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Abstract

Urban residents face increasing risk of heat stress due to the combined impact of climate
change and intensification of the urban heat island (UHI) associated with urban growth.
Considering the combined effect of urban growth and climate change is vital to
understanding how temperatures in urban areas will change in the future. This study
investigated the impact of urban growth and climate change on the UHI and heat stress in a
sub-tropical city (Brisbane, Australia) in the present day (1991-2000) and medium term
(2041-2050; RCP8.5) during summer. A Control and Urban Growth scenario were used to
compare the temperature increase from climate change alone with the temperature increase
from climate change and urban growth. Average and minimum temperatures increased more
with climate change and urban growth combined than with climate change alone, indicating
that if urban growth is ignored, future urban temperatures could be under-estimated. Under
climate change alone, rural temperatures increased more than urban temperatures, decreasing
the effect of the UHI by 0.4°C at night and increasing the urban cool island by 0.8°C during
the day. With climate change, the number of hot days and nights doubled in urban and rural
areas in 2041-2050 as compared to 1991-2000. The number of hot nights was higher in urban

areas and with urban growth. Dangerous heat stress, defined as Apparent Temperature above
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40°C, increased with climate change, and occurred on average 1-2 days every summer during
2041-2050, even in shaded conditions. There was higher temperature increases with urban
growth and climate change than with climate change alone, indicating that reducing the effect
of the UHI is vital to ensuring urban growth does not increase the heat stress risks that urban
residents will face in the future.

Keywords: urban heat island, climate change, heat stress, sub-tropical

1. Introduction

Extreme heat is the leading weather-related cause of death in highly urbanised countries such
as the USA and Australia (Coates et al., 2014; Environmental Protection Agency, 2016).
During heat waves, the death toll can rise to the thousands, as seen in Europe in 2003 and
2010 (Barriopedro et al., 2011; Robine et al., 2008), France in 2006 (Fouillet et al., 2008) and
Asia in 2015 (World Meteorological Organization, 2016). Urban residents are particularly
vulnerable to heat stress due to the ‘urban heat island’ (UHI), whereby cities are warmer than
the surrounding countryside, mainly at night (Heaviside et al., 2017; Medina-Ramén &
Schwartz, 2007). During heatwaves, urban residents are exposed to greater risk of heat stress
and higher mortality than rural residents due to the UHI (Clarke, 1972; Hayhoe et al., 2010).
Given over half of the world’s population lives in cities (United Nations, 2014) understanding
heat stress is essential for allowing urban populations to better adapt to almost certain higher
future temperatures (Fouillet et al., 2008).

The UHI occurs due to urban modification of land cover and can result in increases in urban
temperatures by on average 2°C. Urban areas can also be cooler than rural areas, termed an
“urban cool island”, and can occur in the early morning due to urban areas warming up more
slowly than rural areas in response to solar radiation, and in arid areas if cities have extensive
irrigation. Under weather conditions of low wind speed and cloud cover, the increase in
temperatures in urban areas can be as high as 10°C (Arnfield, 2003; Chang et al., 2007;

Gedzelman et al., 2003; Sharifi & Lehmann, 2014; Wilby, 2008). The UHI occurs in the
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surface, sub-surface, canopy layer, which is the air above the ground and below rooftops, and
the boundary layer (Oke, 1995; Yow, 2007). The canopy layer is the most relevant for human
health as most activity occurs in this layer and is the focus of this study (Yow, 2007). The
UHI is more frequent and pronounced during the night, when adjacent rural residents would
experience relief from the heat (Clarke, 1972). The main factors influencing the formation of
the UHI are associated with urban form, and include building height, height/width ratio,

green space, anthropogenic heat release and weather (Arnfield, 2003; Oke, 1982). Building

cle

1 ﬁ height and height/width ratio both act to reduce the sky-view factor and the amount of
outgoing radiation as compared to rural areas (Chun & Guldmann, 2014; Unger, 2009). Tall
buildings can also have a shading effect during the day, and reduce incoming solar radiation
(Chun & Guldmann, 2014). The amount of green space is a key contributor to the UHI. Less
greenspace reduces the capacity for evapotranspiration, with more energy partitioned into
sensible rather than latent heat (Oke, 1982; Taha, 1997). As building density increases and
green space decreases, the intensity of the UHI will increase (Arnfield, 2003; Oke, 1973;
Parker, 2010), thereby increasing the risk of heat stress to urban residents.

Considering the combined impacts of urbanization and climate change on future urban
temperatures is vital, as they both have large impacts on future heat stress, particularly in
low-income countries with little capacity to adapt to rising temperatures (Althor et al., 2016;
Argiieso et al., 2015; IPCC, 2014). Neglecting to consider the interaction effects between
urban growth and climate change can result in the under-estimation of the magnitude of

future urban heat stress (Chapman et al., 2017). Urban areas may also respond differently to
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climate change than rural areas (McCarthy et al., 2010; Oleson, 2012).
The main mechanisms by which urban and rural areas may respond differently to climate
change are weather (wind speed and cloud), evapotranspiration and anthropogenic heat

release (Hoffmann et al., 2012; McCarthy et al., 2010; Oleson, 2012). The most intense UHI
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effect occurs under conditions of low wind speed and low cloud cover (Bonan, 2008; Oke,
1982), thus any changes to winds and clouds from climate change could alter the frequency
of high-intensity UHIs (Hoffmann et al., 2012). Urban and rural differences in
evapotranspiration are also a key contributor to the UHI. If soils dry out due to climate
change, rural evapotranspiration will decrease, while urban areas, with less bare soil, may be
less affected and experience less of a reduction in evapotranspiration (Oleson, 2012). This
could lead to rural areas warming more than urban areas with climate change due to a bigger
reduction in evapotranspiration and latent heat flux (Oleson, 2012). Anthropogenic heat
release is the heat released from human activities, such as heating and cooling of buildings,
vehicle usage, and human metabolism (Sailor & Lu, 2004). Increases in the amount of air-
conditioning used in buildings due to rising temperatures with climate change would increase
anthropogenic heat release in cities, further increasing the UHI, and reductions in the amount
of heating required in high-latitude cities could decrease anthropogenic heat release and the
UHI (Oleson, 2012). The interaction between climate change the UHI is a key research gap,
hampering our understanding of future urban temperatures (Chapman et al., 2017).

In this study, we examined the impact of urban growth and climate change on the climate and
heat-stress of Brisbane, a sub-tropical city in eastern Australia, in 2041-2050. We conducted
two high-resolution modelling experiments of the impact of climate change alone, and
climate change combined with a scenario of urban densification. The first scenario used the
present-day land cover with RCP8.5, while the second scenario used a medium density urban
growth scenario with RCP8.5 to examine the combined impact of urban growth and climate

change on the urban heat island during summer from 2041-2050.

2. Methods

2.1. Study area
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Brisbane is the third largest city in Australia, with a population of 1.9 million people (Figure
1). It has a sub-tropical climate, with summer-dominant rainfall (Bureau of Meteorology,
2017). Mean monthly temperatures range from 21.7 to 28.5°C (Bureau of Meteorology,
2017). Between 1999 and 2018, there were on average 70 days a year when maximum
temperature exceeded 30°C, as measured at the Brisbane City station, station ID 040913
(Bureau of Meteorology, 2017). By 2050, Brisbane’s population is expected to increase to

3.5-4.7 million people (Australian Bureau of Statistics, 2013). Most of the urban development

cle

1 ﬁ associated with this growth will be via densification rather than geographic expansion of the
urban area (Brisbane City Council, 2014).

{Fig. 1}

2.2. Model configuration

We used CCAM (Conformal Cubic Atmospheric Model), developed by the CSIRO, to run
high-resolution (1 km grid cell) climate simulations over Brisbane City. CCAM uses a tile
approach, with a grid box composed of a combination of vegetation and urban tiles.
Vegetation is modelled using the CABLE land surface scheme and urban areas using ATEB
(Australian Town Energy Budget). ATEB is an urban canopy model which allows CCAM to
simulate the urban climate (Thatcher & Hurley, 2012). The model physics schemes are listed
in Table 1.

ATEB is based on the Town Energy Budget model and has been updated to reflect the

Australian context; idealized air-conditioners have been parameterized, the urban vegetation
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component has been altered to better reflect the vegetation in Australian suburbs and the
model now includes consideration of two canyon walls facing easterly and westerly
directions (Masson, 2000; Thatcher & Hurley, 2012). Vegetation in urban areas is modelled

using a big-leaf model and is primarily modelled as 1 m shrubs (Thatcher & Hurley, 2012).
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ATEB has previously been used to model urban climates in Australian cities (Chen et al.,
2015; Chen et al., 2014; Luhar et al., 2014; Ren et al., 2014).

{Tab. 1}
For our experiments, the model was first run with a quasi-uniform global resolution of 100
km using a C96 grid. The model was then run in stretched grid mode and downscaled to
60km, 8km and then 1 km resolution over the following regions: 0°-60°S, 105°-165°E, 25.5°-
29.5°S, 151°-155°E and 27.2°-27.8°S, 152.7°-153.5°E (see Figure 1). We used a global
stretched C48 grid and extracted data from the high-resolution area (1 km domain), which
used 48 x 48 gridpoints. A total of 27 vertical model levels were used, ranging from 20 m-35
km, with 10 levels in the first 1000 m. The orography data used in CCAM has a 250 m
resolution over Australia and was provided by Geoscience Australia.
CCAM was forced using bias corrected sea-surface temperatures from ACCESS 1.0, a global
climate model developed by the CSIRO and the Australian Bureau of Meteorology (Bi et al.,
2013). The bias correction method is described in Hoffmann, Katzfey, et al. (2016), and
performed on the inputs to CCAM. This method results in improvements in mean and
interannual variability in climate variables, as compared to non-corrected SSTs (Hoffmann,

Katzfey, et al., 2016).

2.3. Experimental design
Two experiments (Table 2) were conducted to evaluate the effect of urban growth and
climate change on urban climate.

{Tab. 2}
The 100 km run of CCAM was simulated continuously from 1990-2050. The 60 and 8 km
runs ran in the two time periods of interest (1990-2000 and 2040-2050). The 1 km simulation

was run for Nov-Feb, with November acting as a month of spin up prior to the austral
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summer. The 8 km run, which ran continuously through the periods of interest, provided the
initial conditions for the 1 km run.
The land cover maps were based on MODIS 2001 land cover data, with the IGBP
classification scheme (Global Land Cover Facility, 2018). In addition, two new urban
categories were added: urban-high density and urban-medium density. The parameters for
each urban category in ATEB were based on measurements from Melbourne, Australia, and
are shown in Table 3 (Coutts et al., 2007). The only change from the MODIS land cover for
the Control scenario was the addition of the CBD (central business district) as a high-density
area.
For the Urban Growth scenario, land cover within the inner half of the urban area was
changed from low to medium density. This resulted in an increase in building height of 2 m, a
reduction in the amount of green space by 11%, and an increase in the height/width ratio of
0.2. Green space refers to in-canyon vegetation and is modelled in ATEB using a big-leaf
model. This urban growth scenario is broadly consistent with Brisbane’s future planned
growth, the majority of which (88% of the planned additional dwellings) will be achieved by
increasing density in inner city areas, rather than expansion of the urban area (Brisbane City
Council, 2014).
{Tab. 3}
The maps of land cover for the Control and Urban Growth scenarios are shown in Figure 2.
{Fig. 2}
The scenarios were compared using minimum, maximum and average temperature, the
energy budget, the UHI, the number of hot days and nights, and heat stress indices. In these
comparisons, rural land areas within the same elevation range of urban areas were used, to

minimize the effect of elevation on climate.
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2.4. UHI Calculation

The ability of CCAM, in combination with ATEB, to reproduce the Brisbane UHI has
previously been validated (Chapman et al., 2018). For this study, the UHI was calculated
using an urban and rural point, which are shown in Figure 2. Weather station locations were
not used given that for the period, 1991-2000, there are no weather stations operating
continuously (> 5 years, < 25% missing data) in rural and inner-city locations for the UHI
calculation. The UHI was calculated as Tempurban — Temprurai for the present day and the
mid-term, and for the Control and Urban Growth scenarios.

The rural point was chosen to minimize the differences in elevation between it and the urban
point, while also maintaining distance from urban areas, and at a similar distance to the ocean

as the urban point.

2.5. Number of hot days and nights

Hot days were defined as days with maximum temperature above the 95™ percentile of
maximum temperature for 1991-2000 Control rural areas. Hot nights are defined the same
way, using minimum temperature. The threshold temperature for hot days was 40°C and
24°C for hot nights.

The difference in the number of hot days and nights between scenarios was statistically tested
using the Kruskal-Wallis test. The data was averaged over the 10-year period, resulting in one
value for each grid cell, and then grouped into rural, low density and medium density areas.

The CBD was not included in statistical tests as it covers only a small area in CCAM and so

Accepted Article

does not have a sufficient sample size.
Only rural areas within the same elevation range (1-159 m) similar to urban areas were
included, to minimize the influence of elevation on temperature. A 25 m resolution digital

elevation model for South-East Queensland was used to determine the elevation range of
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urban areas in Brisbane (Department of Natural Resources, 2013). Water bodies were not

included in these calculations.

2.6. Heat stress calculation
Heat stress occurs when core body temperature rises above 37 °C (Epstein & Moran, 2006;

Sherwood et al., 2010; Taylor, 2006). The human body maintains its temperature by

cle

exchanging heat with the environment (Epstein & Moran, 2006). The rate of exchange is

* ﬁ governed by heat produced by the body, heat gained from the environment and sweat
evaporation (Epstein & Moran, 2006). Heat stress is not just affected by temperature, but by
factors relating to evaporation, such as air movement and humidity, as well as type of activity
and clothing (Budd, 2008; Buzan et al., 2015; Epstein & Moran, 2006). Numerous indexes
(>40) have been developed to measure heat stress (Epstein & Moran, 2006). No single index
is superior in all situations (Brake & Bates, 2002; Kim et al., 2011; Morabito et al., 2014). An
index that is widely used is the wet-bulb globe temperature (WBGT) (Budd, 2008;

d’ Ambrosio Alfano et al., 2014; Ooka et al., 2010; Taylor, 2006). Apparent Temperature
(AT) is also widely used, including by the Australian Bureau of Meteorology (2010), and the
shade version has been found to be related to heat-stress mortality in cities near the coast
(Morabito et al., 2014).

Three direct heat stress indices were calculated: WBGT, AT for sun (ATsun), and shade
(ATsnade). For all the heat stress calculations, daily average temperature was used. For outdoor

conditions, the WBGT is calculated as follows (Epstein & Moran, 2006):
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WBGT =0.7Tw + 0.2T4 + 0.1Tq (1)
...where T\ = wet-bulb temperature, T; = globe temperature and T4 = dry bulb temperature.
Ty was calculated using the following formula (Hajizadeh et al., 2017):

Ty=0.01498S + 1.184T4 - 0.0789RH - 2.739 2)

This article is protected by copyright. All rights reserved.
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...where S = solar radiation (w/m?) and RH = relative humidity (%).
T was calculated using the Davies-Jones (2008) equation, as calculated using the
HumanIndexMod developed by Buzan et al. (2015).
The shade version of AT (ATsnade) Was calculated using the following equation as
implemented in the HumanlndexMod (Buzan et al., 2015):

ATspage = Ta + 0.33e - 0.7U10 - 4.00 3)
The equation for ATsunis as follows (Steadman, 1984):

ATsun=4.5.+10.2T4 - 1.00U10 + 0.28e - 5.8D + 0.0054 (Qp + Qa) 4)
...where e = water vapour pressure in hPa, D = fraction of solar radiation that is direct, Qp =
direct solar radiation and Qg = diffuse solar radiation. D estimated based on daytime (6am-
6pm) values from CCAM, which is calculated by the GFDL-CM?2.1 radiation code
(Schwarzkopf & Fels, 1991; Schwarzkopf & Ramaswamy, 1999)

Only rural areas within the same elevation range as urban areas were used to calculate rural
heat stress, to minimize the influence of elevation on temperature. The calculated indices
were then compared to threshold values which define levels of danger and activity. WBGT
was compared to Sports Medicine Australia guidelines (2007), and AT was compared to USA
National Weather Service Heat Index Guidelines (2018). Heat Index guidelines are used for

AT as the Heat Index is a simplified version of AT.

3. Model validation

The ability of the model to reproduce summer air temperature was evaluated by comparing
the Control average, minimum and maximum temperature, 10 m wind speed and relative
humidity with observational data from seven Bureau of Meteorology weather stations (See
Table 4 and Figure 2). Average temperature was calculated based on three-hourly

temperature data from the Bureau of Meteorology, while minimum and maximum
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temperature were calculated based on daily minimum and maximum temperature data.
Samford and Logan were excluded from the calculation of average temperature bias as data
was only available at 9am for Samford, and 9am and 3pm for Logan, which would give a
misleading estimate of average temperature. For Annerley, observational average temperature
was only compared with model data from February 1992 onwards, as prior to that hourly data
was only available at 9am and 3pm.
For the model validation only, the output temperature data from CCAM was corrected to
account for the difference in elevation between CCAM and the weather stations. This
correction was -6.5°C per km. Samford and Redcliffe had the biggest elevation difference
between the model and weather stations at 13 and 13.2 m respectively. All other stations were
within 7.5 m of the model elevation.
During the present-day period (December 1990-February 2000) only two of the seven
weather stations were open the entire time. Missing data was also an issue for the remaining
stations. Only stations that were missing less than 25% of their data during the time they were
open and were open for at least 5 years between Dec 1990 and Feb 2000, were included in
the model validation. The years open and amount of missing data are shown in Table S1.
{Tab. 4}
Based on average monthly data, the average summer temperature of the model was 0.8°C
warmer than observations. Minimum temperature was 0.9°C cooler than observations and
maximum temperature was 2.1°C warmer. Logan had the largest bias, and the model
minimum temperature was 5.5°C too cool here. The elevation of the Logan station is similar
to the other stations; however, it is surrounded by hilly topography. This may not be
adequately captured by the 1 km resolution of the model and may be contributing to the

higher bias at this station.
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4. Results

4.1. Climate and urban growth impact on temperature

Temperature changes due to climate change and urbanisation were examined by comparing
Control and Urban Growth 2041-2050 temperatures with the Control 1991-2000 temperatures
(Table 5). Average summer air temperatures for Control 2041-2050 were 2.5°C higher
compared to the 1991-2000 temperatures. Maximum temperature increased more than

average temperature, by an average of 2.8°C. The temperature increases in the Urban Growth

cle

L ﬁ scenario were higher than in the Control scenario for average and minimum temperature, by
up to 0.4°C in the CBD. For both scenarios, maximum temperature in rural areas increased
more than urban temperatures by up to 1°C in 2041-2050. Increases in average, minimum
and maximum temperature were statistically significant at the 95% confidence interval across
the entire study area, as evaluated using a modified t-test that accounts for serial correlation
in spatial climatological data (Zwiers & Storch, 1995).

{Tab. 5}

4.2. Urban heat island comparison

The average hourly variation in the summer UHI during the present day, 1991-2000, and
medium term, 2041-2050, for the Control and Urban Growth scenario are shown in Figure 3.
The UHI was calculated as the temperature difference between the urban and a rural point, as
shown in Figure 2. The average summer UHI from 1991-2000 was 0.8°C for the Control and

0.9°C for the Urban Growth scenario. By 2041-2050, this decreased by 0.6°C for the Control
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and the Urban Growth scenario. For both scenarios, the change in the UHI was higher during
the day than during the night. The daytime urban cool island (when urban areas are cooler
than rural areas) increased by -0.8°C, while at night, the urban heat island decreased by -

0.4°C. The maximum daytime cool island intensified in the mid-term by 1.1°C for the
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Control and 1.2°C for the Urban Growth scenario. The maximum value of the nocturnal UHI
decreased from 2.8°C to 2.4°C for the Control, and from 3.1°C to 2.8°C for the Urban
Growth scenario.

The early morning (4-7am) UHI does not change much with climate change. During these

hours, the intensity of the UHI is driven by the warming in response to sunrise. Before

le

sunrise, urban areas are warmer than rural areas. At sunrise, rural areas warm up quickly,

O more so than urban areas, (Figure S1), reducing the intensity of the UHI, until an urban cool
o ﬁ island develops.

{Fig. 3}

The number of extreme UHIs also decreased. During 1991-2000, there were on average 20
days per summer when the UHI was greater than 5°C for the Control, and 27 days for the
Urban Growth scenario. During 2041-2050, the number of days with a UHI greater than 5°C
nearly halved for the Urban Growth scenario to 15 days, and was halved for the Control
scenario, down to 9 days. In the present-day climate, UHI events exceeding 7°C occurred on
average 3 days per summer in the Control scenario and 4 days per summer in the Urban
Growth scenario. In 2041-2050, these events occurred on average only once per summer for

the Control, and twice per summer for the Urban Growth scenario.

4.3. Energy Budget
The reduction in the UHI reflects a stronger warming of rural areas compared to urban areas

(Figure 4). This is most apparent in the Urban Growth scenario and for maximum
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temperature. The urban areas of Brisbane are closer to the ocean, which may explain some of
the smaller increase in urban temperatures as compared to rural temperatures.

{Fig. 4}

This article is protected by copyright. All rights reserved.



The increasing rural temperatures are also associated with changes in the latent heat flux,
which decreased more in rural areas than in urban areas (Figure 5). The reduction in latent
heat flux reflects a drying trend under RCP8.5; rainfall decreases, as does soil moisture (see
Figures S2-S3) and relative humidity. In addition, incoming longwave and solar radiation
increase (see Figure S4). Longwave radiation increases due to higher upper air temperatures,

while solar radiation increased due to a small reduction in cloud cover during this period (see

cle

Figure S2). With increasing energy and reduced water, there is less potential for cooling with
L ﬁ evapotranspiration, which contributes to higher temperatures, particularly in rural areas which
have a higher latent heat flux than urban areas and rely more on cooling by
evapotranspiration than urban areas.

{Fig. 5}
The increased drying trend is exacerbated in the Urban Growth scenario, which experienced
larger reductions in latent heat flux than the Control scenario, particularly in rural areas close
to the city. The drier urban air also may be affecting the nearby rural areas in this scenario.
The increased drying trend and higher warming in rural areas acts to reduce the difference in

latent heat flux and temperature between urban and rural areas, and thus reduces the UHI.

4.4. Hot days and nights
Under RCP8.5, the number of hot days (max temp > 40°C) and nights (min temp > 24°C)
increased for both the Control and Urban Growth scenario. Hot days were defined as days

. . h . . .
with maximum temperature above the 95" percentile of maximum temperature in rural areas
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for 1991-2000 Control. Hot nights were defined same way, using minimum temperature. The
increase in hot days and nights with climate change was statistically significant at p < 0.05

for all scenarios and areas.
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The Urban Growth scenario experienced more hot nights at each urban location than the
Control scenario. The biggest difference in the number of hot nights between the two
scenarios was in areas that changed from low to medium density (“Medium Density” in
Figure 6), and the CBD (Figure 6, panel d2), where land cover did not change between the
two scenarios. This difference in the number of hot nights between the Urban Growth and
Control scenario was statistically significant at p < 0.05 in Medium Density areas in both the
present day and midterm and was significant in low density and rural areas in the present day
at p < 0.1. The Control scenario had more hot days than the Urban Growth scenario in the
CBD and the Medium Density urban areas, though the difference was smaller than for hot
nights and was only statistically significant in the present day, not the midterm, and only in
medium density and rural areas. The CBD covers a small spatial area in CCAM and was not
included in the statistical tests. This also leads to the small error bars in Figure 6.
For the Control scenario, the average number of hot days and nights doubled for each area
from the present day to the medium term (Figure 6). In rural areas, the average number of hot
nights in summer more than tripled, increasing from three to 17 nights per summer for both
scenarios. For the Urban Growth scenario, the average number of hot nights tripled in
Medium Density areas, increasing from 15 to 48 nights. At the CBD, the average number of
hot nights per summer increased from 19 to 55 for the Urban Growth scenario, and 14 to 47
for the Control scenario.

{Fig. 6}
Specific locations were examined to identify the duration of hot events. The CBD and rural
point used in the UHI calculation were chosen to represent CBD and rural areas respectively
and the Archerfield weather station was used to represent Medium Density areas.
Consecutive hot day events, with maximum temperatures above 40°C for three days or

longer, lasted for longer for both scenarios in the medium term than in the present day. Over
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the ten-year period 2041-2050, hot day events occurred five times for the Control and six
times for the Urban Growth scenario in rural areas. In urban areas in 2041 - 2050, hot day
events occurred three times for the Control and twice for the Urban Growth scenario. This is
an increase from 1991-2000, when hot day events of three days or more occurred only once
for the Control and twice for the Urban Growth scenario in rural areas and did not occur in

urban areas.

cle

Consecutive hot night events lasted for longer at urban locations in the Urban Growth

1 ﬁ scenario than in the Control scenario. In 2041-2050, on average, hot night events lasting
longer than three nights occurred three times per summer for the Control and Urban Growth
scenario at Archerfield. At the CBD, hot night events lasting longer than three nights
occurred four times per summer in the Control, and six times per summer in the Urban
Growth scenario. Long events (>= 14 consecutive nights) occurred only during the medium
term, and not in the present day. Over the 2041-2050 period, events with hot nights that
lasted for 14 days or longer occurred 3 times for the Control and 6 times for the Urban
Growth scenario in urban areas. The longest duration events occurred in the CBD in the

Urban Growth scenario.

4.5. Heat stress indices

Heat stress was calculated using WBGT and AT for sun and shade. These indices were then

ccepted Art

compared to threshold values that provide guidelines for level of activity. ATshade reflects the
heat stress for people working and doing activity outdoors in the shade, while ATsun reflects
the heat stress people would face if they were active in direct sun.

We also compared the threshold values of WBGT and AT, calculated with daily average
temperature. Thresholds for WBGT are based on Sports Medicine Australia guidelines. For

‘Moderate’ WBGT (WBGT between 21-25), Sports Medicine Australia recommends taking
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more breaks during activity, for ‘High’ (WBGT between 26-29) they recommend limiting the
intensity and duration of exercise (Sports Medicine Australia, 2007). AT guidelines are based
on the USA National Weather Service Heat Index Guidelines (2018). ‘Moderate’ (AT
between 36.7-32.1) indicates fatigue possible with prolonged exposure or physical activity,
‘High’ (AT between 32.2-40.5) indicates heat stroke, cramps or exhaustion possible with
prolonged exposure or physical activity, and ‘Danger’(AT > 40.6) indicates heat cramps and
exhaustion likely, and heat stroke possible with prolonged exposure or physical activity
(National Weather Service, 2018). Using average temperature, there is minimal difference in
the heat stress indices between low, medium density areas and the CBD urban area. As with
temperature, the average UHI as calculated with heat stress also decreases slightly from the
present day to the midterm by 0.3-0.5 for all indices, while absolute heat stress increases.

The average number of days per summer with high and dangerous heat stress risk increased
with RCP8.5 (Figure 7). With RCP8.5, dangerous heat stress occurs 1-2 days per summer
(ATshade) during 2041-2050, and 6-7 days per summer when in the sun (ATsun). With RCPS.5,
high heat stress risk, measured with ATsun, occurs over 60 days per summer for both rural and
urban areas and for both scenarios. For WBGT and ATshade, high heat stress increases by
more than 4 times the present-day value and occurs 23 days per summer in rural areas and
19-22 days per summer in urban areas using WBGT and using ATnaqe Occurs 18 days per
summer in rural areas and 12-15 days per summer in urban areas. Using average temperature
to calculate these indices, there is minimal difference in the number of days above thresholds
for urban and rural areas. For ATsun, urban growth leads to 2-3 extra days per summer with
high heat stress in urban areas where land cover changed.

{Fig. 7}

5. Discussion
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5.1. Overview

In this study, we used a high-resolution atmospheric model coupled with an urban canopy
model to investigate the impact of climate change and urban growth on the UHI and heat
stress of a sub-tropical city in Australia. Using a scenario of inner-city urban growth in
combination with the RCP 8.5 climate scenario, we demonstrate that climate change
increases temperature everywhere. When climate change and urbanisation are considered
together, the temperature increases are higher, particularly at night and in the urban areas that
experienced densification. We also show that while both urban and rural temperatures warm
up, rural temperatures warm up faster than urban temperatures. Even though urban
temperatures remain higher than rural temperatures, the higher warming in rural areas
decreases the difference in urban and rural temperatures and the average UHI. This shows
that urban and rural areas can respond differently to climate change, and it cannot be assumed
that even in the absence of urban growth, that urban and rural areas will experience the same
amount of warming with climate change. We further show that the number of hot days and
nights per summer doubled with RCP 8.5 for both the Urban Growth and Control scenario,
and urban areas experienced more hot nights in the Urban Growth scenario than in the

Control scenario.

5.2. The impact of climate change on temperatures and the UHI

Climate change increased temperatures over the entire study area by over 2°C. When urban
growth was included, the increases in temperature were higher, particularly for average and
minimum temperatures, while maximum temperature increases were similar. These results
are similar to those of Argiieso et al. (2014), who found little impact of urbanisation on
maximum temperatures. The higher increase in average and minimum temperature with

urban growth also occurred in rural areas, where land cover did not change. If urbanisation is
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not considered in the simulations of future climate, temperatures could be under-estimated,
not only across the city, but in nearby rural areas.

While temperatures in urban areas increased, the intensity of the UHI and the frequency of
extreme UHIs (UHI intensity > 5°C) decreased in both scenarios with climate change. The
decrease in the average UHI was driven by increased warming in rural areas as compared to
urban areas, which reduced the urban-rural contrast in temperature at night and increased the
difference between urban and rural temperatures during the day. This rural control on the
intensity of the urban heat island has also been found for many Indian cities, where irrigation
of agriculture is a large factor in the surface UHI (Kumar et al., 2017). The change in UHI
intensity found in this study with climate change was most pronounced during the daytime,
when the urban cool island strengthened. At night, the UHI intensity decreased. The lower
urban warming may be partly, but not entirely, due to the urban areas being closer to the
coast than rural areas and the moderating influence of sea-breezes. The higher increase in
rural temperatures was also driven by a larger reduction in latent heat flux in rural areas than
in urban areas. Under RCP8.5, 2041-2050 exhibited a drying trend, which was reflected in
lower relative humidity, soil moisture and precipitation. Incoming longwave and solar
radiation also increased due to increased air temperatures and lower cloud cover respectively.
With higher incoming energy and less water availability, latent heat flux decreased. Rural
areas, which have higher vegetation and higher latent heat flux, were more strongly affected
by the reduction in moisture than urban areas.

For many parts of Australia, including the Brisbane area, there is uncertainty regarding future
rainfall with climate change (CSIRO & Bureau of Meteorology, 2015; Grose et al., 2015;
IPCC, 2014; Walsh et al., 2002). Rainfall may decrease around Brisbane during winter,
however these results are uncertain (CSIRO & Bureau of Meteorology, 2015). In areas where

a drying trend is projected to occur with climate change, these results show the nocturnal UHI
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is likely to decrease. However, if rainfall increases, the UHI may intensify instead by the
same processes that were found to decrease the UHI with a drying trend. The rural latent heat
flux may respond more to the increase in precipitation and increase more than urban latent
heat flux. An increase in rural latent heat flux would mean less warming in rural areas than
urban areas and an increase in the urban-rural temperature difference and the UHI.

Our findings differ from the results found by (Adachi et al., 2012) in Tokyo, who found
urban and rural areas responded similarly to climate change. However, they were similar to
the findings of Hamdi et al. (2015) in Brussels, who found the UHI decreased which they
attributed to increased rural warming due to soil dryness, as was also found here. Hamdi et al.
(2015) also found the winter UHI increased due to changes in wind speed. The seasonal
variation in UHI response to climate change was not be studied here due to our focus on
summer.

Previous work has suggested a reduction in soil moisture may drive changes in the UHI with
climate change, as was found here (Hamdi et al., 2015; Hamdi et al., 2014; Lemonsu et al.,
2013; Oleson, 2012). Hamdi et al. (2015) also found decreases in wind speed could increase
the winter-time UHI, a process that was not seen here in summer and could not be studied in
winter due to the time-frame examined. Hoffmann, Schoetter, et al. (2016) found a moderate
increase in the UHI with climate change but attributed this to a regional temperature gradient
over the study area. Our results differ from the work of Adachi et al. (2012), who found no
climate change impact on the UHI in Tokyo, and that topography was a more important
factor than urbanization. Other studies have found differing results, with the impact of
climate change on the UHI depending on the urban context (Wiesner et al., 2018). Our study
clarifies the processes leading to increased rural warming, which has been lacking in previous
work, and confirms a reduction in moisture and rural evapotranspiration can decrease the

UHI with climate change. How the UHI changes in each city in response to climate change
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will depend on the climate impacts on regional climate, particularly cloud cover and rainfall.
This study also shows the rural warming and drying trend is enhanced by increasing urban
growth. The Urban Growth scenario saw higher increases in maximum temperature in rural
areas than the Control scenario, and a larger reduction in rural evapotranspiration and relative
humidity in rural areas nearby the city. The drier urban air in the Urban Growth scenario may

be intensifying the drying trend in rural areas near the city.

5.3. The impact of climate change and urban growth on heat stress

With RCP8.5, the number of hot days and nights doubled for both scenarios, and the average
number of hot night events per summer lasting more than three nights tripled in urban areas.
The Urban Growth scenario experienced more hot nights at each urban location than the
Control, while there were slightly more hot days in urban areas in the Control. This is
possibly due to a shading effect with higher density. The increase in the number hot nights
was larger than the reduction in hot days. The biggest increase in number of hot nights per
summer occurred in areas which changed from low to medium density, however even areas
where land cover did not change, such as the CBD, had an increase in number of hot nights in
the Urban Growth scenario. With RCP8.5, the majority of summer nights in medium and
high-density areas of the city become ‘hot nights’.

Not only do the number of hot nights increase, but extreme events with consecutive hot
nights last longer with climate change, and in the Urban Growth scenario. Consecutive hot
nights negatively impact on human health and are linked to increased mortality (Heaviside et
al., 2017). Days with minimum temperature over 24°C, which matches the definition of hot
nights used here, have been linked to increases in daily mortality for those over 65 of 19-21%
(Nicholls et al., 2008). The increase in hot nights with climate change, and increasing

duration of hot events, will have serious implications for human health (IPCC, 2014).
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We also examined heat stress indices and compared them to thresholds that link heat stress
and level of activity. For ATsun, the majority of summer days became ‘high’ heat stress, while
the number of days classified as ‘high’ heat stress with WBGT and ATshade increased by a
factor of 4. Unlike the number of hot nights and days, there was minimal impact of urban
growth on heat stress, as it was calculated using average temperature, which increased less

with urban growth than minimum temperature. A further effect may be the impacts on heat

cle

stress from covariance in abnormally high temperatures and humidity, such that calculating
e ﬁ heat stress using minimum or maximum temperatures may give very different results to using

average temperature (see also Buzan et al., 2015 for further discussion).

It

Calculating the heat stress indices with average temperature, not maximum temperature,
means dangerous heat stress is not just limited to the hottest part of the day. Short-term
exposure to heat while working can increase heat-related illness (Liang et al., 2011). Indoor
workers may be able to avoid some of these impacts with air-conditioning, though that will
increase outdoor urban temperatures and greenhouse gas emissions (Lundgren & Kjellstrom,
2013; Oleson, 2012). However not everyone works indoors. Outdoor work and activity, even
when in the shade, will need to be limited to avoid heat stroke and heat stress (Hanna et al.,
2011; Hyatt et al., 2010). As well as health impacts, this will also have negative impacts on

worker productivity (Hanna et al., 2011; Hyatt et al., 2010; Lundgren et al., 2013).

5.4. Approach and Limitations

This study used a high-resolution climate model to investigate the impact of urban growth

Accepted

and climate change on the urban heat island and heat stress of a sub-tropical city. The use of a
1 km model allowed us to include multiple urban density types, and to examine the impact on
rural areas nearby the city. The limitations of this study are primarily related to the timeframe

and processes examined. One process through which climate change could alter the UHI is
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anthropogenic heat (AH) release. With higher increases in temperatures, air-conditioning
would increase, increasing AH and urban temperatures (Bohnenstengel et al., 2014; Lundgren
& Kjellstrom, 2013; Oleson, 2012). This process was not examined, but is likely to be
important, particularly in high-density areas of the city (Chapman et al., 2016; Quah & Roth,
2012).

This study focussed only on summer temperatures, however given the large increases in
temperatures and heat stress, with the majority of summer days being classified as ‘high’ heat
stress, it is likely other seasons will also experience high heat stress (Amengual et al., 2014;
Chapman et al., 2017; Fischer & Schir, 2008). This study focused on 10 years only, which is
likely not long enough to get an average climatology of rainfall and will not represent the
inter-decadal variability in rainfall. This was a necessary limitation given the practical
limitations of available resources, and an improvement on previous work which has focussed
on time-frames of a year or less (e.g., Adachi et al., 2014; Yang et al., 2016). We believe the
results are still useful as it shows the processes by which climate change may affect the UHI.
Future work should look at a longer time frame, such as 30 years, to better capture rainfall
variability.

All of the heat indices, and the equations used to calculate wet-bulb and globe temperature,
have limitations. For example, WBGT responds weakly to wind speed and humidity (Budd,
2008; Smolander et al., 1991; Taylor, 2006). None of the indices chosen consider factors such
as age or health, which are important factors in heat stress, and most of the indices assume fit
and acclimatized individuals (Konarska et al., 2000; Macpherson, 1962; Smolander et al.,
1991). The indices and their threshold values we used here are widely available, which link
the index to level of activity and health. The heat stress experienced by unhealthy or older
individuals is likely to be higher than indicated by the thresholds calculated here. To address

previous limitations in wet-bulb temperature, we have calculated wet-bulb temperature using

This article is protected by copyright. All rights reserved.



the Davies-Jones (2008) calculation rather than the Stull (2011) equation, which is inaccurate
at higher temperatures (Buzan et al., 2015). We have also used multiple heat stress indices,
which weight different aspects of heat stress differently, which has been a weakness in
previous work (Buzan et al., 2015). All of these indices show a similar pattern, which gives
confidence in the results that however heat stress is measured, it will increase in the future

with climate change.

cle

A remaining limitation is that the urban parameters used in this model are based on data from
o ﬁ Melbourne, not Brisbane, as this was the best data available for an Australian city. The model
validation found a warm bias when simulating Brisbane, particularly in the simulated daily
maximum temperatures. We have investigated various potential reasons for the high
maximum temperature but have not clearly identified the cause. The bias may be related to
the downscaling of the CCAM 100 km resolution simulation forced by ACCESS corrected
sea surface temperatures. However, ACCESS sea surface temperatures are necessary to
make a prediction of the future Brisbane climate under a global warming scenario and the
corrected sea surface temperatures generally improves the simulated present-day climate.
Nevertheless, in future work we will consider sea surface temperatures from other GCMs to
determine their impact on the simulated Brisbane climate. Future work will also improve the
input data available for the model parameters and consider processes not examined here, such

as changes to anthropogenic heat release.

5.5. Implications for urban planning and human health
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Brisbane already faces health risks from heat stress (Tong et al., 2010), which will intensify
with urban growth and climate change. Even though the intensity of the UHI and the number
of extreme UHIs decrease with climate change, urban and rural temperatures both increases,

and high-intensity UHISs still occur, and occurred twice as often in the Urban Growth scenario
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as in the Control scenario. Day-time heat stress and number of hot days increased for urban
areas, and the number of hot nights remains much higher for urban areas than for rural areas.
This means urban residents will face increasing heat stress risks, particularly if a high-
intensity (> 5°C) UHI occurs, which occurred 9 days per summer in the Control scenario, and
15 days per summer in the Urban Growth scenario in 2041-2050. Outdoor workers will face
high health risks, even in shaded conditions. During an increasing number of summer days,
outdoor work and sport will need to be limited to prevent heat stress.

Since 2005, humanity has been following the RCP8.5 emissions path (Sanderson et al.,
2016). Rapid mitigation of climate change is vital to avoid the temperature impacts associated
with this scenario, though it is clear now not all climate change impacts can be avoided and
adaptation to higher temperatures is also necessary (Pielke et al., 2007; Rogelj et al., 2016;
Sanderson et al., 2016). Despite the reduction in the UHI found in this scenario, caused by a
slight reduction in the night-time UHI and an increase in the urban cool island during the day,
the night time UHI remains high and with the increase in temperatures, urban residents face
higher overall heat stress risks in 2041-2050 than in the present day. Urban planners need to
seriously consider the heat stress urban residents will face in the future, and options to
mitigate the UHI, so that urban design does not exacerbate the temperature increases from
climate change (Grimmond, 2007; Heaviside et al., 2017; Li & Bou-Zeid, 2013). Less
developed tropical and sub-tropical regions, particularly those predicted to have high urban
growth, such as Africa (Seto et al., 2012), may be particularly vulnerable to future increases
in the UHI, due to limited resources to respond to increased heat stress risks (Hyatt et al.,
2010; IPCC, 2014; Kjellstrom, 2009). Given limited resources, planners should focus on
areas of the city most at risk of heat stress, either due to socio-economic status or urban

design (Hajat et al., 2010; Laaidi et al., 2012; Luber & McGeehin, 2008). A more detailed
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and realistic land-cover map would enable planners to identify at-risk suburbs and focus
mitigation efforts on them.

Heat-warning systems, cool-roofs and increased greening can be effective in reducing the
intensity of the UHI (Bowler et al., 2010; Coutts et al., 2013; Heaviside et al., 2017).
Research in Australia has found mortality could be reduced by between 5-28% by an increase
in vegetation from 15-33% in high density areas (Chen et al., 2014). Our model did not
include irrigation in urban areas, so it could be considered a ‘worst-case’ scenario for the UHI
intensity. However, the drying trend means mitigation through increased greening may have
limited effect without irrigation, and water availability may become an issue, particularly in a
drought-prone country like Australia (Coutts et al., 2013).

We also found the urban heat island effect spreads out to neighbouring areas. This means
even areas which do have green space may be negatively affected by nearby high-density
low-green space areas. The wider impacts of inner-city development decisions on
surrounding suburbs need to be considered by planners. Finally, the Urban Growth scenario
considered here was not an extreme scenario. Over half of the urban area was densified, and
this only included a reduction in green space of 11% and increase in building height of 2 m.
Actual urban densification may be much higher than this, and so the UHI and night-time heat
stress could be higher. The health risks urban and rural residents will face in the future due to
climate change will be high; urban planners need to ensure urban growth does not magnify

these risks any further.

6. Conclusion
We examined the impact of climate change and urban growth on the UHI of Brisbane, a sub-
tropical city in Australia, during summer. We found higher increases in average and

minimum temperatures when both urban growth and climate change were considered. While
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temperatures increased in both urban and rural areas, and urban temperatures remained higher
than rural temperatures, rural temperatures warmed up more, decreasing the difference
between urban and rural temperatures at night, and increasing the urban cool island during
the day. This led to an overall decrease in the average UHI. The higher rural warming was
due to a drying-trend. This rural warming was more pronounced with urban growth,
potentially due to the more coastal location of urban areas and the dry-urban air affecting
nearby rural areas. Whether regions will get drier or wetter with climate change will affect
the urban-rural temperature balance and the UHI intensity. Future work should also focus on
other processes important to the UHI - climate interaction, such as anthropogenic heat
release, which may increase or decrease the UHI depending on whether the increase air-
conditioning is higher than decrease in heating in winter.

We forecast major increases in heat stress, duration of heat events, and number of hot days
and nights with climate change and urban growth. The number of hot days and nights
doubled, and dangerous heat stress occurred every summer, even in shady conditions. These
results mean outdoor work and sport will need to be limited in duration to reduce the risks of
heat stress. We only examined the summer season, but given the large increases in heat stress,
it is likely heat stress will be an issue in other seasons as well. Mitigation of urban
temperatures will become more vital in the future and urban planners need to consider the
temperature effects of development decisions to ensure they are not contributing to the heat

stress burden urban residents will already face with climate change.
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Table 1: Physics schemes used in the Conformal Cubic Atmospheric Model

Physical Options

Schemes

Cloud microphysics

Convective
parameterization
Radiation scheme

Gravity wave drag
Boundary layer

Land surface model
Urban model

Liquid and ice-water microphysics scheme of Rotstayn
(1997). Snow and graupel scheme of Lin et al. (1983)
Mass-flux cumulus convection scheme (McGregor,
2003; McGregor & Dix, 2008)

Geophysical Fluid Dynamics Laboratory (GFDL)
parametrization for short and long-wave radiation
(Schwarzkopf & Fels, 1991; Schwarzkopf &
Ramaswamy, 1999)

Chouinard et al. (1986)

Local Richardson number (McGregor et al., 1993) and
nonlocal vertical mixing (Holtslag & Boville, 1993)
CABLE land surface scheme (Kowalczyk et al., 2006)
Australian Town Energy Budget (Thatcher & Hurley,
2012)
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Table 2: Details of the land cover scenarios used in the climate modelling experiments.

Both experiments were run under RCP8.5.

Name Land Cover Scenario Climate Present Mid
Scenario day term

Control MODIS 2001 data with high-density CBD area RCP8.5 1991 - 2041
added 2000 2050

Urban Control land cover, with the addition of medium- RCP8.5 1991 — 2041
Growth density area within inner half of the city 2000 2050
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Table 3: Characteristics of the urban categories (high, medium and low density) used in

ATEB, Australian Town Energy Budget Model.

Category Urban - Urban - medium Urban - low
high
Building height (m) 18 8 6
Building fraction 65% 46% 45%
Green space fraction 5% 34% 45%
Height/width ratio 2 0.6 0.4
Roof albedo 0.2 0.2 0.2
Wall albedo 0.3 0.3 0.3
Road albedo 0.1 0.1 0.1
Vegetation roughness 0.1 0.1 0.1
length
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Table 4: Bias and for the Control scenario as compared to weather observations for
minimum, maximum and average temperature, and relative humidity (RH) and 10m
wind speed (U10). * indicates stations open the entire time period. Amberley = 040004,
Archerfield = 040211, B. Aero 1 = 040223, B. Aero 2 = 040842, Samford = 040241,
Logan = 040854, Redcliffe = 040697. Samford and Logan excluded from average
temperature calculations due to a lack of hourly data. Amberley average temperature
only compared to model data from February 1992 onwards, due to insufficient hourly
data prior to that. Temperature data from CCAM bias corrected based on elevation

difference between CCAM and barometer height of weather station.

Station Min Max Ave Ul0 RH
Amberley -1.6 3.0 0.6 1.1 2.7
Archerfield* -0.8 2.4 0.5 0.1 24
B. Aero 1 1.4 0.9 1.0 02 4.6
Samford >0.1 1.2 - 1.2 2.0
Redcliffe - - - 1.5 -
B. Aero 2 1.0 1.1 0.9 -0.5 -3.2
Logan -5.5 3.7 - 0.3 9.5
Mean -09 20 0.7 0.5 0.7
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Table 5: Change (midterm—present day) in seasonal average, minimum and maximum
summer temperatures in rural areas and urban for the Control and Urban Growth
scenarios as compared to the Control present day scenario. Only rural areas within the
same elevation range as Brisbane city included in calculation of rural temperature
change. Low density refers to areas which were low density in both scenarios. Medium
Density refers to areas which were medium density in the Urban Growth scenario, but
low density in the Control scenario. Spatial standard deviation in brackets. The CBD

standard deviation is low due to the small spatial area it covers.

Location Control Urban Growth
Tave Tmin Tmax Tave Tmin Tmax
Rural 2.8 2.5 34 2.8 2.5 3.5
(0.2) (0.1) (0.4) (0.2) (0.2) (0.5)
Low density 2.5 2.4 2.8 2.5 2.5 2.8
(0.2) (0.1) (0.4) (0.3) (0.2) (0.5)
Medium Density 2.3 2.4 2.6 2.5 2.8 2.5
(0.2) (0.1) (0.3) (0.2) (0.2) (0.3)
CBD 2.4 2.5 2.6 2.5 2.9 2.5
(0.01) (0.01) (0.01) (0.02) (0.02) (0.03)
Mean 2.5 2.5 2.8 2.6 2.7 2.8
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Figure 1. Location of study area, Brisbane, Australia and domain for 1 km and 8 km model resolution. Inset
map: Domain for 60 km resolution. Dashed line shows Tropic of Capricorn.
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Figure 2. Land cover for Control (a) and Urban Growth (b) scenario. Red dots show locations of weather
stations used in model validation. The two locations used to calculate the UHI are also shown (red cross =
urban point used in UHI calculation, black cross = rural point used in UHI calculation).
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Figure 3. Hourly average summer (DJF) heat island for Control and Urban Growth scenario during 1991 -
2000 and 2041 - 2050.
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Figure 4. Change in average (row 1), minimum (row 2) and maximum (row 3) air temperature between the
midterm (2041 - 2050) and present day (1991 - 2000) for the Control (column a) and Urban Growth
(column b) scenario. Note, the Urban Growth scenario in the midterm is compared to the Urban Growth
scenario in the present day, not to the Control scenario as in Table 4.
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Figure 5. Change in relative humidity (row 1), 10m wind speed (row 2), latent and sensible heat flux (row 3
and 4) between the midterm and present day for the Control (column b) and Urban Growth (column c)
scenario. Column a shows the present day values for the Control scenario. Column b is Control midterm -
Control present day. Column c is Urban Growth midterm - Urban Growth present day.
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Figure 6. Average number of hot days and nights in summer (Dec - Feb) for rural and urban areas for
Control and Urban Growth scenario. Only rural areas within the same elevation range as Brisbane city
included in calculation of rural temperature change. Low Density areas refers to areas which were low
density in both scenarios. Medium Density refers to areas which were medium density in the Urban Growth
scenario, but low density in the Control scenario. Bars show spatial standard deviation. Hot days defined as
day with maximum temperature above the 95th percentile of maximum temperature for 1991 - 2000
Control, rural areas. Hot nights defined same way, using minimum temperature. The threshold temperature
for hot days was 40°C, and 24°C for hot nights. Note: The CBD covers a very small spatial area, which is
why the error bars are small.
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Figure 7: Average number of days per summer exceeding low, medium, high and dangerous thresholds of
heat stress using WBGT (row 1), ATshade (row 2) and ATsun, (row 3) calculated using average
temperature, for rural (column a) and CBD (column b) areas. Only rural areas within the same elevation
range as Brisbane City were included in calculation of rural temperature change. Bars show spatial standard

deviation.
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