2007; Anderson et al., 2018). Contemporary policies encouraging or promoting
settlement patterns of future populations could be seen as a macro approach to
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adaptation planning since these are deliberate and purposeful decisions being undertaken
within a context of an awareness of ‘actual or expected climate and its effects’ (Field et al.,
2014).

Northern Australia (Figure 1) is likely to be affected by chronic heat stress. Present
climate projections for northern Australia under Representative Concentration Pathway
(RCP) 8.5" - based on no substantial efforts to constrain emissions — show that from 2020
to 2090, northern Australia will get progressively hotter, with a possible 4-5°C summer
temperature increase (Figure 2) (Australian Government, 2017).

Due to a coincidence of elevated temperatures and absolute humidity (Coffel et al.,
2017), northern Australia will also experience elevated wet-bulb temperatures (WBTs) —
a measure that combines the effects of temperature and humidity (Pal & Eltahir, 2016).
The Northern Territory currently experiences WBTs approaching 30°C in the wet
season, which already poses liveability and economic issues (Hyndman, 2015).
Furthermore, under RCP 8.5, northern Australia is likely to be increasingly hot with
similar relative (meaning higher absolute) humidity (Australian Government, 2017),
a situation that will generally compound WBTSs and associated heat stress risks. At the
same time, the Australian Federal Government is seeking to boost the population of
northern Australia substantially. This planning could see the population increase four-
fold by 2060, according to projections cited in the recent White Paper for Developing
Northern Australia.

Figure 1. Northern Australia, the case study area of this paper. Northern Australia is defined as the area
of the Australian continent north of the 26S latitude. Map by the authors with data from Esri, Maxar,
GeoEye, Earthstar Geographics, CNES/ Airbus DS, USDA, AeroGRID, IGN and the GIS User Community.



Figure 2. Average maximum temperatures (°C) for December to February 2090 (under RCP 8.5 and
ACCESS1.0) relative to 2005. Map by the authors based on data from Climate Change Australia.

Given a potential confluence of extreme population growth with concerning shifts in
northern Australia’s climate, the research question guiding this paper is, ‘are the current
adaptation policies and planning for growth in northern Australia consistent with the
projected chronic nature of climate change-induced heat stress?” This paper addresses the
lack of related analysis in the White Paper and is important because the confluence of
population growth and increasing WBTSs could incur substantial societal or economic
costs.

The paper’s international contribution is to explain how regional-scale population
planning can be considered in relation to WBT projections. This contribution is impor-
tant because while WBT vulnerabilities have attracted substantial scholarship (Sherwood
& Huber, 2010; Pal & Eltahir, 2016; Coftel et al., 2017), broad-scale planning responses
remain nascent in most of the regions affected (Bolleter et al., 2021). This comparative
absence is partly because many regions lack effective urban and regional planning
frameworks for managing regional-scale population distribution.

The paper commences with a literature review on projected global vulnerabilities to
WBT extremes, a review of different heat stress measurements, and planning for popula-
tion growth in northern Australia. Next, the methods section develops a conceptual
framework and outlines the research questions and methods. In the results section, we
model the degree to which planning for population growth in northern Australia could, if
realised, expose future populations to WBT extremes under different climate change
scenarios. We also consider the degree to which current climate change adaptation policy



deals with the likely chronic nature of heat stress. Finally, the discussion section raises
concerns around development plans for northern Australia, tables recommendations and
ultimately concludes that planning for population growth should respond to future
climate projections nationally and regionally.

Background

Heat Stress

Extreme dry-bulb temperature (DBT) increases the risk of heat illness and can exacerbate
pre-existing diseases such as heart and kidney conditions (Bi et al., 2011). The twenty-
first century has already seen a swathe of extreme heat events (Coffel et al., 2017). For
vulnerable groups such as children, older adults, obese people, those with blood pressure,
heart or lung conditions and pregnant women, heat stress can trigger various health
problems. These include exhaustion, dehydration, kidney failure, heat cramps, and
breathing problems (Lenzholzer, 2015, p. 23). Illnesses due to heat can initially comprise
heat cramps or heat exhaustion; however, if left unaddressed, these can develop into
potentially fatal heatstroke (Gubernot et al., 2014). Reflecting this, the World Health
Organization has identified severe weather (including extreme temperatures) as a leading
global health threat (Gubernot et al., 2014).

Australian cities are amongst the fastest-growing cities in developed nations, and there
are mounting worries about their thermal conditions (Shooshtarian et al., 2020). Indeed,
in Australia, extreme heat is the most perilous form of natural hazard, resulting in
a greater proportion of deaths (55%) than all other natural threats (Zander et al,
2015). This situation is concerning as hot weather is becoming increasingly common
and extreme. For example, the 2011 to 2020 decade was Australia’s hottest on record
(Shooshtarian et al., 2020).

Wet-Bulb Temperature Vulnerabilities

The effects of many lethal heatwaves are due to not only elevated temperatures but also
humidity.” High heat combined with high humidity weakens the human body’s ability to
control its temperature by sweating. Therefore, hot and humid weather is normally more
hazardous than hot, dry conditions (Steadman, 1979). Indeed, humans may acclimatise
to DBT extremes through sweating and associated evaporative cooling if the WBT stays
below 35°C which is the average skin temperature (Pal & Eltahir, 2016). Currently, peak
heat stress, measured by the WBT, is comparable across diverse climates and usually does
not exceed 31°C. However, any exceedance of 35°C wet-bulb temperature for several
hours escalates the risk of inducing ‘hyperthermia in humans as dissipation of metabolic
heat becomes impossible’, and the body becomes unable to sustain a stable core tem-
perature (Coftel et al., 2017). Considering both aspects, researchers approximate that the
survivability limit for peak six-hourly wet-bulb temperature is approximately 35°C.
While 35°C has not happened for prolonged periods so far, it will likely occur later this
century with forecast temperature increases accompanying the higher end of the emis-
sion scenarios identified by the IPCC. This situation could threaten the habitability of
some cities and regions (Sherwood & Huber, 2010).



It is projected that by 2080 exposure to extreme levels of WBT will increase in
frequency by a factor of 100 to 250 in the tropics and parts of the mid-latitudes (Coftel
et al., 2017). Confining global average surface temperature rises to less than 2°C relative
to 1986-2005 (RCP 4.5) will likely avoid WBT exceedance of 35°C. However, if emissions
continue to surge unabated (RCP 8.5), global average surface temperatures are projected
to rise by 3.2-5.4°C by 2100, relative to 1986-2005. Under RCPs 8.5, temperatures are
projected to continue to rise until 2300 (median projection). Under RCPs 4.5 and 8.5,
Coffel et al. (2017) project WBT exceedance of 32°C potentially reaching 60 million
person-days and 600 million person-days respectively by 2070-2080.

All cities rely on workers servicing them through outdoor manual work, and in
practice, extensive frequencies and durations of 32°C WBT (and above) would make
these outdoor activities extremely hazardous. Moreover, elevated WBT's decrease labour
productivity due to a need for more frequent rest periods, increase work accident
frequency because of concentration lapses and higher fatigue levels (Zander et al,
2015; Jia et al., 2018). Finally, WBT extremes will negatively affect agricultural industries
such as meat and livestock due to heat stress on beef cattle, and workers, in feedlots
(Davidson, 2007).

While the WBT provides broad guidance on heat stress conditions, outdoor work
safety guidelines usually relate to a different index, the wet bulb globe temperature
(WBGT). This measure combines DBTs and WBT's with relative humidity, solar radia-
tion and wind speed. The WBGT is the reference index for ISO standard 7243:2017
Ergonomics of the thermal environment (International Organization for
Standardization, 2017) and is used in many countries to evaluate the potential of heat
stress in a working environment. The IPCC predicts that globally labour productivity will
decline due to increases in WBGT (Zander et al., 2015).

The serious threat of elevated WBT and WBGTs may be surprising as the major
climatic consequences of climate change that city policymakers are urged to consider
have been DBT changes, precipitation changes, sea-level rise and extreme events such as
more intense storms and flooding.

Plans for Developing Northern Australia

At the same time, as climate change-induced heat stress concerns are mounting,
planning for substantial population growth in northern Australia is being pursued.
Northern Australia encompasses 45% of the continent yet presently accommodates
only 5% of its population (Bolleter, 2018) (Figure 3). Its population is distributed
between small cities, towns, and remote communities. In Queensland, these include
the sea-change cities of Cairns (population 140,000) (Figure 4), Townsville (170,000)
and Mackay (115,000). In the Northern Territory, the capital city of Darwin (106,000)
(Figure 5), and in Western Australia, the lifestyle and tourist town of Broome (15,000)
and the resource towns of Port Hedland (15,000) and Karratha (17,000) (Figure 6)
(Bolleter, 2019).

The existing climate partly explains this comparatively sparse population. Northern
Australia typically has a tropical savannah climate, mainly comprising a dry and wet
season. The dry season extends from May to August and the wet season from December
to April. From early September to early December is the ‘build-up’ season, during which
humidity intensifies but does not manifest as rainfall (Jia et al., 2018). Maximum DBTs in



Figure 3. Existing population density per square kilometre. Northern Australia encompasses an area of
approximately 3,500,000 km2, or 45% of Australia’s total landmass, yet houses only 5% of Australia’s
total population. Map by the authors based on data from the Australian Bureau of Statistics.

this period in the coastal zone varies from the high thirties (Celsius) in the Pilbara to the
low thirties in northeast Queensland and are accompanied by uncomfortably high levels
of relative humidity sometimes above 70%.

Nonetheless, advocates of northern development (Dale et al., 2014; Harding, 2014;
Kaesehagen, 2014; Robb, 2014) envisage substantial population increases, in part,
because of northern Australia’s growing importance in geopolitical terms. Northern
Australia sits at the intersection of the ‘two most important global axes of the twenty-
first century: Asia and the tropics’ (Roux et al., 2014, p. xi) — regions that will increase
significantly in population and economic power (Bolleter, 2018).

Federal government planning for northern Australia is captured in the ‘Our North,
Our Future: White Paper on Developing Northern Australia’ (Australian Government,
2015b). The report assumes a pro-development posture, in alignment with the charac-
terisation of northern Australia as a land of ‘economic abundance and opportunity’
(Bolleter, 2019). To deliver rapid growth, the federal government has committed
$5 billion to the Northern Australian Infrastructure Facility to deliver loans for building
major infrastructure (Bolleter, 2019). While the white paper is silent concerning settle-
ment patterns, it promotes significant urbanisation:

Development will require many more people living in the north. we need to lay the
foundations for rapid population growth and put the north on atrajectory to reach apopula-
tion of four to five million by 2060 (australian government, 2015b, p.4)



Figure 4. Cairns city centre and surrounding suburbs (total population 140,000). Map by the authors
with data from Esri, Maxar, GeoEye, Earthstar Geographics, CNES/ Airbus DS, USDA, AeroGRID, IGN and
the GIS User Community.

This projection represents an almost four-fold increase in northern Australia’s exist-
ing population of 1,300,000 (a further 3,700,000 people) by 2060. In this respect, the
white paper ambiguously advocates for ‘the development of major population centres of
more than a million people’ - such cities would be six times the size of Townsville, the
current largest city, with a population of 170,000 people (Bolleter, 2018). While Northern
Australia’s population had been growing at around 2.0% per annum - above the national
average of 1.7% (Australian Government, 2015b) - this is substantially below the growth
rate required for a four-fold increase by 2060. Indeed, data for 2019 indicates that the
Northern Territory’s population reduced (Australian Bureau of Statistics, 2020). While
the White Paper is strangely mute on the composition of this expanded population, it is
generally characterised as a workforce solicited through Designated Area Migration
Agreements (DAMAs) to support the labour markets of northern regions, including in
the Northern Territory and the Pilbara (in northern Western Australia), in combination
with Seasonal Worker Programmes (Australian Government, 2015b).

In Northern Australia, planning is organised on a city and state, and territory
basis and is fragmented spatially (Freestone, 2014) into the northern regions of
Western Australia, the Northern Territory and Queensland. The overarching plan-
ning agencies in the region include the Western Australian Department of Planning,
Lands and Heritage, the Northern Territory Department of Infrastructure, Planning
and Logistics, and the Queensland Department of Development, Infrastructure and



Figure 5. Darwin city centre (total population 106,000). Map by the authors with data from Esri, Maxar,
GeokEye, Earthstar Geographics, CNES/ Airbus DS, USDA, AeroGRID, IGN and the GIS User Community.

Planning. Nonetheless, the major population centres have planning policies prepared
by the respective Local Government organisations (Freestone, 2014). The existing
city, state or territory planning of northern Australia endorses population increase,
albeit not commensurate with the scale anticipated in the government’s white paper
(Bolleter, 2019). For example, the plan for Cairns and the surrounding Far North
Queensland region scopes the period to 2031 and an extra 100,000 people in the
Cairns region (Queensland Government, 2009). Likewise, the planning scheme for
Townsville extends to 2031 and an extra 110,000 people (Townsville City Council,
2017, p. 3). The ‘Greater Darwin Plan’ sanctions a population increase of 70,000
people by 2027 (Northern Territory Department of Lands and Planning, 2012). The
Pilbara Cities Vision scopes a population of 50,000 in both Karratha and Port
Hedland for 2035, an increase from 16,800 and 14,500, respectively (Pilbara
Regional Planning Committee, 2012, p. 21). The Shire of Broome endorses
a population increase from 17,300 to 39,500 by 2036 (Shire of Broome, 2020, p. 28).

Other authors have identified the potential implications of climate change to devel-
oping northern Australia — concerning maintaining sustainable cropping, grazing and
tourism, and essential ecosystem services and biodiversity (For example Turton, 2015).
However, there has been little written about increasing heat stress impacts on cities
and people in northern Australia — a gap in the knowledge this paper specifically
addresses.



Figure 6. Karratha town centre and surrounding suburbs (total population 17,000). Map by the
authors with data from Esri, Maxar, GeoEye, Earthstar Geographics, CNES/ Airbus DS, USDA,
AeroGRID, IGN and the GIS User Community.

Methods
Conceptual Framework

The study is underpinned by a model that presumes increased temperatures and absolute
humidity in coastal areas associated with climate change will increase heat stress. The
conceptual model hypothesises that heat stress will adversely affect the health and well-
being of urban populations (Chang, 2016, p. 1192) and reduce the sustainability, live-
ability and productivity of affected cities (Haddad et al., 2018). Although a comfortable
thermal environment can increase people’s ability to spend time outdoors, heat stress can
result in substantial discomfort, changing the patterns of outdoor activities (Sharifi et al.,
2016). Indeed, research indicates that both necessary and optional activities begin to
wane after the apparent temperature reaches 28°C DBTs (Sharifi et al., 2016).

The combined effects of heat stress, retreat to interior environments, and greater
private vehicle use will likely lead to increased energy consumption (Shooshtarian et al.,
2020), public health impacts, and declining liveability. Moreover, increasing heat stress is
an occupational health hazard and profoundly affects labour productivity (Zander et al.,
2015). The result will likely be that northern Australia will struggle to attract substantial
migration and could experience some out-migration of existing residents.



With this concerning situation in mind, this paper systematically considers the risks
for future planned populations attributable to exposure to increased heat stress due to
climate change - risks that to date have been largely overlooked in planning for popula-
tion growth. To this end, this paper documents an evaluative research process to explore
the research question:

Are the current adaptation policies and planning for growth in northern australia consistent
with the projected chronic nature of climate change-induced heat stress?

This question is addressed by evaluating the areas of northern Australia most affected
by changes in temperature and humidity, as measured by WBTs and WBGTs.

Climate Analysis

The data we have used derives from weather files that have been obtained from the Climate.
OneBuilding.Org website (Climate.OneBuilding, 2020) for the northern Australian loca-
tions. These file types represent a ‘typical’ (TMY) or ‘representative’ meteorological year
(RMY) and were originally developed to model buildings’ energy performance. The files
include a range of weather variables for each hour of the year, including air temperature,
relative humidity, solar radiation and wind speed. The data files were then ‘morphed’ to
identify future conditions using the climate change world weather file generator,
CCWorldWeatherGen, developed by the Sustainable Energy Research Group at the
University of Southampton and the Department of Mechanical Engineering at the
University of Malaya in Kuala Lumpur (University of Southampton Energy & Climate
Change, 2020).

CCWorldWeatherGen uses summary data of the ‘HadCM3 A2’ experiment ensemble,
reported in the Special Report on Emissions Scenarios (SRES) for the IPCC, published in
2000. Here, we have used projections for the A2 scenario for the 2080s. The A2 scenario
predicts a 2100 temperature rise between the RCP 6.0 and 8.5 scenarios. The methodol-
ogy used by CCWorldWeatherGen was initially developed by Belcher et al. (2005).

We have calculated the WBT using an empirical relationship between DBT and
relative humidity derived by Stull (2011) as set out in Equation (1). This equation is
suitable for use for locations at sea level (i.e. atmospheric pressure of 101.325 kPa).

Tw = Tatan [0.151977 (RH% + 8.313659)1/2] + atan (T + RH%)
— atan (RH% — 1.676331) + 0. : 00391838 (RH%)3/2. atan (0.023101 RH%) (1)
— 4.686035

Where:
Tw is the WBT in degrees Celcius
T is the air temperature measured in degrees Celcius
RH% is the relative humidity expressed as a percentage
‘atan’ is the inverse of the trigonometric ‘tan’ function expressed in radians
The WBGT for each hour of the year was then derived using an online calculator’ to
solve the following equation (Equation (2)):

WBGT = 0.7 « Tnwb + 0.2 * Tg + 0.1 % Ta (2)



Where:

Tnwb (natural WBT) is calculated from Td by iteration,
Td = dew point

Tg = globe temperature,

Ta = ambient temperature.

The calculator uses the Liljegren method (Liljegren et al., 2008) to calculate Tg and
Tnwb.

We chose to include the SRES A2 scenario because ‘without additional efforts to
constrain emissions’, our current trajectory ranges between RCP 6.0 and 8.5
(Intergovernmental Panel on Climate Change, 2014, p. 8). Moreover, because there is
still much uncertainty over global warming projections, miscalculations could cause
significant hardship and even loss of life. It, therefore, makes sense to invoke the
precautionary principle. We present our weather data from December to February,
encompassing the build-up and early wet-season in Northern Australia (Jia et al.,
2018).

We have quantified heat stress using WBTs and WBGTs. These indices are just two
out of the 162 human thermal climate indices ventured over the past century (de
Freitas & Grigorieva, 2015; Shooshtarian et al., 2020). Furthermore, schemes employed
vary in the method concerning the number of variables included, the complexity of the
underlying body - atmospheric heat exchange theory, and the specific design for
application (de Freitas & Grigorieva, 2015, p. 109; Zhao et al., 2021). Nonetheless, we
have chosen WBT and WBGT because all indices incorporate the combined effects of
temperature and humidity, and this paper builds on a considerable body of emerging
research globally that focuses on heat stress as quantified by WBT (Sherwood & Huber,
2010; Pal & Eltahir, 2016; Coffel et al., 2017), and WBGT (Zander et al., 2015; Newth &
Gunasekera, 2018).

While a WBT of 35°C is potentially lethal (Sherwood & Huber, 2010), we also
report on WBT exceeding 30°C, as extensive frequencies of that level would make
outdoor activities (such as physical work) impossible and make cities effectively
uninhabitable.

Northern Australia Focus

Because of the ambiguities in the Northern Australia White paper about the actual
distribution of the boosted population, it has been assumed that population growth
will increase across seven of the biggest urban centres in the north, Karratha, Broome,
Kununurra, Darwin, Cairns, Townsville and McKay (Figure 1). We then considered
the degree to which heat risks would affect current and future populations in these
centres.

The research question asks, to what degree does population and climate change
adaptation policy in northern Australia consider, and respond to, the chronic nature of
likely heat stress? To answer this question, we reviewed the Northern Australia White
Paper and then considered the degree to which heat risks would affect current and future
populations in these centres.



We also conducted an ‘illustrative’ literature review (Swaffield & Deming, 2011)
of climate change adaptation policies relating to northern Australian regions and
populations produced by federal, state, and territory governments. This qualitative
review focused on references to climate change-induced heat stress (Australian
Government: Department of the Environment and Energy, 2012; Loughnan et al.,
2012).

Results

The Exposure of Current and Future Populations to the Adverse Effects of
Increased Wet-Bulb Temperatures

Our results from the analysis of existing and weather shifted data under the SRES A2
scenario are set out in the following.

Table 1 contains the exceedance of wet bulb (WBT) and wet bulb globe
(WBGT) thresholds during daylight hours in the summer months now and in
future (2080).

Figure 7 sets out for each centre the existing and future (2080) values of WBTs and
WBGTs together with the magnitude of exceedance of WBGT thresholds for daylight
hours over the summer months (December - February). The WBGT threshold limit
values (TLVs) for allowable work in the ISO standard 7243 (for acclimatised people) are
illustrated in Table 2.

According to Newth (2018): resting creates around 117 W; moderate labour and
walking create around 297 W, and very heavy labour and intensive activities create
around 522 W.

The results indicate significant increases in both WBT and WBGT by 2080. The WBT
values for all centres are projected to rise to maxima above 30°C by 2080 but do not reach
the 32°C threshold. The WBGT values are more valuable for assessing the impact of heat
stress on outdoor work and exercise. All centres currently have significant WBGT
exceedances of 26°C, which is problematic for very intense work. By 2080 the projections

Table 1. Percentage of daylight hours (7 am-7 pm) for December to January in which the WBT
and WBGT exceed the stated thresholds.

WBT WBGT
>30°C >26°C >30°C >32°C
Karratha 2020 0% 86% 30% 5%
2080 13% 97% 68% 36%
Broome 2020 0% 87% 16% 1%
2080 13% 98% 69% 28%
Kununurra 2020 0% 68% 0% 0%
2080 3% 98% 73% 46%
Darwin 2020 0% 77% 6% 2%
2080 3% 99% 41% 10%
Cairns 2020 0% 58% 8% 1%
2080 3% 96% 42% 15%
Townsville 2020 0% 65% 4% 0%
2080 4% 97% 48% 14%
Mackay 2020 0% 54% 3% 1%

2080 3% 98% 41% 9%




Figure 7. Panel A — Present and 2080 distribution of WBTs in the hours of 7am-7pm in the months
December to February; Panel B — Present and 2080 distribution of WBGTs in the hours of 7am-7pm in
the months December to February; and Panel C - Present and 2080 exceedance of threshold WBGT in

the hours of 7am-7pm in the months December to February.



Table 2. 1SO 7243 threshold limit values (acclimatised people).

WBGT limit(C)
Omin/hr 15 min/hr 30 min/hr 45 min/hr 60 min/hr
200 W Light 40 324 31.9 31 30.8
300 W Moderate 37.1 31.8 30.6 29.3 28.6
400 W Mod - heavy 36 31.2 29.6 279 26.8
500 W Heavy 34 30.6 28.8 26.8 25.6

indicate that summer daytime WBGT values will exceed that value almost 100% of the
time. Although only the Western Australian centres currently have exceedances of 30°C,
by 2080, all those centres are projected to have exceedances of that value for over 60% of
working hours in the summertime. In the Darwin and Queensland centres, the 30°C
WBGT threshold will be reached in 40% of summer working hours. According to the ISO
standard, at WBGT values between 30-32°C, even light work should be limited to 15—
30 minutes in the hour. In the Western Australian centres, WBGT is projected to exceed
32°C in 20-40% of summer daylight hours, making most outdoor work or exercise
dangerous.

In assessing these results, it is important to note that under the SRES A2 scenario, CO,
concentrations and temperatures will continue to rise well beyond 2100, meaning that
the projected WBT and WBGT values will also rise. Further, the future weather projec-
tions reflect a ‘typical’ year and do not represent extreme conditions. Also, the base data
for the projections derive from Bureau of Meteorology weather stations, which are not
necessarily representative of conditions in adjacent areas. For example, in their 2015-17
study of heat stress in a Darwin worksite, Jia et al. (2016) found temperatures were over
7°C higher onsite than in the nearest weather station, and regular WBGT exceedances of
30°C were directly measured. Moreover, the projections do not account for local scale
temperature variation in the Urban Heat Island effect (UHI). This effect is important
because UHI can cause substantial temperature increases. For instance, central Darwin
can be up to twelve degrees warmer than the surrounding non-urbanised monsoon
woodland (Cox & Nield, 2015). This situation could substantially increase the WBT
risks experienced in the larger urban centres.

Climate Change Adaptation Policy in Australia and the Projected Chronic Nature
of Heat Stress?

Several adaptation policies exist at the national and state/territory levels, as set out in our
‘illustrative” policy review (Table 3). The Australian Federal Government released the
National Climate Resilience and Adaptation Strategy (Australian Government, 2015a) in
2015. This document outlines policy in respect of various ‘sectors and policy areas.” We
focus on the following subset: cities and the built environment and health and well-being
for this research.

The main focus of the National Climate Resilience and Adaptation Strategy is the
impact of climate change on infrastructure. However, it does acknowledge ‘greater risk of
human injury, disease and death, and interrupted labour force productivity, due to



Table 3. Climate change adaptation policy in Australia.

Date
Policy Responsibility release
National Climate Resilience and Australian Government Department of Agriculture, Water and 2015
Adaptation Strategy the Environment
The Queensland Climate Adaptation Queensland Department of Environment and Heritage 2017
Strategy Protection
Climate Change Response: Towards 2050 Northern Territory Office of Climate Change 2020
Western Australian Climate Policy Western Australian Department of Water and Environmental 2021
Regulation

hotter, drier conditions, increasing the bushfire risk to lives and private property and the
incidence of heatwaves’ (Australian Government, 2015a, p. 34). It also acknowledges that
there could be ‘serious’ implications for human health. However, the only remedy
identified is urban greening, citing the City of Melbourne’s Urban Forest Strategy as an
example. The role of the land-use planning system is limited to considering ‘disaster
risks’ and the approval processes for future development.

While acknowledging the health risks of higher temperatures, this section of the
strategy considers this as an event-based risk due to the potential of ‘increasing incidence
of heat waves, rather than a systemic change in climate resulting in chronic conditions.
The cited remedy is accordingly about managing the impact of these events on the health
system. Nowhere in the strategy is it contemplated that climate change could result in
consistent threats to the liveability and viability of urban populations.

The Queensland Climate Adaptation Strategy (Department of Environment and
Heritage Protection, 2017a) acknowledges that “There is likely to be a substantial increase
in the temperature reached on the hottest days, and an increase in the frequency of hot
days and the duration of warm spells’, which ‘could result in heat exhaustion and increased
heat-related mortality, particularly among outdoor workers and vulnerable people’ (p. 5).
The strategy has companion documents that include (among other things) a Human
Health and Wellbeing Climate Change Adaptation Plan (Department of Environment and
Heritage Protection, 2018) and a Built Environment and Infrastructure Sector Adaptation
Plan (Department of Environment and Heritage Protection, 2017b).

In the former, the risk of heat stress is identified as the top concern of stakeholders, but
again, the remedy is seen as improving the ability of the sector to respond to heatwaves
rather than chronic conditions. Stakeholders cite poor urban planning that fails to
consider climate change as a barrier to adaptation.

The main focus of the Built Environment Plan (Department of Environment and
Heritage Protection, 2017b) is the risk to infrastructure, noting ° ... if unmanaged,
climate change represents a material risk to business operations in the short to medium
term’ (p. iii). Consideration of urban planning issues in Queensland falls to local
government via the Climate Risk Management Framework for Queensland Local
Government and its companion guideline. Importantly these documents acknowledge
that climate change brings both acute and chronic risks such as ‘steadily increasing
temperatures and sea levels.” However, both documents, which are in draft, are process-
oriented, i.e. they address how local government should go about addressing climate
change rather than the specific actions required.



The Northern Territory has recently released ‘Climate Change Response: Towards
2050" (Office of Climate Change, 2020). This brief document outlines climate change as
a ‘challenge and an opportunity’ and incorporates policy direction on emission reduc-
tions and adaptation (under the banner ‘A Resilient Territory’). The document says the
government ‘. .. is working with researchers and experts to examine the effects of climate
change on the health of the community, and to identify strategies to mitigate the health
impacts of climate change on our communities.” A key element of the response is
establishing the Darwin Living Lab under a partnership with the Commonwealth
Scientific and Industrial Research Organisation (CSIRO), the Australian Government
and the City of Darwin. This project seeks to evaluate the potential of ‘heat mitigation
measures’ for Darwin and other tropical centres. The government also intends the
Planning Commission to address climate change, possibly including building design
guidelines for tropical and arid environments. However, this planning again relates to
the control of future development, neglecting the impacts on existing urban and built
forms.

The Government of Western Australia has just released a climate change policy for the
state (Department of Water and Environmental Regulation, 2021). The document is
largely a blueprint for future action, indicating that a Climate Resilience Action Plan
(2022-25) will be prepared to ‘support Western Australian industries, cities and regions
to identify and manage climate impacts.” However, it is silent on heat stress risk in the
north of the state. The government also released separate findings from a climate health
inquiry (Weeramanthri et al., 2020). While this document acknowledges the increasing
risk of higher temperatures, it does not specifically address the impacts of heat stress
conditions in the state’s north.

Discussion

Our findings raise questions about the wisdom of attempting to populate the north of
Australia further, as proposed in the Northern Australia White Paper in the age of
climate change. Indeed, given that climate proves to be a major driver of population
growth, the worst affected centres will likely experience significant out-migration to the
more temperate northern centres or southern capital cities. Mundane issues such as
obtaining insurance could drive much of this migration. Indeed, as early as 2014, Allan
Dale predicted, ‘Climatic risks could mean a red-line from Rockhampton to Port
Headland, above which, the insurance industry would prefer not to provide cover ...
Suddenly, the north becomes too much trouble for the rest of Australia’ (Dale, 2014,
p. 139). Such out-migration may require government funding to support the relocation
of vulnerable segments of society, including aboriginal communities.

In respect of adaptation planning, the existing national and state/territory
responses to increasing heat stress in the north of Australia inadequately reflect the
chronic nature of the problem, focussing rather on the increased frequency of heat-
wave events and the ability of the local government and health systems to cope with
these ‘events.’

In a major global survey of climate change adaptation responses to heat stress (Turek-
Hankins et al., 2021), the authors identify that heat is being considered a ‘health issue’ to
manage in high-income countries. However, the research does not identify any countries



presently implementing policies concerning population distribution associated with heat
stress. Furthermore, in reviewing the literature, we found only a small number of articles
canvassing ‘transformational adaptation’, i.e. ‘fundamental systems’ changes that address
root causes of vulnerability may be needed” (Kates et al., 2012; Fedele et al., 2019). Heat
stress in northern Australia and other vulnerable parts of the world will eventually
require such a strategy.

National Strategies

Ideally, developing an overarching national population distribution strategy that limits
vulnerability to exposure to climate change and related heat stress requires spatial
planning intervention at the national scale. The OECD has identified 162 countries
with national-level urban policies, although in different forms, at different development
stages and with varying thematic foci (OECD et al., 2021b). However, only 52 national
urban plans have an ‘extensive’ spatial dimension, which would be required to shape
population settlement patterns (UN Habitat, 2021).

The National Climate Resilience and Adaptation Strategy (Australian Government,
2015a) should coordinate national and state policies to deliver northern population
distributions less vulnerable to WBT extremes in Australia. These policies would demar-
cate future urban growth areas, install spatial limits for current cities and towns, and
coordinate infrastructure spending concerning cities. The Strategy should delineate
future growth areas through a comprehensive analysis of enabling infrastructures such
as existing ports, water supplies, economic development potential, present population,
and environmental fragility - as well as climate change projections. The Strategy should
also address the implications of the declining future population in the most affected
locations.

A Holistic Climate Change Adaptation and Mitigation Policy

Scientists worldwide estimate the likely impact of the nationally determined contribu-
tions (NDCs) made in the 2015 Paris agreement. The consensus is that the current
emission reduction policies will not achieve their NDC commitments, which in any case
are insufficient to achieve the objective of limiting warming to well below 2°C above
pre-industrial levels. To achieve that goal, it is generally accepted that net emissions will
need to be near zero by 2050. However, it is increasingly unlikely that there is sufficient
momentum to reduce emissions in time to achieve a less than 1.5-2°C outcome.
Accordingly, it is well past time to be realistic about the prospects of limiting
temperature rise to 1.5-2°C. It is time to prepare for the 3°C+ world described in this
research while ramping up emission reductions to ensure that future generations are not
facing a plus 4-5°C world. While climate change mitigation is not the core focus of this
paper, emissions reductions need to become one element of preparing for the worsening
effects of climate change. Despite the decades of knowledge about climate change, the
status of adaptation planning is, at best, preliminary, and at worst, totally inadequate.
Climate change is here and will be with us for centuries to millennia, so it is time to



combine mitigation and adaptation into a single coherent national strategy. Regarding
mitigation, the policy needs to be focussed on urgently reducing domestic emissions
while advocating strong international action.

Limitations

This paper has explored the vulnerabilities of urban centres in northern Australia to
chronic heat stress at a broad scale. However, readers should note the limitations of this
paper. The impacts of heat depend on both exposure and vulnerability on a finer scale.
Concerning exposure, it will be necessary to address the increasing risks associated with
heat stress in northern Australia through urban and built form design. Climate-sensitive
urban design aims to create thermally comfortable environments by designing for
temperature, humidity, wind, and solar access (Coutts et al., 2013). Such approaches
can include measures such as shading the public domain through adjacent development,
funnelling cooling wind through street networks, adopting advanced building materials
to reduce the absorption of heat and adopting solar control systems (Haddad et al., 2018)
and adding ‘vegetation.” This latter strategy includes preserving and enlarging existing
parks; and planning more city parks, green wedges and green corridors which cool their
surroundings (Coutts et al., 2013; Lenzholzer, 2015).

Nonetheless, urban greening measures will only provide a limited remedy to the heat
stress likely to be experienced in northern Australia by the end of the century and
beyond. This limitation is because the cooling associated with evapotranspiration from
vegetation is reduced with increasing humidity (Coutts et al., 2013; Rahman et al., 2020),
so as humidity rises, the cooling benefits are diminished, limiting the benefit of this
strategy during high heat stress conditions, such as in northern Australia. Adaptation to
these conditions through planning and design is worthy of future research.

Vulnerability to heat stress depends on numerous other factors, including population
age, pre-existing health conditions, acclimatisation, adaptive capacity, availability of air
conditioning, emergency response to severe heat waves, and sociocultural and economic
factors that influence behaviour (Loughnan et al., 2012). Given the broad geographical
scope of this paper, we do not discuss these issues in detail. Nonetheless, research
indicates relatively basic adaptation strategies such as early warnings and education
about heatwaves and social check-ups on vulnerable demographics during heatwaves
can significantly lessen the death tolls. Furthermore, because of the necessary brevity, we
do not discuss the additional challenges posed to northern development by climate
change-induced sea-level rise, increased intensity storm events, and increasing preva-
lence of mosquito-borne diseases (Australian Government: Department of the
Environment and Energy, 2012) — worthy as these are of consideration.

Conclusions

While exposure to extreme heat stress in vulnerable regions depends heavily on future
greenhouse gas emissions, there is much uncertainty about the degree to which humanity
can (and is willing to) reduce those emissions (Coftel et al., 2017). Accordingly,
Australia’s policymakers should proactively respond at the national and regional plan-
ning scale to assume that we continue on a trajectory towards RCP 6.0-8.5. This response



should entail a comprehensive review of the ‘Our North, Our Future’ white paper to
avoid expanding populations in areas likely to experience extreme WBTs and other
climate change-related risks.

The time for such proactive planning is now. The problem is that the bulk of
contemporary development in northern Australia will be with us as the climate crisis
unfolds. As this paper has discussed, policymakers are not adequately responding to
increased WBTSs that could become credible threats to liveability and the viability of
northern Australian cities and towns in the coming decades. Adaptation to climate
change in Northern Australia should engage all of society, communities and individuals,
governments, industry and sectors (Turton, 2015) — and a good place to start would be
with climate scientists. Moreover, the focus for investment in identified vulnerable
centres should also be retrofitting the urban structure to be more resilient to projected
future climatic conditions, not just funding that directly seeks to propagate population
growth.

Northern Australia is not exceptional, and the issues raised in this paper pertain to
much of the Middle East (Pal & Eltahir, 2016; Bolleter et al., 2021), northern South
America, Central and Eastern Africa, and South-East Asia (Coffel et al., 2017). Given the
yet emerging nature of predicted heat stress issues, adequate planning responses have
been yet to be developed in most affected countries, including ‘transformational adapta-
tion’ involving (among other things) the potential for population movement.
Nonetheless, Australia has strong governance and is well resourced to adapt settlement
patterns to emerging constraints such as severe heat stress. Indeed, Australia could be an
exemplar for climate change adaptation; however, such aspirations remain elusive.

Notes

1. RCPs are greenhouse gas concentration trajectories utilised in the Fifth Assessment Report
of the Intergovernmental Panel (IPCC) on Climate Change in 2014 as a basis for the report’s
findings. According to the IPCC ‘Scenarios without additional efforts to constrain emissions
(‘baseline scenarios’) lead to pathways ranging between RCPs 6.0 and 8.5'
(Intergovernmental Panel on Climate Change, 2014, p. 8). Current projections for climate
change in the coming decades fall somewhere between RCPs 4.5 and 8.5. [Note: Since the
original submission of this article, the Sixth Assessment Report has been released with
updated modelling and the replacement of RCPs with Shared Socioeconomic Pathways
(SSPs). The 2100 temperature projections for SSP2-4.5 and SSP5-8.5 are broadly similar to
the equivalent RCPs (approximately 0.2-0.3°C higher) meaning the analysis presented here
remains suitable for its intended purpose.]

2. Absolute humidity is a measure of the actual quantity of moisture in the air while ‘relative’
humidity is the quantity of moisture relative to the maximum moisture content of the air at
a given dry bulb temperature.

3. https://climatechip.org/excel-wbgt-calculator
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