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ABSTRACT

The ability of cool roofs and vegetation to reduce urban temperatures and improve human thermal stress

during heat wave conditions is investigated for the city of Melbourne, Australia. The Weather Research and

Forecasting Model coupled to the Princeton Urban Canopy Model is employed to simulate 11 scenarios of

cool roof uptake across the city, increased vegetation cover across the city, and a combination of these

strategies. Cool roofs reduce urban temperatures during the day, and, if they are installed across enough

rooftops, their cooling effect extends to the night. In contrast, increasing vegetation coverage reduces

nighttime temperatures but results in minimal cooling during the hottest part of the day. The combination of

cool roofs and increased vegetation scenarios creates the largest reduction in temperature throughout the

heat wave, although the relationship between the combination scenarios is nonsynergistic. Thismeans that the

cooling occurring from the combination of both strategies is either larger or smaller than if the cooling from

individual strategies were to be added together. The drier, lower-density western suburbs of Melbourne

showed a greater cooling response to increased vegetation without enhancing human thermal stress due to the

corresponding increase in humidity. The leafy medium-density eastern suburbs of Melbourne showed a

greater cooling response to the installation of cool roofs. These results highlight that the optimal urban

cooling strategies can be different across a single urban center.

1. Introduction

Heat waves, known as the ‘‘silent killer,’’ have caused

more fatalities inAustralia than tropical cyclones, bushfires,

earthquakes, and floods combined (Hughes et al. 2016). A

heatwave canbedefinedas threeormoredays of extremely

high temperatures, oftenwith no relief at night (Perkins and

Alexander 2013). If people are exposed to heat waves, heat

stroke and hyperthermia can sometimes occur, resulting in

death. During heat waves, excess deaths and ambulance

callouts are often significantly higher for unusually

warm minimum temperatures than for maximum tem-

peratures, as health problems occur when people cannot

cool down at night (Williams et al. 2012). To predict the

effects of heat waves on human health, a human thermal

stress index is often used (Goldie et al. 2017). This is

because factors such as temperature, solar radiation,

wind, and humidity can often alter the human body

thermoregulation and thus howmuch stress a person can

feel (Anderson et al. 2013).

There is a greater risk of heat stress in cities than in

adjacent rural areas because of the urban heat island
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effect (UHI; Fischer et al. 2012). Cities can be hotter

than their surrounding areas, especially at night, for a

range of reasons, including building materials with large

heat capacity; building geometry that facilitates radia-

tive trapping; multiple anthropogenic heat sources such

as people, cars, and air conditioners; and a lack of veg-

etation (Oke 1987). InMelbourne, Australia, 75%of the

days between 1973 and 1991 exhibit a UHI between

08 and 28C and the UHI has been recorded as high as

68C, albeit not during heat wave conditions (Morris and

Simmonds 2000). Heat waves have been shown to

sometimes have a synergistic effect on the UHI in cities

around the world where the magnitude of the UHI

grows during heat waves (Li and Bou-Zeid 2013; Li et al.

2015; Heaviside et al. 2015). Therefore, investigating

techniques to reduce urban heat is imperative for im-

proving human thermal stress.

Increasing the albedo of surface areas in cities has been

shown to be one effective method of mitigating urban

heat (Gago et al. 2013). Changing the albedo of rooftops

is seen as a straightforward strategy to implement as

rooftops constitute an estimated 20% of urban surfaces

around the world (Akbari et al. 2009; Zinzi and Agnoli

2012). Cool roofs—in which a roof is either painted white

or ismade of highly reflectivematerial or a colored roof is

covered in highly reflective paint—are seen as an urban

heat-mitigation option (Santamouris 2014). They reflect

incoming solar radiation more efficiently than darker

roofs, reducing the amount of heat that is absorbed by the

rooftop and the building itself and ultimately transferred

to the atmosphere (Kalkstein et al. 2013). This was

demonstrated in an observational study of cool roofs in

Melbourne in which the net radiation at midday was 78%

lower than for a vegetated rooftop during summer

(Coutts et al. 2013). Modeling studies from New York

City, NewYork, andAthens,Greece, have shown that for

every 0.1 increase in roof albedo the corresponding

change inmaximum andminimum temperature is20.418

and 20.028C, respectively (Santamouris 2014). For the

Baltimore, Maryland–Washington, D.C., area, as the

fraction of cool roofs increases the near-surface UHI

decreases almost linearly (Li et al. 2014). Moreover, in-

creasing the urban albedo by 20% in Phoenix, Arizona,

has been shown to potentially reduce heat-related

emergency calls by over 150 incidences per year (Silva

et al. 2010). However, factors such as the weather con-

ditions, climate, and geography of a city can reduce the

effectiveness of high-albedo surfaces in cities, suggesting

that different cities require different solutions to the UHI

(Yang et al. 2015b).

Increasing the proportion of parks and green spaces

in urban areas is another method to cool cities, where

parks can be up to 48C cooler than surrounding urban

areas (Eliasson 1996), albeit this can depend on the

vegetation type, the park size, and the climate of the city

(Gago et al. 2013; Bowler et al. 2010). Parks can reduce

the cooling loads of neighboring buildings (Chen and

Wong 2006) and the cooling effect from large parks has

been shown to extend up to 1 km beyond the park

boundary (Upmanis et al. 1998). A modeling study of

Singapore found that if vegetation in the commercial

district was increased from 5% to 50% then nighttime

temperatures would decrease by up to 28C (Li and

Norford 2016).

In January of 2009, the city ofMelbourne experienced

a record-breaking heat wave consisting of three days

above 438C and one night above 308C (Jacobs et al. 2017).

A total of 374 excess deaths and 714 hospital admissions

were attributed to this heat wave (Victorian Department

of Health 2009). Another heat wave in January of 2014

caused 167 excess deaths (Department of Health 2014).

Melbourne has a population close to five million people,

which is projected to increase to eight million residents

by 2050 (Department of Environment Land Water and

Planning 2017). This could potentially increase the urban

heat island in a climate that is also likely to increasingly

experience hotter, longer, andmore frequent heat waves

(Cowan et al. 2014). This drives the need to investigate

urban adaptation technologies to counteract deadly heat

waves. Moreover, as different regions of Melbourne are

vulnerable to heat stress because of local climate and

socioeconomic demographics (Loughnan et al. 2013),

understanding which regions best respond to different

types of heat-mitigation strategies allows targeted and

more efficient schemes to be implemented.

In this study, we model the near-surface air temper-

ature and apparent temperature response to the imple-

mentation of cool roofs and increased vegetation across

Melbourne under heat wave conditions. We discuss the

mechanisms involved in the changes to temperature and

apparent temperature and also investigate how re-

sponsive Melbourne is to a combination of mitigation

strategies.

2. Data and methods

a. WRF Model setup

We use the Weather Research Forecasting (WRF)

Model, version 3.6.0 (Skamarock et al. 2008), to simulate

an ensemble of 12 heat wave scenarios and two mitiga-

tion measures (cool roofs and urban greening) for

Melbourne. WRF is a nonhydrostatic mesoscale model

that has been widely used to simulate heat waves (Kala

et al. 2015; Jacobs et al. 2017) and cities for the current

and future climate (Argüeso et al. 2014; Kohler et al. 2017;
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Wu et al. 2014). WRF is also used to model the UHI

(Ma et al. 2017; Chen et al. 2014), urban heat mitigation

(Ma et al. 2018; Li et al. 2014; Li and Norford 2016), and

future urban heat stress (Argüeso et al. 2015).

The WRF physics schemes allow the model to pa-

rameterize various processes that cannot be fully rep-

resented in the model simulations. The physics schemes

used are the Kain–Fritsch cumulus scheme (Kain 2004),

the Dudhia shortwave radiation scheme (Dudhia 1989),

the eta surface layer similarity scheme (Janjić 1994), the

Rapid Radiative Transfer Model longwave radiation

scheme (Mlawer et al. 1997), the WRF double-moment

five-class scheme (Lim and Hong 2010), the Mellor–

Yamada–Janjić planetary boundary layer scheme (Janjić

1994) and the Noah land surface model (LSM; Tewari

et al. 2004). This combination of physics schemes is one

of the best for modeling southeastern Australia on

multiday time scales (Evans et al. 2012).

The urban areas of Melbourne are modeled using the

Princeton Urban Canopy Model (PUCM; Wang et al.

2013), coupled to WRF. The PUCM is based on

the default WRF Single-Layer Urban Canopy Model

(SLUCM) energy exchange framework (Kusaka et al.

2001; Chen et al. 2011). It simulates the energy bal-

ances/momentum and energy fluxes of the three main

urban facets of the roof, wall, and ground, and the

Noah LSM simulates the energy budget/momentum

and energy fluxes of the vegetated pervious fraction.

The PUCM and Noah LSM impervious and pervious

surface outputs variables, such as the surface heat

fluxes and surface temperature, that are then combined

and weighted for the WRF grid cell based on the urban

fraction (FRC_URB) defined in the PUCM parameter

table (URBPARM.TBL). Anthropogenic heat is not

considered in this study. For more details on the WRF

and PUCM setup, including validation, see Wang et al.

(2013), Li and Bou-Zeid (2014), Li et al. (2014), and

Ramamurthy et al. (2017).

The advantage of using the PUCM-coupled WRF is

that it is able to differentiate the ground surface into

urban grass, concrete, and asphalt and the roof into a

combination of cool roofs and conventional roofs (Li

and Bou-Zeid 2014; Wang et al. 2013). The ability to

simulate a fraction of cool roofs is not available in

SLUCM, where only one roof albedo can be defined.

Our research further benefits from using PUCM cou-

pled to WRF because a percentage of cool roofs offers a

more realistic mitigation strategy simulation, rather

than a best-case scenario of the 100% uptake of cool

roofs across a city (e.g., Georgescu et al. 2014; Ma et al.

2018; Li and Norford 2016). This is the first time that the

WRF and PUCM setup has been used to research an

Australian city.

The PUCM also has detailed hydrologic models in-

cluded, many of which were introduced into newer

editions of the WRF urban model (Yang et al. 2015a;

Ramamurthy et al. 2017). However, cool roof capabil-

ities, which have been shown to be effective in reducing

building heat loadings in a dry summer climate such as

Melbourne (Coutts et al. 2013), were not included in the

model update.

The WRF simulations are driven by 0.78 3 0.78 gridded

ERA-Interim reanalysis data (Dee et al. 2011). These

are downscaled over two domains, the larger at 10-km

resolution covering southeast Australia, the smaller

at a convection-permitting 2-km resolution centered

on Melbourne and its surrounding regions (Fig. 1a).

The Kain–Fritsch cumulus scheme is only used for

the largest domain because convection can be re-

solved in WRF with a 2-km domain resolution; hence

the cumulus scheme is unnecessary for domain 2. To

define vegetation categories, the MODIS land surface

categories are applied (Fig. 1b). MODIS only has one

urban land surface category, yet the PUCM can simu-

late up to three urban categories. For our analysis the

three default urban categories of low density, high

density, and commercial/industrial are replaced with

low-density, medium-density, and high-density urban.

This is becauseMelbourne has few high-density areas so

using the default categories would cause a loss of het-

erogeneity. The spatial representation of these cate-

gories for Melbourne is defined by Jackson et al. (2010)

with the commercial/industrial category combined with

the high-density urban categories and incorporated into

the WRF preprocessing files as in Jacobs et al. (2017).

This resulted in domain 2 containing 9 high-density, 256

medium-density, and 454 low-density points of 30 000

total. There is a greater level of uncertainty related to

the high-density urban grid points because there are so

few relative to the other urban types.

The default urban parameters in WRF can signifi-

cantly affect the accuracy of simulations over cities and

must be set for each city (Wang et al. 2011; Barlage et al.

2016). These are adjusted using observations for Mel-

bourne from Coutts et al. (2007). The urban fraction in

WRF, defined as the fraction of urban surface that is not

vegetation, is set at 0.71, 0.77, and 0.8 for low-, medium-,

and high-density urban fractions, respectively. The roof

heights are altered to 7.2, 6.4, and 8.8m, and the control

roof albedo is changed to 0.17, 0.15, and 0.19 for low-,

medium-, and high-density urban, respectively (Coutts

et al. 2007).

ERA-Interim has an average soil moisture bias of

10.1m3m23 for Australian soils (Albergel et al. 2013),

which was found to be too moist for accurate heat wave

simulations of Melbourne and its surrounding regions
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(Jacobs et al. 2017). To improve the WRF heat wave

simulation accuracy for this research, the top layer of

ERA-Interim reanalysis soil moisture is replaced with

the upper-layer soil moisture from the AustralianWater

Availability Project (AWAP; Raupach et al. 2009).

The AWAP soil moisture is a high-resolution re-

analysis product that is based on observed temperature,

precipitation, and solar irradiance, combined with re-

motely sensed land surface temperatures and vegeta-

tion greenness products. For further information, see

Raupach et al. (2009) and Jacobs et al. (2017).

The top layer of AWAP soil moistures is an order of

magnitude drier than the ERA-Interim soil moistures

and much more representative of the southeast Aus-

tralian climate (Jacobs et al. 2017). Adding AWAP soil

moistures to the simulation of a heat wave over Mel-

bourne reduces the surface and near-surface tempera-

ture bias by up to 0.88 and 18C respectively, whereas the

atmospheric vapor pressure bias decreases by up to

0.7 hPa (Jacobs et al. 2017).

b. Defining heat waves

To define a summer (December, January, and Feb-

ruary) heat wave event in Melbourne, daily maximum

and minimum temperatures for the Melbourne Re-

gional Office weather station are obtained from the

Australian Climate Observations Reference Network–

Surface Air Temperature (ACORN-SAT) database

(Trewin 2013). ACORN-SAT is a newly developed

high-quality homogenized dataset for Australian weather

stations dating from 1910 to present. Heat waves

are defined as periods of three or more days on which

the maximum temperature exceeds the 90th percentile

for each historical day of the heat wave and the min-

imum temperature on the second or third day of the

heat wave exceeds the 90th percentile for that his-

torical day (Pezza et al. 2012). The percentile base

period was 1910–2014.

For the robust simulation of heat wave conditions in

Melbourne, an ensemble of 12 heat waves over the period

1990–2014were selected for analysis (Table 1). The 12 heat

waves created an ensemble of 39 heat wave days. Each

heat wave simulation is given a 37-h spinup time with

midnight on the first day of the heat wave used as the first

time step for analysis. For example, the 2009 heat wave

simulation from 28 to 30 January began at 1100 local time

(LT) 26 January and finished at midnight 30 January.

c. Urban heat-mitigation scenarios

We simulate three groups of scenarios: a control sce-

nario, the implementation of cool roofs across the city, and

FIG. 1. (a) The two WRF modeling domains used for analysis, and (b) the MODIS land use categories defined for domain 2 with

Melbourne at the center of the domain [d02; red box in (a)]. Regions of high-, medium-, and low-density urban in domain 2 are defined by

Jackson et al. (2010).

TABLE 1. List of the 12 summer heat waves chosen for analysis.

Year Date

Highest max temperature

of heat wave (8C)

1990 4–7 Dec 36.9

1993 1–3 Feb 41.3

1994 4–7 Dec 39.1

1997 19–21 Jan 41.2

1997 18–20 Feb 40.8

1998 10–12 Dec 41.9

1999 30 Nov–2 Dec 37.2

2006 20–22 Jan 42.4

2007 4–6 Jan 36.6

2009 28–30 Jan 45.1

2013 16–18 Feb 36.7

2014 14–17 Jan 43.9
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an increase of the vegetation cover. The control scenario is

the most realistic representation of Melbourne during

heat wave conditions using observational urban fractions

and roof albedos defined in section 2a. The control sim-

ulation has 100%conventional roofs. The control scenario

is validated against observations in section 3 and used to

compare with the cool roof and increased vegetation

scenarios.

Two cool roof scenarios were implemented where

30% of the urban rooftops were classified as cool roofs

(CR30) and 60% of the urban rooftops were classified as

cool roofs (CR60), with the remaining roofs classified as

conventional. The PUCM is a spatially averaged model

meaning that there is no distinction between individual

buildings. Therefore, the fraction of buildings with cool

roofs can either be viewed as 60% of the buildings in the

urban grid cell have cool roofs while the rest have con-

ventional roofs, or that each building has a rooftop that

is 60% cool roof and 40% conventional roof (Li et al.

2014). The cool roof albedo is given as 0.7 (Li et al.

2014), which represents a new cool roof. However, the

albedo of cool roofs can decrease over time because of

the accumulation of dirt (Li et al. 2014). Nevertheless,

these scenarios represent more-realistic implementation

targets than the often simulated 100% cool roof sce-

narios (e.g., Georgescu et al. 2014; Ma et al. 2018; Li and

Norford 2016).

An increase of vegetation cover in WRF was simu-

lated by reducing the urban fraction defined in the

PUCM parameter table. This represents an increase in

the pervious proportion of an urban grid cell where the

vegetation is a mix of bare soil, croplands, forests,

shrublands, and grasslands (Strahler et al. 1999). Using

the AWAP soil moisture in theWRF preprocessing files

results in a spatially averaged top (,10 cm) and second

layer (10–40 cm) soil moisture fraction at midnight on

the first heat wave day of 0.06 and 0.18, respectively.

This indicates that the top layer is very close to wilting

point, whereas the second layer is at 25% of its field

capacity. As a result, shallow vegetation has limited

access to water as compared with vegetation with roots

that extend past 10 cm.

The three increased vegetation scenarios are shown

in Table 2 where the vegetation fraction is increased by

5% (VEG5) and 10% (VEG10) relative to the control

values for low-, medium-, and high-density urban points,

and where the vegetation fraction is equal to 40%

(VEG40) across all urban densities. This more ambi-

tious vegetation fraction of 40% is based on a report by

the City of Melbourne (encompassing the central busi-

ness district of Melbourne) aiming to have 40% tree

canopy cover in Melbourne by 2040 (City of Melbourne

Council 2013).

We also model a combination of the cool roof and

increased vegetation mitigation scenarios to determine

their effects on urban temperature and human thermal

stress. Modeling two strategies at the same time is not as

common in the literature, despite a varied approach to

urban heat mitigation often being recommended (e.g.,

Coutts et al. 2013). This analysis allows us to test whether

there are interactions between different mitigation sce-

narios, and can help determine policy outcome if a spe-

cific combination is a particularly efficient heat mitigator.

By analyzing urban heat mitigation on a climatology

of 12 heat waves we are able to show the mean tem-

perature response to the scenarios as opposed to the

more common singular event or seasonal analysis in the

literature (e.g., Li et al. 2014; Ma et al. 2018; Li and

Norford 2016). Moreover, we are able to provide some

measure of inter-heat wave variability.

d. Defining human thermal stress

While we are interested in the sensitivity of near-

surface temperatures to the urban heat-mitigation strat-

egies, we are also interested in how these strategies affect

human thermal stress. We use the apparent temperature

(AT) (Steadman 1994) as our measure of human thermal

stress:

AT5T1 0:33e2 0:70U2 4:00: (1)

The AT (8C) is the current human thermal stress index

used by the Australian Bureau of Meteorology, where T

is the air temperature (8C), e is the vapor pressure (hPa),

and U is the 2-m wind speed (m s21). The AT assumes

that a human is walking at 0.5m s21 in a shady area.

Because of the formulation of the AT, the tempera-

ture is the crucial variable, meaning that the AT could

vary quasi-linearly to a temperature over- or un-

derestimation. The AT has previously been used to de-

fine heat stress in Melbourne during extreme events

(Jacobs et al. 2014, 2015).

The vapor pressure was defined using the 2-m dew-

point temperature Td (8C):

e5 6:113 10

�

7:53Td
273:31Td

�

, (2)

TABLE 2. Urban fraction for the control and increased vegetation

mitigation scenarios.

Scenario

Urban fraction

for low density

Urban fraction

for medium density

Urban fraction

for high density

Control 71% 77% 80%

VEG5 67% 73% 76%

VEG10 64% 69% 72%

VEG40 60% 60% 60%
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and the 10-m wind speed output was converted to 2m

using the logarithmic wind equation from Bröde et al.

(2012):

U
2m

5U
10m

3
ln(2/0:01)

ln(10/0:01)
. (3)

Other measures of human thermal stress, such as the

universal thermal climate index (UTCI; Bröde et al.

2012), are not appropriate when modeling on a 2km 3

2 km grid scale, since the UTCI relies heavily on the

mean radiant temperature. The mean radiant tempera-

ture is a value that combines all shortwave and longwave

radiation (Gosling et al. 2014) and varies considerably

over distances on the order of meters because it is de-

pendent on the sky-view factor.

3. Results

a. Model validation

To validate the WRF heat wave simulations against

observations for Melbourne, we used the AWAP max-

imum and minimum temperature and 0900 and 1500 LT

vapor pressure available on a 0.058 3 0.058 grid (Jones

et al. 2009). To directly compare the gridded WRF

simulations with the observations, we regridded the

2-km-resolution WRF domain-2 data (Fig. 1b) to the

;5-km AWAP grid using a nearest-neighbor method.

The WRF 2-m temperature at 1500 and 0300 were

considered closest to the maximum and minimum tem-

perature, respectively, and used for the comparison. To

validate the WRF simulations for urban areas we

created a mask to highlight all urban grid points within

domain 2 for the 39 heat wave days and then took a

spatial average of the data. The same mask was applied

to the AWAP data so that only data in urban areas

were used.

The WRF near-surface maximum temperature un-

derestimates the observed maximum temperature by

1.98C and overestimates the near-surface minimum

temperature by 1.18C (Table 3). Such biases are a

common feature of WRF simulations where the di-

urnal temperature range is often underestimated (e.g.,

Argüeso et al. 2014; Miao et al. 2007; Giannaros et al.

2013). The observed maximum temperature regularly

exceeds 408C during heat waves in Melbourne (Table 1),

so while biases exist, an underestimation of less than

28C is acceptable as the heat waves would still be

considered severe.

At 0900 and 1500 LT, WRF overestimates the mean

response near-surface urban vapor pressure by 0.4 and

1.2 hPa, respectively (Table 3). Despite the addition of

the drier AWAP soil moisture data, WRF still cannot

fully replicate the extremely hot and dry conditions

that occur during heat waves in Melbourne. Imran et al.

(2018) found that when modeling heat waves in

Melbourne using WRF with the SLUCM forced by

ERA-Interim data, the simulations underestimated the

maximum temperature by 28–58C. This indicates that

using the AWAP soil moisture in the WRF initial con-

ditions helps to improve the accuracy of heat wave

simulations in Melbourne as was also shown in Jacobs

et al. (2017) using AWAP and the SLUCM. The model

performance for the near-surface temperature and

vapor pressure is acceptable for use with urban heat-

mitigation scenarios as the WRF simulations produced

heat wave conditions in Melbourne. The underestima-

tion of temperature and overestimation of vapor pres-

sure does not greatly affect the apparent temperature as

these differences counteract each other.

The WRF 10-m wind speed is also validated against

observations. Weather station data from the Australian

Bureau of Meteorology is used as gridded wind speed

datasets such as ERA-Interim are too coarse for com-

parison with WRF. Only two weather stations in

Melbourne have wind measurements covering the anal-

ysis period of 1990–2014, Melbourne Airport (37.78S,

144.88E) and Laverton (37.98S, 144.88E). The 10-m

wind speed of the closest WRF grid point to these

stations is used for validation, with eachWRF grid point

representing low-density urban. Note, however, that

weather station wind speeds can be flawed, particularly in

urban areas as the surroundings can have a profound

effect on the measurements (Troccoli et al. 2012).

Moreover, comparing one point with a 2-kmgrid average

is a stern test of the model. Nevertheless, the mean bias

between the observational 10-m wind speed and WRF

shows that for Melbourne Airport WRF underestimates

the average heat wave wind speed by 0.9ms21 and over-

estimates thewind speed atLavertonby 0.1ms21 (Table 3).

Wind speed biases in WRF often have a complex pattern

depending on the case study and physics parameterization

schemes used (Evans et al. 2012). The Melbourne Airport

TABLE 3. The mean bias between the gridded AWAP temper-

ature and vapor pressure or wind speed observations from Mel-

bourne Airport and Laverton and the WRF control heat wave

simulations. The gridded mean bias was spatially averaged over

urban grid points in domain 2 over the 39 heat wave days.

Variable Mean model bias

Max temperature 21.98C

Min temperature 1.18C

0900 vapor pressure 0.4 hPa

1500 vapor pressure 1.2 hPa

Melbourne Airport 10-m wind speed 20.9m s21

Laverton 10-m wind speed 0.1m s21
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and Laverton biases are within the range of wind

speed biases found by Evans et al. (2012), hence the

WRF wind speeds are appropriate for use in this study.

b. Cool roofs

The citywide average response (i.e., averaged across

all urban points in domain 2) to each scenario, averaged

across all heat wave days is now described. The CR30

scenario causes a maximum reduction in temperature of

0.38C at 1200 relative to the control. The CR60 scenario

causes a maximum reduction in temperature of 0.58C at

1100 LT relative to the control (Fig. 2a). The cooling

response for the CR30 scenario is shown in all heat

waves from 1100 to 1500, whereas the CR60 scenario has

cooling in all heat waves from 0800 to 1800 LT. This is

because in the CR60 scenario the reduction in temper-

ature relative to the control extends into the night with

an average cooling effect of 0.28C from 2000 to 0700 LT

during the 39 heat wave days (Fig. 2a). The reductions in

temperature at night occur because the daytime roof

heat storage decreases because of the increased albedo

(Li et al. 2014). Overall, cool roofs cause a statistically

significant reduction in temperature.

The typical cooling response varies across the city,

highlighting the spatial variability in the response due to

the different urban densities and distance from the

geographical center of Melbourne. In the CR60 sce-

nario, the denser inner eastern suburbs of Melbourne

cooled by up to 0.98C between 1100 and 1500 LT

(Fig. 3a), because they have a higher density of rooftops

to reflect the incoming solar radiation. The western and

outer suburbs of Melbourne do not experience as much

cooling in the CR60 scenario as they are lower density.

There is spatial inter-heat wave variability between each

of the 12 heat waves in the CR60 scenario (Fig. 1 in the

online supplemental material), indicating that cool roofs

may be more effective in different regions of Melbourne

during different events. While this highlights the need to

FIG. 2. The 24-h difference between the CR30 (red) and CR60 (blue) scenarios for (a) temperature, (b) AT, (c) wind speed, and

(d) vapor pressure and the control simulation averaged over all urban areas of domain 2 (Fig. 1b) and across the 39 heat wave days. The

error bars represent the 5th and 95th percentile for each area-averaged hour as based on the 39 heat wave days, and the thin horizontal

dotted line represents no difference between the scenarios and the control.
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investigate multiple events, most heat waves show the

largest response to cool roofs occurring in the eastern

suburbs.

The largest reduction in temperature from cool roofs

occurs at 1100 and 1200 LT for the CR60 and CR30

scenario, respectively, when solar radiation is almost at

its peak. This is because shortwave radiation is reflected

rather than absorbed by the roofs. This translates to a

reduction in average net radiation (sensible heat flux 1

latent heat flux 2 ground heat flux) at the surface of

24.1Wm22 per day between the CR60 scenario and the

control, averaged across all urban points for the 39 heat

wave days. This reduction increases in magnitude to

76.5Wm22 during the solar maximum at 1300 LT

(daylight savings time).

The reduction in net radiation overwhelmingly trans-

lates to a reduction in the energy available for sensible

heat (Fig. 4), which accounts for 90.0% of the net radi-

ation energy partition difference between the CR60

scenario and the control. The implementation of cool

roofs and the subsequent reduction in the net heat flux

also reduces the energy partitioned into the ground heat

flux throughout the day as less energy is absorbed and

stored by buildings through their rooftops (Fig. 4).

As a result, the sensible heat and ground heat flux are

62.4 and 7.0Wm22 smaller at the solar maximum for

the CR60 scenario than for the control. These results

show that changes to urban rooftops can have a noticeable

effect at the surface.

The reduction in 2-m AT under the cool roof scenarios

is very similar to the 2-m air temperature because tem-

perature is the strongest modulator of AT as per Eq. (1)

(Fig. 2b). There is a pronounced cooling relative to the

control simulation during the middle of the day in which

the average AT is reduced by 0.38C at 1200 for the CR30

scenario and 0.48C at 1100 for the CR60 scenario. For the

apparent temperature, cool roofs are the most effective

between 1000 and 1300. At these times the inter-heat

wave variability is smaller in the CR60 scenario as in-

dicated by the 5th and 95th percentiles being smaller than

the percentiles for the CR30 scenario. This indicates that

the CR60 scenario has more certainty for a reduction

in the apparent temperature during heat waves.

The apparent temperature does not decrease as much

as the 2-m temperature in the cool roofs scenarios be-

cause of a reduction in wind speed and slight increase in

FIG. 3. The difference between the CR60 scenario and the control for (a) 2-m temperature (T2) and (b) AT, and (c) ATminus T2 for the

CR60 scenario. All plots are averaged over 1100–1500 LT for the 39 heat wave days. This map has been zoomed in to focus onMelbourne

(boundaries shown by the dotted line) within domain 2.

FIG. 4. The 24-h sensible heat (red), latent heat (blue), and

ground heat flux (gray) for the control simulation (solid line) and

the CR60 scenario (dashed line), averaged over all urban areas of

domain 2 and 39 heat wave days. The error bars represent the 5th

and 95th percentile for each area-averaged hour as based on the 39

heat wave days.
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vapor pressure during the day (Figs. 2c,d). Similar results

were reported by Ma et al. (2018) in a study for Sydney,

Australia. The reduction in net radiation flux away from

urban surfaces (Fig. 4) produces less heating and vertical

mixing in the boundary layer and lower wind speeds.

Consequently, the height of the boundary layer is up to

88m lower during the day for the CR60 scenario (not

shown). This also has implications for vapor pressure as

less vertical mixing means that humidity near the surface

is less likely to be mixed away, resulting in slightly higher

levels of near-surface moisture (Fig. 2d). However, the

inter-heat wave variability suggests that the average sig-

nal may not occur in every heat wave.

Spatially, the inner eastern suburbs of Melbourne

experience the greatest reduction in AT in the CR60

scenario, whereas the lower-density outer suburbs of

Melbourne experience almost no reduction in the AT

from cool roofs under heat wave conditions (Fig. 3b).

This is highlighted by the differences between the tem-

perature and AT, reaching 0.28C in the central, north-

ern, and eastern suburbs (Fig. 3c).

c. Increased vegetation

In Melbourne, the modeled heat wave temperatures

decrease at night when vegetation is increased (Fig. 5a).

This is in contrast to the cool roof scenarios that have

greater reductions of temperature during the day. The

largest reductions occurred at midnight when the aver-

age VEG5, VEG10, and VEG40 scenarios are 0.28, 0.38,

and 1.08C cooler than the control, respectively (Fig. 5a).

The VEG5 and VEG10 scenarios do not have cooling

in every heat wave as the 5th and 95th percentiles show

warming during some events. However, the VEG40

scenario has significant nighttime cooling in every heat

wave. This section will mostly focus on the VEG40

scenario because it shows the largest changes. Spatially,

cooling of up to 2.48C occurs in parts of Melbourne’s

north and west between 2200 and 0200 for the VEG40

scenario relative to the control (Fig. 6a). These times are

chosen to illustrate the maximum effects of vegetation

across the city. As with cool roofs, there is inter-heat

wave variability where increased vegetation can have a

FIG. 5. As in Fig. 2, but between the VEG5 (red), VEG10 (blue), and VEG40 (gray) scenarios.
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larger effect on different parts of the city, depending on

the heat wave event (Fig. 2 in the online supplemental

material). Nevertheless, the northern suburbs most

commonly have the largest cooling effect.

The reduction in modeled air temperature from in-

creased vegetation is primarily related to the reduction

in the ground heat flux and heat storage (changed heat

capacity) in the city (Table 4). When impervious sur-

faces such as concrete and bitumen are replaced with

pervious surfaces such as vegetation, the surface volu-

metric heat storage capacity of the city is reduced (Oke

1987). For example, the ground heat flux is 22.5Wm22

smaller for VEG40 than the control at 1200 and

8.8Wm22 smaller at 0000 LT, when the largest re-

duction in temperature occurs (Table 4). This indicates

that less energy is absorbed during the day and emitted

at night. Although a reduction of 8.8Wm22 at 0000 may

seem small, at this time of night the ground heat flux

accounts for 78.6% of the nighttime fluxes, with sensible

heat accounting for 19.0% and the latent heat flux 2.4%.

This reduction in heat loss from the ground causes the

2-m temperature to be cooler at night when compared

with the control. Furthermore, we find that increasing

vegetation has an effect at the subgrid scale. In the

control scenario at night, the vegetated fraction of the

grid cell has a sensible heat flux into the surface. In-

creasing vegetation reduces the size of this flux. There-

fore, the vegetation surface temperature is reduced

causing the gridcell average surface temperature to de-

crease. Hence, two mechanisms cause temperatures to

decrease at night: a reduction in the ground heat flux

and a reduction in the nighttime vegetation surface

temperature.

The 2-m temperature in the VEG40 scenario remains

approximately unchanged relative to the control between

0900 and 1600 (Fig. 5a). This contradicts the expectation

that increasing vegetation would increase evapotranspi-

ration, causing evaporative cooling. This expectation is

based on the hypothesis that increasing the vegetation

fraction changes the net radiation energy partitioning

toward a scenario where more energy is available for la-

tent heat exchange because of the larger amounts of

vegetation and exposed soil, subsequently enabling more

evaporation from the urban grid cell. Indeed, the VEG40

scenario has a latent heat flux that is 36Wm22 higher at

1200 when compared with the control (Table 4). This

increase in the latent heat flux occurs even in the presence

of an intensely dry top soil layer that is close to wilting

FIG. 6. As in Fig. 3, but between the VEG40 scenario and the control and all plots are averaged over 2200–0200 for the 39 heat wave days.

This map has zoomed in to focus on Melbourne (boundaries shown by the dotted line) within domain 2.

TABLE 4. The surface sensible heat, latent heat, and ground heat flux for the control simulation and the VEG40 scenario, spatially

averaged over all urban areas in domain 2 and 39 heat wave days. Positive denotes a flux into the atmosphere.

Sensible heat flux (W m22) Latent heat flux (W m22) Ground heat flux (W m22)

Time Control VEG40 Control VEG40 Control VEG40

1200 257.8 246.3 244.9 280.9 2124.1 2101.6

1500 257.3 242.2 244.3 281.7 290.1 275.8

1800 90.5 74.3 121 140.4 9.4 4.5

2100 21.6 28.2 1.5 1.8 67.7 54.6

0000 28 210.8 21.1 21.4 53.8 45
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point (soil moisture fraction of 0.06 at 1200 LT) and the

direct evaporation from soil being zero. The increase in

latent heat flux occurs because the vegetation is able to

access water from the deeper soil horizons, that is, the top

three soil layers in the model where the soil moisture

fraction is higher at ;0.19. However, this increase in the

latent heat flux does not translate to a reduction in

daytime 2-m temperature through evaporative cooling,

because the change in flux is relatively small.

The potential cooling from increased vegetation is

only governed by the difference in urban fraction be-

tween the vegetation scenarios and the control. Al-

though the vegetation component of the urban grid cell

always has a lower surface temperature than the urban

component, both the urban and vegetated fractions have

very high surface temperatures during the day. This is

because of the extreme heat wave temperatures causing

each part of the grid cell to be extremely warm. There-

fore, by increasing the vegetation fraction, the temper-

ature is unlikely to greatly decrease as the vegetated

surface is a similar temperature to the urban surface.

While changing the vegetation fraction is effective at

reducing nighttime temperatures, its effects are smaller

during the day because the net radiation is much larger

and less sensitive to changes in the ground heat flux.

Across all vegetation scenarios, the largest reduction

in AT occurs at midnight when the average VEG40

scenario is 1.08C cooler than the control (Fig. 5b). This is

almost identical to the 2-m temperature, including the

VEG40 scenario having significant nighttime cooling in

all heat wave events (Fig. 5a). This is because the other

modulators of AT, wind speed and vapor pressure, do

not significantly change at night (Figs. 5c,d).

The VEG40 spatial pattern of the nighttime reduction

in AT relative to the control is similar to the temperature

(Figs. 6a,b). Indeed, the difference between the spatial

pattern of the temperature and AT is almost negligible

(Fig. 6c), which is in contrast to the CR60 scenario.

Therefore, because the differences are small, these results

suggest that additional vegetation does not adversely af-

fect human thermal comfort at night during heat waves.

During the day the city-averaged difference between

the AT in the VEG40 scenario and the control is neg-

ligible because of a concurrent increase in vapor pres-

sure by approximately 0.2 hPa (Fig. 5d). Thus, increasing

urban vegetation creates a slightly more humid envi-

ronment during heat waves. The resulting effect of the

added humidity on the daytime apparent temperature is

minimal when compared with the reduction in nighttime

apparent temperature that adding vegetation supplies.

Because heat waves are most dangerous at night, adding

vegetation would have immediate health benefits on an

urban community.

d. Mitigation strategies in combination

A combination of increased vegetation and cool roofs is

themost efficient way tomitigate urban heat throughout a

heat wave. The evidence here shows that each reduces

temperatures in a complementary way: cool roofs have an

effect during the day and increased vegetation works at

night (Table 5). As is expected, the most effective heat-

mitigation scenario during the heat wave days is that with

the greatest intervention. Namely, the VEG40CR60 sce-

nario, which recorded 0.68C of cooling during the heat

wave, increasing to 0.828C of cooling at night (2100–0600)

when averaged over all urban areas and heat wave days

(Table 5). The VEG40CR60 combination represents a

version of Melbourne with 40% urban vegetation and

60% cool roofs. The largest changes in the VEG40CR60

scenario occur in the medium- and high-density urban

areas that have reductions in temperature of 0.98 and

0.88C, respectively. On average, themedium-density areas

have a larger reduction in temperature relative to the

control than the high-density areas, because they exhibit

more cooling at night, particularly between 2000 and

0100 (Fig. 7). This is because the sensible heat flux for

medium-density urban areas has a larger decrease

in the VEG40CR60 scenario when compared with the

high-density areas. The low-density urban areas in the

VEG40CR60 scenario have an average cooling of 0.48C

across the 24h of the heat wave days. The low-density

category includes small towns often represented as one

urban grid point surrounded by rural areas, where the ef-

fects of changing the urban surface are smaller than in the

city. This contributes to the large difference in cooling

between the low- and medium-density urban areas.

TABLE 5. The 2-m temperature for each scenario minus the

control averaged over the 39 heat wave days for all urban areas in

domain 2. The values are separated into the 24-h average, the

daytime, and the nighttime. Boldface type indicates that the com-

bination of mitigation strategies produces more cooling than the

individual strategies added together, and italics indicate that the

combination of strategies is less than the individual strategies

added together.

Scenario 24-h avg

Day

(0700–2000)

Night

(2100–0600)

CR30 (8C) 20.1 20.2 20.1

CR60 (8C) 20.3 20.4 20.1

VEG5 (8C) 20.1 20.1 20.1

VEG10 (8C) 20.1 20.1 20.2

VEG40 (8C) 20.4 20.1 20.7

VEG5CR30 (8C) 20.2 20.2 20.2

VEG5CR60 (8C) 20.3 20.4 20.4

VEG10CR30 (8C) 20.3 20.2 20.3

VEG10CR60 (8C) 20.4 20.4 20.4

VEG40CR30 (8C) 20.5 20.3 20.8

VEG40CR60 (8C) 20.6 20.4 20.8
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When the high-impact VEG40CR60 scenario is ap-

plied, large areas of Melbourne show temperature re-

ductions of up to 1.58C during heat wave conditions

(Fig. 8a). The largest cooling inAT is more localized with

maximum cooling occurring in the inner northwestern

suburbs and the far northern suburbs. Here, there are

reductions inATof up to 1.38C,whereas the remainder of

the city only cools by approximately 0.58–0.78C (Fig. 8b).

Over all of Melbourne the AT does not cool as much as

the temperature because of a concurrent decrease inwind

speed (Fig. 8c) and increase in vapor pressure (Fig. 8d).

The increase of vapor pressure is unlikely to affect human

thermal stress as heat waves in Melbourne are associated

with dry conditions. Indeed, the control scenario has a

relative humidity of 48% when spatially averaged over

Melbourne and the 39 heat wave days.

An increase in daytime evaporation from more veg-

etation increases the vapor pressure across Melbourne

in the VEG40CR60 scenario (Fig. 8d). This is especially

noticeable in the medium-density, leafy eastern suburbs

of Melbourne. In contrast, the inner northwestern sub-

urbs experience almost no change in vapor pressure

resulting in greater cooling of the AT. The distinct dif-

ference in vapor pressure between the eastern and

western suburbs ofMelbourne is likely due to the spatial

distribution of soil types inWRF. On the western side of

the city the most common soil types are clay and sandy

clay loam, whereas on the eastern side the soils are

mostly loam or sandy loam. The representation of these

soil types in WRF (i.e., heat capacity, saturation point,

and wilting point) partly causes the difference in evap-

oration potential between east and west, and hence

vapor pressure, where the eastern suburb soils have

the potential to holdmore water. This highlights that the

west of Melbourne would benefit from the cooling of

increased vegetation without raising human thermal

stress due to increased humidity. Therefore, it could be

advised that the western suburbs adopt a greening

approach to urban heat mitigation.

The combination scenarios show either a negligible or

very small nonlinear interaction on the order of 0.18C

(Table 5). If the interaction is nonlinear, the combina-

tion is sometimes greater than the sum of its parts, while

in others it is less. For example, the 24-h heat wave

average VEG40 and CR30 scenarios individually re-

duce the heat wave temperature by 0.48 and 0.18C, re-

spectively, and the combination reduces heat wave

temperatures by 0.58C with a negligible nonlinear in-

teraction (Table 5). However, when differences occur

such as in the VEG10CR60 scenario, which shows a

combination 1) less than the sum of its parts during the

day, 2) greater than the sum of its parts at night, and 3)

overall no difference, it is likely due to weather noise

among the ensembles of simulations. The small magni-

tude of the noise is further indicated by the spatial

randomness of the differences between combination

scenarios and the sum of their parts (Fig. 9). This result is

contrary to the expectation of interactions between the

two strategies, as cool roofs and vegetation affect the

climate through different mechanisms.

4. Discussion and conclusions

Many factors, including the large-scale weather con-

ditions, the climate, and the geography of a city, affect the

capacity of cool roofs and increased vegetation to reduce

urban temperatures. Our results compare well to similar

studies from cities around the world showing that cool

roofs can provide effective cooling on a citywide scale (Li

et al. 2014; Synnefa et al. 2008; Millstein and Menon

2011). We have shown that this is also the case when a

more realistic fraction of cool roofs are employed.

Li et al. (2014) used WRF and PUCM to model the

viability of cool roofs under heat wave conditions for the

Baltimore–Washington, D.C., metropolitan area. They

found that if 70% of the buildings had cool roofs, then

the 2-m urban heat island decreased by approximately

0.48C at 1200. While a reduction in the urban heat island

is different from the change in urban-only 2-m temper-

ature calculated in this study, this value is comparable to

our CR60 results. Synnefa et al. (2008) modeled the

effectiveness of cool roofs in Athens using MM5 (Grell

et al. 1994) for one representative clear summer day

with amaximum temperature of 35.38C. They found that

when the roof albedo for all the buildings is raised from

0.18 to 0.85 the 2-m temperature across the city is

FIG. 7. The difference in T2 between the VEG40CR60 scenario

and the control for low-density, medium-density, high-density, and

all urban areas. The error bars represent the 5th and 95th percentile

for each area-averaged hour as based on the 39 heat wave days.
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reduced by up to 1.58C at 1200. In contrast, Millstein

and Menon (2011) use WRF to model cities in the

continental United States for 11 years where cities

had adopted a 10.25 and 10.15 change in albedo for

roofs and pavements respectively, representing the im-

plementation of cool roofs and cool pavements across

the city. They found that the average reduction in tem-

perature for the 10 most populous cities is 0.228C for

summer and 0.188C for winter. However, some cities

such as Atlanta, Georgia, show a larger cooling effect in

winter than summer because of differences in radiation

from that fact that Atlanta is cloudier andmore humid in

summer and is drier and clearer in winter. This indicates

that the local climate can influence the effectiveness of

cool roofs and cool pavements.

Past studies have shown that changing the vegetation

fraction is the largest contributor to differences in the

urban heat island, in comparison with other variables in

the WRF urban properties table such as building height

(Chen et al. 2014). This indicates that the heat-

mitigation potential is large, but also that WRF is sen-

sitive to changes in the vegetation fraction. There is also

seasonality in the effectiveness of cooling from in-

creasing vegetation. Cui and De Foy (2012) used WRF

to investigate how increases in the vegetation fraction

affect the urban heat island during different seasons in

Mexico City by looking at events inMarch, July, August,

October, and December. They found that when the

vegetation fraction is increased to 40%, the largest re-

duction in the near-surface urban heat island at night

FIG. 8. The difference in (a) T2, (b) AT, (c) wind speed, and (d) vapor pressure between the VEG40CR60

scenario and the control averaged over 24 h and the 39 heat wave days. This map has been zoomed in to focus on

Melbourne (boundaries shown by the dotted line) within domain 2.
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occurs during March, whereas the largest reduction in

daytime near-surface urban heat island occurs in July.

Papangelis et al. (2012) examined an increase in the

urban vegetation fraction in Athens using WRF

under typical warm-season day conditions. Athens and

Melbourne both have Mediterranean climates of hot

and dry summers. When the vegetation fraction was

increased from 27% to 50% Papangelis et al. (2012)

found that nights cooled by 1.98Cwith no cooling during

the daytime. These results are very similar to the find-

ings of our VEG40 scenario in which the average veg-

etation fraction across low-, medium-, and high-density

urban increased from 27% to 40%, and the cooling at

night reached 1.58C (Fig. 6a).

There are three limitations to the increased vegetation

aspect of this study. First, the almost doubling of

urban vegetation in the VEG40 scenario is based on a

City of Melbourne local government policy to have 40%

tree canopy cover by 2040. However, the vegetation

simulated by the cropland/natural vegetation mosaic

does not indicate tall trees across urban areas and is

instead a mix of low vegetation. Therefore, the shadow

cooling effects and temperature changes from evapo-

transpiration above the tree canopy are underestimated

in the increased vegetation scenarios and do not fully

represent the 40% canopy cover objective. The species

selected for the increased vegetationmitigation scenario

must also be considered, as spatial diversity helps

protect vegetation from pests, disease, and stress due

to climate change (City of Melbourne Council 2013).

Second, the increase in urban vegetation in WRF occurs

by removing urban surfaces and replacing them with

vegetation, rather than increasing the vegetation inside

the canyon. This is not realistic for Melbourne, partic-

ularly as its population is increasing rapidly. Last, the

cropland/natural vegetation mosaic category for urban

vegetation does not accurately represent the current

distribution of plant types across Melbourne, because

WRF assumes a uniform distribution of vegetation

types. The Noah LSM extra vegetation is simulated to

have a deep root system, but most trees in Melbourne,

except those in the inner suburbs, have a shallow root

system (City of Melbourne 2013). This is because Aus-

tralian vegetation is very different from that in the

northern United States or Europe (Moore et al. 2016),

meaning that it may not be represented as accurately in

the U.S.-designed model, which would affect the results

of the study.

This study shows that, across the city of Melbourne,

there are regional differences in the efficacy of the

mitigation strategies investigated during heat waves.

The western suburbs of Melbourne are climatologically

drier, have less vegetation, and, as a result, can experi-

ence warmer daytime temperatures than the eastern

suburbs because of higher sensible heating. In WRF the

western suburbs are also represented with drier soils

types, meaning that an increase in vegetation does not

lead to an overly humid near-surface environment.

Therefore, the western suburbs have a larger cooling

potential from increased vegetation when compared

with cool roofs, where the added humidity does not

negatively affect human thermal comfort. Citizens in

Melbourne’s west have a high vulnerability index to

heat-related illness because of their higher proportion of

FIG. 9. The respective differences in T2 between the combination scenarios (a) VEG40CR30 and (b) VEG40CR60

and the sum of their individual parts averaged over 24 h of the 39 heat wave days. This map has been zoomed in to

focus on Melbourne (boundaries shown by the dotted line) within domain 2.
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elderly residents and immigrants (Loughnan et al. 2013).

To confront this issue regional governments and other

sectors have created the Greening the West initiative

(http://greeningthewest.org.au/). Their strategy is that

increased parks and green spaces in the western suburbs

will benefit the environment, the economy, and the

health and well-being of residents. Our results confirm

the potential health benefits of this initiative in the

western suburbs. In contrast, the eastern suburbs of

Melbourne experience greater reductions in tempera-

ture from cool roofs than does the rest of Melbourne

because of their higher urban density. Hence, cool roofs

as a heat-mitigation measure would provide more tan-

gible cooling in the eastern suburbs than increased

vegetation.

Our results have shown that increasing both the

albedo of roofs and the proportion of vegetation in

Melbourne is an effective approach to reducing the 2-m

temperature under heat wave conditions. In particular,

the VEG40CR60 scenario can reduce urban heat wave

temperatures by up to 1.58C across theMelbourne urban

area (Fig. 8a). This cooling is small in magnitude relative

to maximum temperatures of over 408C that are often

experienced during heat waves, but evidence from past

studies shows that even a slight reduction has the po-

tential to save lives. For example, research done by

Nicholls et al. (2008) for Melbourne shows that if the

mean daily temperature of today’s maximum and

tomorrow morning’s minimum temperature is reduced

from 308 to 288C it could save 1 person per 100 000

people. Melbourne has a population of nearly 5 million,

meaning that an average of 50 extra lives could be saved

during strong heat events.

Our study has assessed the temperature and human

thermal stress response to two commonly proposed ur-

ban heat-mitigation strategies for Melbourne under

heat wave conditions. We have found that increasing

vegetation is more efficient at reducing temperatures in

the western suburbs of Melbourne, whereas the imple-

mentation of cool roofs is more efficient at reducing

temperatures in the eastern suburbs of Melbourne.

However, a combination of the scenarios is the most

effective at reducing temperatures across Melbourne.

For human thermal stress, both mitigation strategies

modestly increase near-surface humidity, which could

increase stress, yet this is counterbalanced by the re-

duction in temperature. This reduction would improve

human thermal stress and reduce the risk of mortality

during heat waves.
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