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Glossary
Albedo
A dimensionless parameter that ranges between 0 (low reﬂectance – black body that absorbs all incident
radiation) and 1 (high reﬂectance – white body that reﬂects all incident radiation). It is a measure of how
much light that hits a surface is reflected without being absorbed.
Ambient temperature
The temperature of the surrounding atmospheric air measured in a sheltered environment away from the
sun and wind. Ambient air temperature can affect the operation of process equipment, instruments and
control. It is sometimes referred to as room temperature.
Apparent temperature
The temperature of what it ‘feels like’ outside versus what it says on the thermometer (ambient
temperature). Humidity and wind can affect how cool or hot the body feels when modelled with the
ambient temperature.
Canopy cover
The proportion of the forest covered by the vertical projection of the tree crowns.
Ecosystem services
The beneﬁts humankind derives from the workings of the natural world. These include, most obviously, the
supply of food, fuels and materials, but also more basic processes such as the formation of soils and the
control and puriﬁcation of water, and intangible benefits such as amenity, recreation and aesthetics.
Evapotranspiration
The sum of evaporation from the land surface and transpiration from plants. Some deﬁnitions include
evaporation from surface water bodies, even the oceans.
Green cool islands
The vegetated areas inside the city that, due to their thermal characteristics, remain cooler in comparison
to the surrounding non-vegetated urban area.
Greenhouse gas
A gas that traps heat in the atmosphere. Carbon dioxide and chloroﬂuorocarbons are examples of
greenhouse gases.
Microclimate
A microclimate is defined as any area where the climate differs from the surrounding area. They occur
naturally, as well as in the built environment. Microclimates can be small through to the scale of a city.
Nature-based solutions
The sustainable management and use of nature for tackling a wide variety of complex socio-environmental
challenges. This includes the use of vegetation and urban green infrastructure to provide a sustainable way
to increase a city’s resilience to climate change and deliver multiple benefits to people and communities.
Passive cooling systems
Design techniques to adapt buildings to local environmental conditions (e.g. climate and site context) using
natural (non-mechanical) processes. Local examples in Darwin include breezeways, verandas and louvres.
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Representative Concentration Pathways (RCPs)
Developed for the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, the RCPs
reflect plausible trajectories of future greenhouse gas and aerosol concentrations to the year 2100 and
represent a range of economic, technological, demographic, policy and institutional futures.
Street/urban canyons
The space above the street and between the buildings. The measurement of the street canyon provides
basic information regarding the building height to street width ratio. When its ratio falls below 0.5 it is
referred to as a shallow, whereas a ratio of 2.0 signifies a deep street canyon.
Surface runoff
The ﬂow across the land surface of water that accumulates on the surface when the rainfall rate exceeds
the inﬁltration capacity of the soil.
Thermal comfort
The human satisfactory perception of the thermal environment. It ranges from very uncomfortable to very
comfortable and depends not only on the thermal environment and physiological parameters, but also on
adaptation and expectation, as well as recent thermal exposure.
Urban climate
The climatic conditions in an urban area that differ from neighbouring rural areas and are attributable to
urban development. The effect is produced by the whole urban area. The science that studies this issue is
called urban climatology. Generally, this concept refers to the mesoscale, but it could refer to the
microscale, since variables have a high spatial variation (mainly air temperature, relative humidity, wind
speed, radiation). Also, air pollution is frequently included in the concept of ‘urban climate’.
Urban heat island (UHI)
The urban area that is signiﬁcantly warmer than its surrounding rural areas due to development and urban
activities occurring inside the urban area. The main cause is the modiﬁcation of land surfaces. Urban
surface accumulates heat and thus air temperature tends to increase in the urban area.
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Executive summary
One of the key commitments of the Darwin City Deal, announced in November 2018, is to improve
Darwin’s liveability by cooling the city. As part of the City Deal, the Northern Territory Government
is responsible for developing a Darwin Heat Mitigation Strategy that will help mitigate present and
future challenges associated with the regional climate.
The purpose of this report is to outline the latest science and information around urban heat
mitigation, providing support to the Northern Territory Government and the City of Darwin, and
informing the development of the strategy. In order to develop this report, a researcher workshop
was conducted in August 2019 to create a set of potential strategies and actions for consideration
in the Darwin region. Based on the discussed strategies, a literature review was conducted to
examine options being considered and implemented in other cities, with a particular focus on
cities with a similar wet-dry tropical climate. This literature review encompassed both scientific
research papers as well as grey literature with the goal that Darwin can take advantage of the
learnings from other locales. The results of this review are presented in this report.
The report is split into six sections:
 Section 1: Introduction to the report and outline of the methods and approaches used.
 Section 2: Summary of the current and future climate of Darwin to set the climatic context.
 Section 3: Background and science of the urban heat island effect and how it develops.
 Section 4: A report on potential strategies and actions that could be tested in future trials and
pilots in Darwin. Five strategies are discussed: cool buildings, water sensitive urban design and
water features, urban green infrastructure, cool roads and paths, and education and awareness.
 Section 5: Overview of relevant case studies from other cities with a similar climate to Darwin.
 Section 6: Conclusions and potential next steps.

Section summaries
Current and future climate of Darwin
Darwin has a tropical savanna climate with distinct wet and dry seasons, as represented by the
Köppen-Geiger climate classification Aw (Every et al., 2020). In Darwin, January and February are
the heart of the wet season, when monsoonal weather dumps heavy afternoon and overnight rain
on the city, and average daily temperatures range between 24.6 °C and 31.9 °C. In March and
April, the rains begin to subside. May marks the beginning of the dry season, which extends
through to September. The humidity is at its lowest during this season and the nights can become
relatively cool, with average daily temperatures ranging between 19.3 °C and 32.6 °C. October to
December is the pre-monsoon period (locally referred to as the ‘build-up’) when it becomes
increasingly humid with occasional rain. The hottest month is November, just before the onset of
the main rain season, where the average daily maximum temperature is 34 °C. At this time, the
apparent temperature, which is adjusted for humidity, provides a better measure of human
thermal comfort and will sometimes rise above 45 °C.
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Temperatures are projected to increase for all Australian cities. In Darwin the change may be
significant, with very high confidence in continued substantial increases in projected mean,
maximum and minimum temperatures based on modelled projection of increased greenhouse gas
concentrations. The annual average number of days with maximum temperatures above 35 °C is
projected to increase from 11 days in 1995 to between 141 and 308 days in 2070, under a high
emission scenario (RCP8.5). By late this century, summer rainfall changes are projected to be
between –15% and +10% under an intermediate emission scenario (RCP4.5) and between –25%
and +20% under a high emission scenario (RCP8.5). There is high confidence that there will be an
increase in the intensity of extreme rainfall events in the future.
Darwin and the urban heat island effect
The urban heat island effect is well documented in hundreds of cities around the world – including
major cities in Australia – and will be amplified by global climate change and projected increases in
background temperatures that will increase the heat load within a city (Zhao et al., 2014).
The urban heat island effect occurs when urban areas exhibit higher temperatures than
surrounding rural or suburban areas (Oke, 1982). Urban development generally leads to natural
land surfaces and vegetation being replaced by built infrastructure such as roads, footpaths, car
parks and buildings (Yuan and Bauer, 2007). This built infrastructure often comprises materials,
such as concrete and asphalt, which absorb and hold heat. A high density of nonporous and nonreflective surfaces in an urban area, such as roof tiles, concrete and asphalt, can trap the absorbed
heat so that temperatures cool more slowly at night, providing limited respite from the daytime
heat. Thus, the urban heat island effect is usually most evident at night (Arnfield, 2003).
As Darwin grows, it will increasingly experience urban heat island effects. Darwin already exhibits
an urban heat island effect of 2–3 °C in the Darwin Central Business District, meaning the CBD is
between 2 °C and 3 °C warmer than the surrounding suburbs, as measured in previous research
from the University of New South Wales (Santamouris et al., 2017b).
Potential strategies and actions that could be tested in future trials and pilots
Cities around the world are developing and testing strategies to combat urban heat island and
climate warming; however, only some will be relevant for Darwin’s climatic context. We review
strategies and actions, drawn from both the scientific and grey literature, found to be effective in
dealing with high temperatures. We especially focus on strategies and actions conducted for cities
facing similar problems around heat. We review strategies and actions in these five areas:
 Cool buildings: Designing buildings to reduce temperatures and increase cooling will be
important as Darwin’s urban temperatures increase through urban development and climate
change. Large-scale adaptation of buildings and cities are being considered by local governments
and city planners to mitigate the effects of urban heat and to prevent heat-related illness. This
section examines the utility of passive cooling, cool roofs, air conditioning, and district cooling
and explores how these strategies could be implemented in Darwin. These strategies can be
applied in new buildings as well as retroﬁt into older infrastructure in order to maximise cooling.
 Water sensitive urban design and water features: Water sensitive urban design seeks to
replace the traditional engineering approach to urban water management and promote the
integration of urban planning with the management, protection and conservation of the urban
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water cycle. Additionally, integrating water features and water management into city design can
provide options for mitigating heat in urban environments. This section examines the potential
for integrating suitable water designs and features in Darwin such as water spraying/misting
systems; artificial wetlands, ponds, and fountains; and integrated green and blue spaces.
 Urban green infrastructure: Green infrastructure incorporates a range of green space forms and
types such as green walls and roof gardens, and green spaces such as parks, community gardens
and natural areas. Worldwide, vegetation has been used extensively as an urban heat mitigation
strategy. Sometimes known as ‘nature-based solutions’, the use of vegetation and urban green
infrastructure may provide sustainable and multi-beneficial ways to increase a city’s resilience to
climate change. This section examines the potential to incorporate green roofs, vertical greenery
and facades into the built environment, and increasing the urban forest across the Darwin CBD.
 Cool roads and paths: There are multiple ways to support the development of cooler roads and
paths. Technologies used to decrease the temperature of pavements in urban areas may include
permeable pavement systems such as water retentive and porous pavements to reduce surface
temperatures. Using alternative materials can increase the albedo (solar reflectance) of urban
surfaces. Surfaces stay cooler by releasing less heat into the ambient air, providing an effective
cooling option for urban areas. This section examines the potential of creating well-ventilated
walkways and streetscapes, using cool and permeable pavements, and increasing tree cover
along footpaths and streets to increase cool options for mobility and transport in Darwin.
 Education and awareness: In many cases, education and communication will be required to
initiate social change and promote end user buy-in for any new initiatives. Education and
awareness strategies must consider the varying extents to which different groups of people
within the community understand and desire to make changes. Due to the increase in hot days
expected in Darwin, it is important the community is informed of how to deal with heat events.
Behavioural change will be key towards keeping communities safe, and diverse messaging and
actions may be necessary. This section examines how social campaigns and heat management
plans can be used to increase awareness around heat prevention measures. This section also
examines how changes in vehicle use can be encouraged through behavioural change.
A summary table (Table 3) of these strategies, outlining the pros, cons, and potential actions that
could be implemented in Darwin is provided in Section 4. This table may be helpful in evaluating
how the options compare and which options may be more effective for different parts of the city.
Relevant case studies from other cities with a similar climate to Darwin
Several case studies are presented to highlight experiences in other tropical cities that have
implemented heat mitigation measures in response to the climate and local character of that city.
These cases can provide insights for Darwin on different approaches to improve liveability and
thermal comfort in a tropical wet-dry climate. Even in cases where tropical cities have an
analogous climate to Darwin, the appropriate response to improve liveability and thermal comfort
will emerge from the unique context of each city. In Darwin, a place-based approach to tropical
urbanism is needed to not only consider the climate but the cultural heritage, values, community
lifestyle expectations and local environment. The examples are from cities of the same climate
classification (Köppen-Geiger climate classification Aw) as well as similar climate classifications (Af,
As and Am classifications) as they will provide the most similar climate context for Darwin. The
case study examples, and their Köppen-Geiger climate classifications, are:
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 Cairns, QLD (Am)
 Singapore (Af)
 Bangalore, India (Aw)
 Miami, Florida, USA (Am)
 Enugu City, Nigeria (Aw).
Conclusions
There are few examples of heat mitigation activities from cities with an analogous climate to
Darwin. Nevertheless, this presents an opportunity for Darwin to become a world leader in the
science and innovation of heat mitigation among cities characterised by wet-dry tropical climates.
This report provides information to assist with developing strategies and prioritising actions for
mitigating urban heat impacts in Darwin. The suggested next steps are as follows:
Short-term actions for long-term gain

The literature review findings demonstrate that urban heat can be mitigated through the strategic
use of cool building design and materials, water sensitive urban design and water features,
increasing vegetation cover, creating cool roads and paths, and increasing education and
awareness about behavioural change to reduce heat. The following actions can be taken now:
 Use the maps of land surface temperature and information on population vulnerability to
identify the priority areas for targeted urban heat mitigation actions.
 Examine opportunities to incorporate low-cost actions to retrofit current building types.
 Implement trials for cool and permeable pavements, tree shading, water retention and misting,
and path placement to test the effect of these various changes on the cooling effect on these
important transport corridors – for both roads as well as in the design of active transport
corridors through Darwin.
 Consider current heat warning plans and social media campaigns in their effectiveness to inform
Darwin communities about heat protective behaviours.
Engaging with stakeholders to obtain more information

Although the ultimate actions within the Darwin Heat Mitigation Strategy will have to be socialised
across different levels of government, a wider engagement strategy across the general Darwin
community will be needed, with a specific focus on vulnerable groups. This broader engagement
strategy may take the form of:
 Research surveys, to systematically survey a representative population of Darwin LGA residents
in order to garner specific understanding of vulnerabilities and needs within the community.
 Interviews or focus groups, conducted to socialise and discuss various strategies and actions to
be piloted.
 Specific actions, to elicit ideas and opinions from vulnerable groups, which may require
additional outreach and engagement to increase involvement.
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Thinking through long-term changes for transformation

Transformational change will require long-term strategic engagement. This will require
collaboration across sectors and stakeholders to develop a plan of action that will take into
account the needs and desires currently and into the future.
Opportunities to support long-term strategic planning for transformational change include:
 Developing a multi-stakeholder reference group and process that can address various
viewpoints on urban heat impact and comment on future planning.
 Modelling the costs and benefits at city scale of different treatment options through time and in
different combinations that take into account different scenarios of change.
 Researching policy levers that allow for changes to occur at the city level, through multiple
nodes of influence.
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1

Introduction

Like much of the world, cities in Australia are experiencing unprecedented changes in urban heat,
and Darwin is no exception. The Darwin City Deal, announced in November 2018, has a goal, as
one of its key commitments, to improve Darwin’s liveability by cooling the city for its community.
As part of the Darwin City Deal, the Northern Territory Government is developing a Darwin Heat
Mitigation Strategy that provides a plan towards decreasing temperatures across the CBD.
The IPCC Special Report Global Warming of 1.5°C (IPCC, 2018) warns of the vulnerability of cities
to the impacts of climate change and emphasises the need to change the way we design, build and
live in cities in order to mitigate or adapt to these impacts (Dasgupta, 2018). Besides the climate
change impacts of rising temperature, more frequent, intense and longer lasting periods of hot
weather are exacerbated by the urban heat island (UHI) effect. Such patterns of increasing urban
temperatures have environmental, economic and social impacts on built infrastructure and urban
communities (US EPA, 2019).
The purpose of this report is to outline the latest science and information around heat mitigation,
providing support to the Northern Territory Government to inform the development of their
strategy document.

1.1 Methods and approach
Before CSIRO embarked on developing this literature review report, CSIRO ran two processes to
engage with stakeholders.
In August 2019, a workshop was conducted with researchers working in urban cooling in Darwin.
This workshop helped to establish a baseline understanding of the types of research already being
conducted in Darwin around urban cooling. This workshop brought together researchers from
UNSW, CDU and CSIRO to discuss available data, current lines of inquiry, and areas of interest that
researchers would like to see applied in Darwin. This workshop helped generate several ideas for
future work in Darwin. A short report of this workshop was submitted to the Darwin Living Lab
Management Committee.
Discussions were conducted with Northern Territory Government on preferred heat mitigation
strategies and desired information to include in the strategy. Five heat mitigation strategies with
different end goals, levels of detail, and sets of information were presented. Through subsequent
discussions, a prototype strategy was developed with level of detail and type of information for
each section specified. This conversation helped guide the literature review to provide decision
makers with current scientific knowledge on heat mitigation approaches that could help inform
the Darwin Heat Mitigation Strategy.
This report provides a synthesis of the science around urban heat mitigation strategies used
around the world, using a lens to focus on strategies and actions that may be more suitable for
Darwin. These strategies and actions are drawn from the scientific literature as well as grey
literature – particularly from other reviews conducted for cities facing similar problems around
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heat (e.g. Cooling Singapore Strategy) as well as previous work conducted in Darwin (e.g. The Heat
Mitigation Program (Santamouris et al., 2017b)). This report provides an understanding of what
strategies and actions have been considered and posits potential ways these could be applied in
Darwin.
The report contains the following sections:
 Section 2: Current and future climate of Darwin.
 Section 3: Introduction to the urban heat island effect.
 Section 4: Potential strategies and actions that could be tested in future trials and pilots.
 Section 5: Relevant case studies from other cities with a similar climate to Darwin.
 Section 6: Conclusions and potential next steps.
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2

Darwin’s climate

2.1 Current climate
The Köppen-Geiger climate classification is widely used to describe the various climates of the
world. Darwin has a tropical savanna climate with distinct wet and dry seasons, as represented by
the Köppen-Geiger climate classification Aw (Every et al., 2020). Aw climates often feature treestudded grasslands with the widespread occurrence of tall, coarse grass (called savanna) which
has led to Aw climates often being referred to as tropical savanna (McKnight and Hess, 2000). The
native plants and animals in these climates have adapted to the seasonal wet and dry conditions.
Aw climates occur in the far north of Australia, as well as across several other regions around the
world (Figure 1). These regions, and the cities they comprise, are analogues of the weather
experienced in Darwin and may have climate mitigation and adaptation solutions that are also
relevant to Darwin’s climate. In the southern hemisphere, the tropical savanna climate occurs
across Sudan and eastern Africa (e.g. Accra, Ghana; Bamako, Mali), parts of south-central Brazil
and adjacent parts of Bolivia and Paraguay (e.g. Brasilia, Brazil), as well as parts of south and
south-east Asia (e.g. Dhaka, Mumbai, Bangkok and Ho Chi Minh City). In the northern hemisphere,
the tropical savanna climate occurs north of the Amazon in Venezuela and Colombia (e.g. Cali,
Colombia; Caracas, Venezuela), as well as parts of western Central America (e.g. Cancun, Mexico;
Guatemala City, Guatemala), western Cuba (Havana, Cuba), and the southern part of Florida (e.g.
Key West and Naples, Florida) in the United States (Peel et al., 2007).

Figure 1. Global map of regions that fit the Köppen-Geiger climate classification Aw (1980‒2016).
Source: Beck et al. (2018)

In Darwin, the heart of the wet season is in January and February, when monsoonal weather
dumps heavy afternoon and overnight rain on the city, and average daily temperatures range
between 24.6 °C minimum and 31.9 °C maximum. The rains begin to subside in March and April.
May marks the beginning of the dry season, which extends through to September. The humidity is
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at its lowest during this season and the nights
The apparent temperature is what it ‘feels like’
can become relatively cool, with average daily
versus what it says in the thermometer, called
ambient temperature. By considering wind and
temperatures ranging between 19.3 °C and
humidity, the apparent temperature indicates
32.6 °C. October to December is the prewhat level of discomfort a person would feel,
monsoon period (locally referred to as the
taking into account how much heat the wind
‘build-up’), when it becomes increasingly
would remove or if humidity levels were high
humid with occasional rain. The hottest month
enough that sweat could not evaporate and cool
the skin.
is November, just before the onset of the main
rain season, where the average daily maximum For more information see:
http://media.bom.gov.au/social/blog/1153/appar
temperature is 34 °C (Figure 2). At this time,
ent-feels-like-temperature/ .
the apparent temperature, which is adjusted
for humidity, provides a better measure of
human thermal comfort and will sometimes rise above 45 °C.

Figure 2. Monthly average temperature and rainfall measurements for Darwin Airport based on Bureau of
Meteorology data for a 20-year period (Sep 1999 to Aug 2019).
The average annual temperature is 27.4 °C, and average annual rainfall is 1731mm. Average daily temperatures are highest on
average in November, at around 29.2 °C, and lowest in July, when it is around 24.4 °C.
Figure created by Jacqui Meyers, CSIRO using data from the Bureau of Meteorology (Bureau of Meteorology, 2019a).

The 2019 wet season smashed records, with the Northern Territory experiencing its hottest
season on record and the driest in 27 years. The extraordinary season made headlines for extreme
heat in some communities and is consistent with the story of climate change affecting the region
based on Bureau of Meteorology projections (Davidson, 2019). During the 2019 wet season, the
Northern Territory’s total rainfall was just two-thirds of the average, with several weather
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observation sites, including the Darwin River Dam and Tennant Creek, recording their lowest ever
rainfall.

2.2 Larrakia calendar and seasonality
Gulumoerrgin is the Indigenous language for Darwin and the surrounding regions of Cox Peninsula
and Gunn Point in the Northern Territory (Williams et al., 2012). The Gulumoerrgin (Larrakia)
worked with CSIRO in 2012 to create a calendar using their seasonal knowledge, identifying seven
main seasons that are delineated by rainfall as well as the bush foods that are available in that
season.
The Gulumoerrgin seasons are defined as:
 Balnba (rainy season)
 Dalay (monsoon season)
 Mayilema (spear grass, magpie goose egg and knock ‘em down season)
 Damibila (barramundi and bush fruit time)
 Dinidjanggama (heavy dew time)
 Gurrulwa (big wind time)
 Dalirrgang (build-up).
The Larrakia calendar may be relevant for certain strategies and actions as certain activities may
be seasonal. More information can be found on CSIRO’s website with access to visual
representations of the various seasons (https://www.csiro.au/en/Research/Environment/Landmanagement/Indigenous/Indigenous-calendars/Gulumoerrgin).

2.3 Future climate
Climate projections for Darwin are based on the climate projections work found in Climate Change
in Australia for the Monsoonal North (Moise et al., 2015). The projections are based on the
outputs of a set of 40 global climate models (GCMs) developed by Australian and international
scientists. Climate models are based on established laws of physics and are rigorously tested for
their ability to reproduce past climate. These projections draw on the full breadth of available data
and peer-reviewed literature to provide a robust assessment of the potential future climate.
Projections are based on four Representative Concentration Pathways (RCPs) underpinned by
emission scenarios. The RCPs reflect plausible trajectories of future greenhouse gas and aerosol
concentrations to the year 2100 and represent a range of economic, technological, demographic,
policy and institutional futures. More information on climate models and RCPs can be found on
the Climate Change in Australia website (www.climatechangeinaustralia.gov.au).

2.3.1

Temperature

Temperatures are projected to increase for all Australian cities. In Darwin, mean temperature
increased between 1910 and 2013 by around 0.9 °C (CSIRO, 2016). Future changes to temperature
may be significant, with very high confidence in continued substantial increases in projected
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mean, maximum and minimum temperatures based on modelled projection of increased
greenhouse gas concentrations. The annual average number of days with maximum temperatures
above 35°C is projected to increase from 11 days in 1995 to between 141 and 308 days in 2070,
under a high emission scenario (RCP8.5), which reflects the world’s current trajectory (CSIRO,
2016) (Table 1).
For the near future (2030), the annual average warming across all emission scenarios is projected
to be between 0.5 °C and 1.3 °C above the climate of 1986–2005. By late in the century (2090),
under a high emission scenario (RCP8.5), the projected range of warming is 2.8‒5.1°C, while under
an intermediate emission scenario (RCP4.5) the projected warming is 1.3‒2.8 °C. Average
temperatures will continue to increase in all seasons.
The year 2019 set records for extreme heat in Darwin. The Bureau of Meteorology’s weather
station at Darwin Airport recorded 45 days of 35 °C or above in 2019 (exceeding 29 such days in
2013), including a record run of 11 days in a row in December
(www.bom.gov.au/climate/current/annual/nt/summary.shtml). This already exceeds the
projected average for 2030 under RCP4.5 (Table 1).
Table 1. How will the frequency of hot days change in Darwin? Current average annual number of days (for the 30year period 1981–2010) above 35 °C and 40 °C based on data collected from Darwin Airport.
Estimates for the future are calculated using the median CMIP5 project model warming for 2030 and 2090, and within brackets
the 10th and 90th percentile CMIP5 warming for these periods, applied to the 30-year ACORN-SAT station series. Refer to the
Climate Change in Australia technical report for the Wet Tropics Cluster for more information (Moise et al., 2015).

Darwin Future Projected Days with Tmax Greater Than Threshold
Threshold

1995
baseline

2030 RCP4.5

2090 RCP2.6

2090 RCP4.5

2090 RCP8.5

Over 35 °C

11

43 (25–74)

52 (24–118)

111 (54–211)

265 (180–322)

Over 40 °C

0

0 (0–0)

0 (0–0)

0 (0–0.2)

1.3 (0.2–11)

2.3.2

Rainfall

Providing confident rainfall projections for the Darwin region is difficult because global climate
models offer diverse results based on the modelled data from the Climate Change in Australia
website (Table 2). Natural climate variability is projected to remain the major driver of rainfall
changes in the next few decades. By late this century, summer rainfall changes are projected to be
between –15% and +10% under an intermediate emission scenario (RCP4.5) and between –25%
and +20% under a high emission scenario (RCP8.5).
Despite uncertainty in future projections of total rainfall for the Darwin region, an understanding
of the physical processes that cause extreme rainfall coupled with modelled projections, indicate
with high confidence that extreme rainfall events will become more intense. However, the
magnitude of that increase in intensity cannot be confidently projected.
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Table 2. Annual values of maximum temperature, rainfall and drought factor for the 1995 baseline and projections
for 2030 and 2090 under RCP4.5 and RCP8.5 emission scenarios.
Values were calculated from three climate models from the Darwin Monsoonal North West Station (Moise et al., 2015).
Annual
Maximum

1995

2030 RCP4.5

2030 RCP8.5

2090 RCP4.5

2090 RCP8.5

Baseline

Model
1

Model
2

Model
3

Model
1

Model
2

Model
3

Model
1

Model
2

Model
3

Model
1

Model
2

Model
3

Temp
(°C)

32.2

33.1

33.7

33.1

33.4

33.7

33.2

34.5

34.2

34.1

36.3

36.2

35.2

Rainfall
(mm)

1702

1805

1525

1842

1764

1670

1964

1849

1798

1936

1898

1561

1967

DF
(drought
factor)

6.4

6.4

6.8

6.3

6.4

6.5

6.3

6.4

6.5

6.4

6.4

6.8

6.3

Model 1: CESM (Community Earth Systems Model) developed by UCAR.
Model 2: GFDL (Geophysical Fluid Dynamics Laboratory) developed by NOAA.
Model 3: MIROC (Model for Interdisciplinary Research on Climate) developed by the University of Tokyo.

2.3.3

Other variables of interest

There are some additional variables of interest to Darwin that were explored within the Climate
Change in Australia project. Humidity changes may have a large impact on the heat mitigation
strategy, due to their effect on apparent temperature and thermal comfort. The other variables
may be of interest when considering which strategies and actions to implement.
Tropical cyclones: Tropical cyclones are projected to become less frequent, but the proportion of
the most intense storms is projected to increase.
Humidity: There is little change projected in relative humidity until later in the century under a
high emission scenario (RCP8.5), where a decrease in relative humidity is projected. Relative
humidity measures how much moisture is in the air relative to saturation point (Bureau of
Meteorology, 2017). The moisture content of the air influences human thermal comfort, as it
determines how effectively the body can evaporatively cool through sweating. Warmer air can
hold more moisture than cooler air, therefore as temperature rises the relative humidity falls but
the amount of moisture in the air has remained the same. The moisture in the dew point
temperature reflects the temperature at which condensation will start to occur, which measures
the amount of moisture in the air – this may provide a more robust measure of heat stress risk
(Bureau of Meteorology, 2017).
Marine and coastal projections: There is very high confidence in future sea level rise. By 2030 the
projected range of sea level rise is 0.06–0.17 m above the 1986–2005 level, with only minor
differences between emission scenarios. Sea surface temperature is projected to increase in the
range of 2.2–4.1 °C by 2090 under a high emission scenario (RCP8.5). The sea will also become
more acidic, with acidification proportional to emissions growth. Impacts of sea level rise in
Darwin include increased risk of coastal flooding and erosion (Moise et al., 2015). The occurrence
of extreme sea level events are influenced by tides, wind direction and storm surges (in Darwin,
storm surges are often caused by tropical cyclones). Sea level rise might also result in changes to
coastal vegetation around Darwin Harbour, such as reduced area of mangrove ecosystems
(Heenkenda and Bartolo, 2016).
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3

Urban heat island effect

The urban heat island (UHI) effect is well documented in hundreds of cities around the world,
including major cities in Australia, and will be amplified by global climate change and projected
increases in background temperatures that will increase the heat load within a city (Zhao et al.,
2014).
The UHI effect occurs when urban areas exhibit higher temperatures than surrounding rural or
suburban areas (Oke, 1982). Urban development generally leads to natural land surfaces and
vegetation being replaced by built infrastructure such as roads, footpaths, car parks and buildings
(Yuan and Bauer, 2007). Because vegetation is often removed to make way for built structures,
there are fewer trees and plants in the urban landscape to provide shade and the cooling benefits
of evapotranspiration that lower the local temperature (Yuan and Bauer, 2007).
This built infrastructure often comprises materials such as concrete and asphalt, which absorb and
hold heat. A high density of nonporous and non-reflective surfaces, such as roof tiles, concrete and
asphalt in an urban area can trap the absorbed heat so that temperatures cool more slowly at
night, providing limited respite from the daytime heat. Thus, the UHI effect is usually most evident
at night (Arnfield, 2003). Rainfall tends to run off paved surfaces, providing fewer opportunities for
retention in the landscape and infiltration into the soil where evaporation can contribute to
further cooling.
Although rural areas typically cool down quickly at night, in urban areas, solar radiation and heat
absorbed during the day by building materials and hard paved surfaces is released slowly back into
the environment at night. Tall buildings also tend to prevent heat from dissipating and reduce air
flow – although they may provide shade to urban surfaces during the day, which can prevent heat
build-up (Mohajerani et al., 2017). Night-time cooling can also be reduced if the layout and design
of buildings and streets trap warm air for longer at night (Arnfield, 2003). Other sources of heat,
such as waste heat from air conditioners used to cool buildings or heat generated from the
engines of vehicles can also be trapped and absorbed in cities and contribute to the UHI effect (US
EPA, 2019).
Research from Melbourne also shows that the UHI effect can affect seasonality with summer
weather spreading into early autumn (Sachindra et al., 2016). However, based on multi-year
measurements in Sydney, data show that the magnitude of the UHI effect varies depending on
prevailing weather conditions (Santamouris et al., 2017a).
As Darwin grows, it will increasingly experience UHI effects. Darwin already exhibits a UHI effect of
2–3 °C in its CBD. This means the CBD is between 2–3 °C warmer than the surrounding suburbs, as
measured in previous research from the University of New South Wales (Santamouris et al.,
2017b).
Urban overheating has serious consequences on thermal comfort, energy consumption, health
and the economy and thus negatively affects the sustainability and liveability of cities (Corburn,
2009).
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4

Potential strategies and actions

Cities around the world are developing and testing strategies to combat urban heat and climate
warming through a combination of adaptation and mitigation options. However, only some will be
relevant for Darwin’s climatic context or will be able to provide greater cooling potential and may
have different effects depending on the season. In this section, we highlight strategies and actions
that have been found to be effective in dealing with high temperature based on a literature review
of successful heat mitigation strategies.
When possible, this report highlights examples specific to Australia or international cities with
similar climate characteristics to Darwin. Importantly, there are few examples of experimental
data and reports regarding heat mitigation strategies in cities with similar climate characteristics
to Darwin. We present examples from Aw (tropical savanna climate with dry-winter
characteristics) specific cities, as well as cities that are similar (e.g. As (tropical savanna climate
with dry-summer characteristics), Af (tropical rainforest climate), Am (tropical monsoon climate)).
Specific case studies are provided in Section 5 that highlight Aw cities as well as similar climates.

4.1 Cool buildings
Designing buildings to reduce temperatures and increase passive cooling will be important as
Darwin’s urban temperatures increase through the growth of urban development as well as
climatic change. Large-scale adaptation of buildings and cities are currently being considered by
local governments and city planners to mitigate the effects of urban heat and to prevent heatrelated illness (Wilhelmi and Hayden, 2010). Options such as the adoption of different building
materials or the implementation of more efficient cooling systems are also being considered.
These strategies may need to be applied in new construction as well as retroﬁt into older buildings
in order to maximise cooling in buildings across the city. Also, it is important to investigate the
different physical properties that characterise the surfaces of the paving and building envelope
because different urban surfaces, in their interactions with the local microclimate, will affect the
outdoor thermal comfort for communities (Doulos et al., 2004).
Historically in Darwin, homes were characterised by raised lightweight construction, which were
designed to maximise cooling by cross-ventilation. These lightweight homes were extensively
damaged during Tropical Cyclone Tracey in 1974 (Leicester and Reardon, 1976; Safarova et al.,
2018). The homes built after this event were designed to withstand future tropical cyclones
(Schofield et al., 2010). The Darwin Office of the Federal Department of Construction (1975–1978)
introduced a new housing type: single-storey dwellings on a concrete slab that had concrete or
brick walls, which required air conditioning to maintain thermal comfort and insulation for energy
efficiency (Szokolay, 1976). Housing stock in Darwin can be broadly divided into the following
(Safarova et al., 2018):
 Naturally ventilated – houses that often have low thermal mass to prevent heat retention and
are designed to manage thermal comfort through cross-ventilation.
 Air-conditioned – houses that provide thermal comfort through air conditioning and are often
designed with high thermal mass or insulation to improve efficiency of air conditioning.
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 Mixed mode – houses that combine both zones with a mix of high and low thermal mass,
providing thermal comfort through both air conditioning and cross-ventilation.
Most homes in Darwin operate in mixed mode, where air conditioning is used to provide thermal
comfort at least some of the time. A survey by the ABS found that more than 90% of households in
the Northern Territory have some air conditioning installed (ABS, 2014). Passive design
approaches can help to improve the thermal comfort in buildings while reducing energy demand
and associated greenhouse gas emissions (Daniel, 2018). Passive design uses building approaches
that are responsive to the local climate and site context, which reduces the energy needed to
maintain a comfortable temperature in the building. Figure 3 highlights a selection of house
designs in Darwin that includes some passive design approaches, such as shading/awnings, use of
reflective material and cross-ventilation.

Figure 3. Selection of houses in Darwin that use passive design.
Source: CSIRO.

4.1.1

Passive cooling

Changes in building design may include changing the building layout or the location of urban
elements within a precinct to improve the thermal performance of the urban area. Good urban
planning is crucial to take advantage of the regional climate and air ﬂow and develop suitable flow
paths for wind to remove the accumulated urban heat (Omer, 2008). Previous research has shown
that suboptimal lot orientation can decrease energy efficiency by 10–32% (Miller and Ambrose,
2005).
Passive cooling systems are design techniques that prevent heat from entering a building or
promote heat removal from the building envelope through open spaces or natural cooling. Local
examples in Darwin include breezeways, verandas and louvres. Passive cooling systems may be a
cost-effective method to cool buildings as it emphasises design, orientation and arrangement of
the building to take advantage of natural processes (Santamouris and Asimakopoulos, 1996).
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Passively cooled buildings can be more energy efficient than those that reply solely upon air
conditioning to maintain thermal comfort. An energy efficiency assessment of a cool roof (highly
reflective material) found that improvements, when compared to a typical ceramic-tiled roof,
were higher in a tropical savanna climate of Colombia (As) when compared to a Mediterranean
climate of southern Spain (Csa) (Domínguez Torres and Domínguez Delgado, 2017). The energy
efficiency improvements from building design features that enable passive cooling, such as crossventilation, are influenced by the surrounding urban microclimate (Geros et al., 2005).
Building porosity can be achieved by generating adequate openings or gaps in buildings, either in a
horizontal or vertical direction to allow for natural ventilation. By maximising the air permeability
of the urban area, urban regions can also take advantage of wind flow to remove heat from
building canyons and built materials and surfaces (Cooling Singapore, 2017). Increasing variation in
building density and height to create spaces between may be more important as a city becomes
more developed as building canyons (ratio of building height to street width, see also Glossary)
can also affect wind speed. For example, the Hong Kong Urban Design Standard and Guidelines
have incorporated building porosity analysis into their policies which affect the design of any new
building developments (Ng, 2012)1. In Darwin, guidelines for building porosity may have to take
into account the wind direction of the sea breezes to channel the wind appropriately for cooling,
as developed in the work of Santamouris and colleagues in 2017 (Santamouris et al., 2017b).
Breezes Muirhead is a subdivision in Darwin designed to maximise the cross-ventilation cooling
potential for each dwelling (Safarova et al., 2018). The subdivision layout increases exposure to
the cooling breezes, which come from the south-east in the dry season and the north-west in the
wet season (Figure 4). To reduce the build-up of heat radiation during the day the development
includes extensive areas of green open space and the blocks are staggered to enable the
movement of cooling breeze through the subdivision. Houses must be setback at least 4 m from
the street and have 6 m between houses to enable each dwelling to access cooling breezes for
cross-ventilation (Defence Housing Australia & Oliver Hume, 2016). The design guide2 for Breezes
Muirhead sets out the requirements that need to be achieved by developers for each lot, which
include ensuring living areas have parallel windows that are exposed to the cooling breezes; large
roof eaves to shield walls and windows from direct sun; use of light-coloured roofing and paving
materials; and covered outdoor living areas with a ceiling fan (Defence Housing Australia & Oliver
Hume, 2016). The design guide also specifies planting requirements for shade trees in breezeways,
with all plants to be selected from the planting list (Defence Housing Australia & Oliver Hume,
2016). There is a detailed post-implementation assessment of Breezes Muirhead under way to
determine how the design approach improved thermal comfort while reducing energy
consumption (Safarova et al., 2018). The assessment tried to account for the complex
interrelationships between local climate, subdivision design, housing design and occupant
behaviour.

1

https://www.pland.gov.hk/pland_en/tech_doc/hkpsg/full/pdf/ch11.pdf

2

https://www.breezesmuirhead.com.au/assets/uploads/2018/05/Breezes_Design_Guidelinesweb.pdf
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Figure 4. Climate-responsive subdivision design to maximise cross-ventilation for Breezes Muirhead, based on
Bureau of Meteorology wind rose data.

In the tropics, a decrease in wind speed from 1.0–0.3 m/s was found to increase temperatures by
1.9 °C; outdoor thermal comfort under typical summer conditions requires 1.6 m/s wind speed
(Yuan and Ng, 2012). Therefore, building setbacks and building permeability are helpful in
improving the pedestrian level wind environment. Fluid dynamic modelling of wind flow at the
pedestrian level indicates that larger building porosity sizes generally result in improved outdoor
thermal comfort (Du et al., 2018).
Mechanical systems such as air conditioners or chillers are often used for improving indoor
thermal comfort; however, a passive cooling strategy would have fewer adverse impacts on UHI
effect and outdoor thermal comfort as they do not require more energy for cooling. Furthermore,
a passive cooling strategy could be more accessible for people in lower socio-economic
circumstances as it reduces the need for costly mechanical air conditioning. Passive cooling can be
particularly important for tropical cities such as Darwin where the hot and humid climate is offset
through either natural ventilation or mechanical cooling. Kane et al. (2009) undertook an analysis
of passive design approaches to improve thermal comfort in Darwin using two typical dwelling
types – 1) a lightweight elevated house, 2) house built on a concrete slab with precast concrete
walls (150 mm thick). This demonstrated that ventilation and increased shading were the most
beneficial passive design approaches in improving thermal comfort. However, the high overnight
temperature and humidity in Darwin’s wet season means that air conditioning is still likely to be
required to improve thermal comfort to acceptable levels in both types of house. Both effective
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passive design approaches and energy efficient air-conditioning are important as together they
provide thermal comfort while simultaneously reducing the negative impacts on the environment.

Figure 5. Passive cooling design for a house from Los Angeles, California. Wood slats provide shade while allowing
for air flow.
Source: Photo by Jeremy Levine from Flickr (CC BY 2.0).

4.1.2

Cool roofs

Increasing the albedo (reflectance of light, see Glossary) of rooftops to reflect energy rather than
absorb it is another passive solution that can help mitigate urban heat (Prado and Ferreira, 2005).
Strategies may include painting roofs and buildings white or light colours, using materials (e.g.
especially designed tiles) that reflect light, or creating walls and rooftops with vegetation (living
walls/green roofs) (Corburn, 2009; Levinson et al., 2007; Pauleit et al., 2019) (see Section 4.3 for
more on green infrastructure). Cool roofs are characterised by high solar reﬂectance (roof material
reduces the heat gain from the sun), but also by high thermal emittance (roof material rapidly
emits any absorbed heat). These positive effects reduce building energy consumption for cooling
due to their ability to increase thermal losses and decrease corresponding heat gains on hot days
(Akbari and Matthews, 2012).
Using building materials with cool or reflective surfaces can also prevent the build-up of heat
within building materials, with cool materials lowering the surface temperatures that affect the
thermal exchanges with the air. For example, in California (Csb) and Florida (Am), applying highalbedo coatings to the lee (downwind) side of residential buildings led to cooling energy savings of
between 10% and 70% (Bretz and Akbari, 1997).
A study from Brazil (Cfa) examined multiple materials with a range of colours and concluded that
lighter coloured and uncoated roof materials exhibited higher albedo; however, this diminished
with time as roofs aged (Prado and Ferreira, 2005). Another example from Melbourne (Cfb)
suggested that cool roofs, combined with insulation, provide the greatest overall benefit in terms
of urban heat mitigation and energy transfer into buildings. The high albedo of cool roofs
substantially reduced net radiation, leaving less energy available at the surface for heat absorption
during the day (Coutts et al., 2013a).
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Single-storey ‘warehouse’ type buildings may especially benefit from cool roof technology as their
heat load predominantly comes through the roof. Results show that the application of cool roof
technology to a warehouse type building in a subtropical environment increases the energy
efficiency and reduces cooling energy demand. Application of cool roof technology across
Australia indicates energy savings can be achieved in all broad Australian climate zones, with the
greatest energy reduction associated with tropical, subtropical and arid environments
(Seifhashemi et al., 2018).

Figure 6. Example of a cool roof from Bermuda.
Source: Photo by Acroterion on Wikimedia Commons (CC BY-SA 3.0).

4.1.3

Air conditioning

Air-conditioning is often used in hot and humid climates to maintain thermal comfort (Nguyen et
al., 2012). In the Northern Territory, refrigerated air conditioning systems are most commonly
used to cool homes (ABS, 2014). In hot and humid areas, such as Darwin, it is projected that there
will be a significant increase in the future total energy consumption for both existing and new
houses (Ren et al., 2011). Home air conditioning has been found to be a ‘protective’ factor for
health during heatwaves, with a greater call for increased access (Klinenberg, 2015; O’Neill et al.,
2005; Semenza et al., 1996), and especially for those in vulnerable groups such as young children
or the elderly (Lundgren and Kjellstrom, 2013). However, relying on air-conditioning to reduce
heat stress risks and provide thermal comfort can exacerbate existing inequities for vulnerable
population groups due to the energy running costs (Farbotko and Waitt, 2011). Population groups
vulnerable to heat stress include the very young, the elderly, and those with pre-existing medical
conditions. In Darwin, it is likely that Indigenous people are more likely to be vulnerable to heat
stress (Oppermann et al., 2017).
As space cooling is a large proportion of energy demand in buildings, improvement in the
efﬁciency of these systems leads to signiﬁcant cost savings. Installation of a new energy efﬁcient
air conditioner can achieve a 20‒30% reduction in energy consumption compared to the same
cooling provided by a 10-year old air conditioner. In Malaysia (Af), modelled studies to implement
an energy efficiency standard for room air conditioners showed reduced electricity consumption
as well as reduced carbon emissions from power plants (Mahlia et al., 2001). This study
highlighted that implementing an energy efficiency standard for new air conditioners, along with
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ensuring adequate insulation, could reduce energy demand for cooling by up to 50% in Malaysia
(Mahlia et al., 2001). New air conditioning designs that take advantage of cooling towers to
remove heat from buildings and reduce indoor temperature may also increase the utility of air
conditioners (Dhakal and Hanaki, 2002).
In most cases, energy demand for cooling is reduced if building occupants can tolerate a broad
range of acceptable indoor temperatures. Research by CSIRO demonstrated that, for a lightweight
construction house in Darwin, relaxing the acceptable thermal comfort benchmark from the
current 90% in the ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning
Engineers) Standard to 70% can significantly reduce energy demand for cooling and improve
energy efficiency star rating of the home (Figure 7) (Ren and Chen, 2018). The authors suggest that
the 90% acceptability standard may be too strict, especially in a warming future climate, and that
there is the need to consider how building occupants might adjust their thermal comfort through
approaches other than air conditioning such as use of fans, cross-ventilation and changing clothes
(Ren and Chen, 2018)

Figure 7. Sensitivity of space cooling loads and star rating in lightweight building to indoor thermal acceptability
limits under (a) current and (b) projected future climate.
Source: https://research.csiro.au/energyrating/new-science/2018-march-impact-analysis-of-thermal-comfort-on-residentialenergy-use/.

4.1.4

District cooling

District cooling is a system for distributing chilled water generated in a centralised location to cool
buildings (both residential and commercial), especially in areas with a high density of buildings
(Gang et al., 2016). District cooling uses chilled water to remove heat from buildings and reduce
indoor temperature. This can provides higher efﬁciencies compared to multiple localised chillers
and helps to reduce carbon emissions, particularly when it is integrated with local renewable
energy resources (Gang et al., 2016). District cooling can improve outdoor thermal comfort by
placing cooling units in strategic locations to reduce the impact of waste heat exhaust on local air
temperatures (Cooling Singapore, 2017). District cooling provides a good alternative to the existing
system of air conditioners, having higher efﬁciencies and consuming less energy for the same
cooling load.
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Globally, there is low uptake and awareness of district cooling systems; however, more efforts are
required to identify, assess and implement these systems in order to determine their potential
benefits (Werner, 2017). The technology may be most suitable for new urban development where
there is greater freedom in system design and construction (Chow et al., 2004).
Seawater District Cooling (SDC) is one technology that has been used to provide district cooling
that reduces energy demand (Looney and Oney, 2007). A SDC system uses cold ocean water to
provide cooling for the chiller water. It is estimated that SDC can reduce energy demand for
cooling by up to 85% when compared to conventional systems (Looney and Oney, 2007). While
SDC has been used in tropical locations, there is the need for proximity to cold water. In the
tropics cold water of 10 °C or less can be accessed in water depths of 700 m or more. The
Barangaroo South development, on the edge of the Sydney CBD, uses seawater from the Sydney
Harbour as a heat rejection source as part of a district cooling plant (Lend Lease, 2012). The use of
seawater for heat rejection is part of an approach to maximise energy efficiency and reduce lifecycle costs in the commercial precinct. The warm and relatively shallow waters surrounding
Darwin may limit the potential for SDC. In the Darwin Harbour, monitoring data shows there is
some thermal stratification but that even at depths of 35 m the water temperature remains above
27 °C in winter3. The cost effectiveness of SDC is influenced by distance to deep, cold water; total
air conditioning load; and local cost of electricity (Looney and Oney, 2007).

4.2 Water sensitive urban design and water features
Water sensitive urban design (WSUD) seeks to replace the traditional engineering approach to
urban water management and promote ‘the integration of urban planning with the management,
protection and conservation of the urban water cycle, that ensures urban water management is
sensitive to natural hydrological and ecological processes’ (National Water Commission, 2004).
The implementation of water management and water sensitive urban design into the planning and
design of cities can deliver a series of ecosystem services such as rainwater storage for vegetation
management, biofiltration systems, water quality regulation, stormwater retention and flood
control (Berland et al., 2017; Fletcher et al., 2015; Masi et al., 2018; Van Roon and Rigold, 2016).
Wong (2006) highlighted the value of incorporating the sustainable management of water within
the urban design process.
WSUD approaches will depend on the specific constraints and opportunities of each development,
but can include rainwater harvesting, rain gardens, bio-retention systems, green roofs, pervious
pavements, aquifer storage and recovery, wastewater recycling, gross pollutant traps, swales,
constructed wetlands and demand management (Cook et al., 2019). WSUD approaches can
provide integrated options for mitigating heat in urban environments. WSUD helps to improve
outdoor thermal comfort in urban areas and supports climate sensitive urban design (CSUD)
(Coutts et al., 2013b). WSUD provides a mechanism for retaining water in the urban landscape
through stormwater harvesting and reuse while also reducing urban temperatures through
enhanced evapotranspiration and surface cooling (Coutts et al., 2013b). Hodo-Abalo et al. (2012)
found that green roofs can provide an effective passive cooling approach for buildings in the hot-

3

http://data.aims.gov.au/
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humid tropics. The increase in leaf area increased evapotranspiration, reduced solar heat gains
and stabilised indoor temperatures. Tan et al. (2015) found that increased evapotranspiration rate
and the albedo effect of green roofs reduced the outdoor temperature in Singapore’s tropical
environment.
Water and ‘green infrastructure’, such as parks and trees, provide cooler areas to escape to on hot
days and encourage outdoor recreation across a network of high-quality open spaces (CRC for
Water Sensitive Cities, 2016). Because of these benefits, landholders and residents are willing to
pay a premium for land close to WSUD spaces (CRC for Water Sensitive Cities, 2016).
Energy is transferred from the urban surface to the atmosphere through the evaporation of water,
thereby linking the urban energy balance to the hydrological cycle (Oke, 1988). Water can cool the
ambient temperature of urban areas by decreasing the heat in the atmosphere through
evaporative cooling. There are many ways to incorporate the cooling properties of water into
cities, and these ideally go hand in hand with the implementation of green infrastructure.
Together they can influence air temperature, surface temperature and humidity, which all
influence thermal comfort (Cooling Singapore, 2017). The hot-dry climate of Darwin presents
challenges for managing WSUD features, such as wetlands, due to the lack of water available
during the long dry season. Additionally, more humid conditions during the build-up and wet
seasons can reduce evapotranspiration rates and limit the potential for evaporative cooling from
water bodies (Huang and Lin, 2013; Wong et al., 2012).

Figure 8. Example of a water sensitive urban design feature to protect water and provide natural cooling in the
Netherlands. The project combines natural systems and technical integrated waste and energy systems.
Source: Photo by Lamiot on Wikimedia Commons (CC BY 4.0).

WSUD can provide a source of water across urban environments for landscape irrigation and soil
moisture replenishment to maximise the urban climatic benefits of existing vegetation and green
spaces. WSUD could be implemented strategically into the urban landscape, targeting areas of
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high heat exposure, with many distributed WSUD features at regular intervals to promote
infiltration and evapotranspiration, and maintain tree health.
Examples of WSUD ideas for the Darwin region presented by the CRC for Water Sensitive Cities
include the implementation of high-flow drainage channels in new housing estates in Palmerston
and channels of permanent pools that capture water after rainfall events (CRC for Water Sensitive
Cities, 2016). While there is presently no mandatory provision for WSUD in Darwin, local
governments have provided recommendations and guidelines for developers to include WSUD
approaches in their subdivisions that reduce adverse environmental impacts of stormwater,
particularly on the water quality in Darwin Harbour (Tjandraatmadja, 2019) (e.g. see City of
Palmerston development guidelines4). Increased uptake of WSUD approaches in Darwin is likely to
require more detailed understanding of the performance and life-cycle costs of different WSUD
approaches in the wet-dry tropics (Saunders and Peirson, 2013).

4.2.1

Water spraying/misting systems

A water spraying system is an energy-efficient, economical and environmentally friendly method
for improving thermal comfort in urban environments and is an effective local countermeasure to
provide relief on hot days. The water spray system is widely used to reduce air temperatures in
urban canyons in residential–commercial mixed-use areas and night markets in South Asian cities
(e.g. Taipei, Köppen-Geiger climate classification, Cfa) (Lee et al., 2018). In an example from Iran,
water spraying systems located near buildings decreased indoor temperatures by about 8%, but
increased indoor relative humidity by about 17%, while outdoor relativity humidity remained
relatively similar (Rabani et al., 2015).
A modelled example from Rotterdam, the Netherlands (Cfb), showed that during a heatwave
period in 2006, water spraying at a 1.75-m height could have been an effective measure for
improving outdoor thermal comfort by reducing maximum air temperatures by 5‒7 °C. Thermal
comfort for pedestrians was also improved up to 5 m away from the spray system (Montazeri et
al., 2017). These results are supported by experimental research in Shanghai, which demonstrated
that a water spray system reduced temperatures by 5–7 °C under an ambient temperature of 35
°C and a relative humidity of 45% (Huang et al., 2011). A modelling study based on Taipei climate
conditions showed that the most effective cooling area was the area just under the spray nozzles.
However, in a narrow street canyon, people in the middle of the street may feel the cooling effect
because of the dispersion and accumulation of the cooled air. The results also suggest that under
drier conditions the water spray systems will have higher cooling performance. Furthermore, using
large water droplets created a wider cooling area in the middle of the street canyon (Lee et al.,
2018).
Spray misting already exists in many restaurants at the Darwin Waterfront, allowing diners a
chance to sit outside to enjoy the view while staying cool. The use of misting fans needs to
manage the potential health risks. In Singapore it was found that increased use of misting fans,
when poorly maintained, could provide a public health risk due to Legionella, which if inhaled can
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result in Legionnaires’ disease (Lim et al., 2011). Legionella was detected in 14.2% of the mist fans
sampled in Singapore (Lim et al., 2011). This highlights the importance of ensuring adequate
maintenance of misting systems in Darwin.

Figure 9. Darwin Waterfront.
Source: CSIRO.

4.2.2

Artificial wetlands, ponds and fountains

Bodies of water in urban areas, such as artificial wetlands, or ponds, can potentially combat high
temperatures in urban environments. Water play areas in Darwin, such as the Smith Street Mall
Fountains or the interactive water playground at the Casuarina Square Shopping Centre, assist in
cooling larger plazas and squares and provide a space for families to cool down while children
play.
Studies indicate that the thermal environment inside an urban canyon with a pond is better than
that without a pond, particularly during the day. For water bodies in urban areas, lower air
temperatures were recorded downwind from the pond. However, this effect is accompanied by an
increase in the absolute humidity, which may negatively influence outdoor thermal comfort (Syafii
et al., 2017). In Darwin, this increase in humidity may decrease thermal comfort, especially if there
is already high humidity in the air and cooling breezes are absent.
A water body’s cooling potential is heavily dependent on its characteristics. Large water masses
can absorb thermal energy from the incoming solar radiation due to its heat capacity. Also, water
evaporation is a sink for sun-radiated energy. Thus, extending water-covered areas can increase
the non-heated surfaces and hence contribute to reducing urban heat and improving outdoor
thermal comfort (Cooling Singapore, 2017). Ponds in different configurations have different effects
on the surrounding thermal environment; those with larger surface areas show increased
evaporation and therefore a greater cooling effect (Syafii et al., 2017).
The mitigating potential of water-based techniques has been thoroughly investigated by studies
analysing the temperature patterns in cities surrounded by lakes, rivers and other water
reservoirs. However, the suitability of this technique requires further analysis given the likelihood
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of water stress due to the climate characteristics of Darwin. The adoption of WSUD approaches,
such as urban wetlands, can provide optimal conditions for mosquitoes, presenting a public health
risk due to mosquito-borne diseases (Crocker et al., 2017). Adaptive management frameworks
that include monitoring of mosquito population and ecosystem health can help to promote best
practice (Crocker et al., 2017). A sustainable approach to managing this risk is planting aquatic
vegetation that encourages predator access to mosquito larvae (Hanford et al., 2020).

Figure 10. Water feature at Jingili Water Gardens, Jingili, Northern Territory.
Source: Photo by Grant Williamson on Flickr (CC BY-SA 2.0).

4.2.3

Integrated green and blue spaces

Cities typically contain less vegetation and bodies of water than rural areas, and existing green and
blue space is often under threat from increasing population densities (Gunawardena et al., 2017).
However, combining green and blue mitigation strategies in urban areas can bring about
integrated solutions that lead to a multitude of benefits. To increase urban resilience to extreme
weather cycles, it is essential to enhance storage capacity during the rainy season to increase
water availability during dry periods. Integrated blue-green spaces may assist with this (Voskamp
and Van de Ven, 2015). The George Brown Darwin Botanic Gardens provides a good example of a
space near the CBD that integrates green and blue spaces.
Integrated green and blue space strategies and actions will contribute most to climate adaptation
when they are implemented at different spatial scales and establish hydrologic connectivity
(Voskamp and Van de Ven, 2015). Some innovative methods have been developed to take
advantage of evaporative cooling in green spaces. In a study from Hong Kong (Cfa), researchers
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showed that implementing a rooftop rainwater harvesting garden showed a temperature drop of
1.3 °C due to the rainwater layer in the rain garden (An et al., 2015).
Case simulations show that the cooling effect of green and blue infrastructure is dependent on
building type, time of the day and, in the case of blue infrastructure, water temperature.
Temperature reduction and size of the cooled surface are largest in densely built-up
environments. A real-case simulation for Vienna (Cfb) showed that in order to gain substantial
cooling at the city scale, a combination of minor measures had the greatest effect, such as a 10%
decrease in building density, a 20% decrease in pavement and a 20% enlargement in green or
water spaces. The modelling results showed that heat load mitigation efficiency depended on the
context of the location (e.g. prevailing meteorological conditions or land-use characteristics)
(Žuvela-Aloise et al., 2016).

4.3 Urban green infrastructure
Green Infrastructure incorporates a range of green space forms and types (Tzoulas et al., 2007).
This can be represented as elements associated with the built environment, such as green walls
and roof gardens; and green spaces, such as parks and plazas, community gardens and natural
areas.
Vegetation has already been used extensively as an urban heat mitigation strategy worldwide.
Sometimes known as ‘nature-based solutions’, the use of vegetation and urban green
infrastructure may provide sustainable and multi-beneficial ways to increase a city’s resilience to
climate change (Cohen-Shacham et al., 2016; Kabisch et al., 2016; Norton et al., 2015; Scott et al.,
2016; Solecki et al., 2005). Temperature in urban centres can be reduced through increasing
vegetation. Plants mitigate heat because they have high albedos, low heat admittance and
regulate air movement and heat exchange through shade provision and plant evapotranspiration
(Cameron et al., 2014; Crawford et al., 2012).
For Darwin CBD, research showed that shading from vegetation reduced street and pavement
temperatures by 10‒23 °C (Santamouris et al., 2017b). In Bangalore (similarly, Aw), street trees
reduce ambient air temperature by as much as 5.6 °C, and road asphalt surface temperatures by
as much as 27.5 °C, decreasing urban heat substantially (Vailshery et al., 2013). Other regions of
the world have shown evidence of the significant role of urban greening for heat mitigation. A
recent study of Glasgow (Cfb) indicated that a 20% increase in greenspace could eliminate
between one-third and one-half of the city's expected UHI effect in 2050 (Emmanuel and
Loconsole, 2015). Chow et al. (2013) showed that for every 0.5 °C rise in temperature, cooling load
in a typical office building in Hangzhou, China (Cfa) increased by 10.8%; however, this could be
reduced by shading.
Research from Australia has shown that the greatest thermal benefits of urban green
infrastructure are achieved in climates with hot, dry conditions; however, there is comparatively
little information available for urban planners and managers to determine an appropriate strategy
for green infrastructure implementation under these climatic conditions (Norton et al., 2015).
Thus, piloting and testing various methods will be necessary to determine the methods towards
implementing green infrastructure for heat mitigation. Within Darwin, there are several examples
of urban green infrastructure currently being implemented, such as the pilot shade structure on
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Cavanagh Street as well as the changes in green space planning at State Square, Civic Square, and
the Esplanade (Nield, 2018). To continue to reduce the temperature in the Darwin CBD, further
greening of open spaces and built environment facades could be implemented.

Figure 11. Rainforest Gully in the George Brown Darwin Botanical Gardens.
Source: Flickr and Wikimedia Commons by Kathryn Greenhill (CC BY-SA 2.0).

4.3.1

Green roofs

Green roofs, sometimes referred to as ‘rooftop gardens’ or ‘eco roofs’, involve placing a vegetative
layer such as plants, shrubs, grass and/or trees on building rooftops. Green roofs can be installed
as a thin layer (around 5 cm) of groundcover up to a thick layer (around 1 m) of intensive
vegetation and trees. The thickness depends on several components including vegetation,
substrate, filter fabric, drainage material, root barrier and insulation (Cooling Singapore, 2017).
The type of each green roof component depends on the geographic location in the topography
and the directionality of the roof as some roofs may be exposed to conditions that are not
amenable to green roofs (Vijayaraghavan, 2016). Green roofs reduce accumulated urban heat,
lowering the temperature of roof surfaces by providing an insulating layer, as well as ensuring the
loss of heat through evapotranspiration.
Green roofs can mitigate the heat effect of an urban environment; as they keep surface
temperature closer to ambient temperature when compared to surfaces such as concrete and
bituminised surfaces, which absorb solar energy and re-emit it as sensible heat, which increases
the surrounding air temperature (Gaffin et al., 2009). They can reduce building energy demand by
decreasing the amount of solar energy that is conducted into a building, and potentially improve
the quality of stormwater runoff coming from the roof (Corburn, 2009). Green roofs can reduce
the energy required for cooling during summer by up to 40% (Spala et al., 2008). At Columbia
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University (New York City) green roofs were adopted to improve building thermal performance,
which have reduced the energy required to heat or cool buildings (Rugh, 2013).
An example from southern Brazil (Aw) examining the impact of green roofs on thermal condition
showed that during a warm period, green roofs reduced heat gain by 92–97% in comparison to
ceramic and metallic roofs, respectively (Parizotto and Lamberts, 2011). Chicago’s Department of
Buildings has developed an incentive program, known as the Green Permit Program, that
encourages developers to incorporate environmentally conscious design elements, including green
roofs on new buildings. The benefits of this program include mitigation of climate change through
reduced need for heating and cooling in buildings with green roofs, enhancing the image of the
city and the emergence of businesses specialising in green roof installation (Kazmierczak and
Carter, 2010).
There are several barriers to implementing green roofs (Vijayaraghavan, 2016; Williams et al.,
2010). Depending on the type of green roof, there can be extensive maintenance in terms of
fertilisation, watering and weeding. Green roofs with thick substrate to support trees and shrubs
have higher capital costs due to increased maintenance and the additional roof support that will
be needed for the added weight. Green roofs designed with grasses, mosses and succulents may
require much less maintenance and will not require extra roof supports. Different types of green
roofs may need to be tested in Darwin in order to better understand water demand during the dry
season as little scientific data is available for the local conditions. Previous research initiated by
the Northern Territory Government undertook modelling of heat mitigation techniques for the
Darwin CBD (Santamouris et al., 2017b). This research showed that green roofs were not
considered suitable for heat mitigation in the Darwin CBD when compared to approaches, such as
increasing the tree canopy, as the local cooling impact of green roofs is less likely to reduce air
temperature at the street level.

4.3.2

Vertical greenery or facades

Vertical greenery is deﬁned as the growing of vegetative elements on the external facade of the
building envelope. There are two kinds of systems: support systems that allows plants to climb
through or around them, and carrier systems where plants can settle and develop. Green facades
are vegetative layers such as small plants, grass and/or moss attached to external building facades.
They are also called ‘living walls’ and ‘vertical gardens’ (Cooling Singapore, 2017). Green facades
can be considered as an alternative to insulating construction materials and reduce indoor
overheating. However, the range and extent of benefits can vary with green wall typology.
The strategy reduces the temperature of facades, especially those exposed to intense sun
radiation. Consequently, the temperature inside the building can remain more stable and thus
reduce the energy consumption required for cooling indoors. Similarly, nearby air temperature is
also reduced, providing beneﬁts of thermal comfort for pedestrians.
In a study in Reading, UK (Cfb), researchers found that during periods of high solar irradiance
outdoors, the presence of live shrubs placed against walls significantly reduced air and surface
temperatures compared to blank walls. The largest temperature differentials were recorded mid
to late afternoon, where air adjacent to vegetated walls was 3 °C cooler than non-vegetated walls.
Testing across various species showed that species varied in their cooling capacity. Plant
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physiology and leaf area/morphology should be considered when selecting species to maximise
cooling in green wall applications (Cameron et al., 2014).
Under local conditions in Darwin, there may be substantial gains to reducing air temperatures;
however, similar to the green roofs, maintenance and water usage during the dry season will have
to be studied to gauge the efficacy and cost effectiveness of this strategy.

Figure 12. Green roof from residential building in Vancouver, Canada.
Source: Photo by NNECAPA Photo Library on Flickr (CC BY 2.0).

4.3.3

Increasing the urban forest

Large-scale urban greening involves the increase of vegetation in big urban parks, forests and
natural reservoirs. They can be located at the edge or in central areas of the city and have
different effects on the local climate (Chen et al., 2014). A 2017 study showed that since 2009,
tree canopy cover in the City of Darwin declined by 3.8% while urban hard surfaces increased by
7.1% (Amati et al., 2017). In 2018 Tropical Cyclone Marcus caused widespread damage in Darwin
with the loss of thousands of trees in public spaces (Clark et al., 2018). This loss of urban forest
may impact the cooling benefits of vegetation to the city.
A meta-analysis of the benefits of green spaces suggests that the evapotranspiration-based
cooling depends on the size, spread and geometry of green and blue spaces (Gunawardena et al.,
2017). Areas such as forests and green belts do not only assure better thermal performance inside
them, but can also provide coolness to nearby urban areas, thus helping to regulate the
accumulation of heat in the whole urban area. Additionally, the positioning of green spaces in
relation to the urban centre and prevailing wind directions may be important. A study of the
Frankfurt (Cfb) greenbelt highlighted the greenbelt as providing a beneficial cooling of 3–3.5 °C
between the greenbelt and the city core (Bernatzky, 2012). Locations such as the community
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orchard at Jingili Water Gardens is an example of a multifunctional urban forest space that serves
the Darwin public.
Nature-based solutions, such as those provided by urban forests and WSUD, can be effectively
implemented to control urban stormwater and flooding at the local and city-wide scale (Berland et
al., 2017). While parks and forests may contribute to regulating air temperature and pollution,
bioswales along streets or constructed wetlands in newly built neighbourhoods are increasingly
used to regulate vertical and horizontal water flows created by heavy rainfall events or local
flooding (Haase, 2015; Pauleit et al., 2019; Sommer et al., 2009). This is a role that the mangrove
forests along the Darwin coast may also be fulfilling.
A changing climate will likely mean that a different set of flora species will have to be selected to
survive future temperature and precipitation regimes (Churkina et al., 2015). With the loss of
urban trees in Cyclone Marcus, the City of Darwin has developed a report assessing 219 tree
species against several attributes that contribute to cyclone resilience. There is currently a
preferred tree list for Darwin containing 194 species, as well as a list of 25 species that are not
recommended for planting in Darwin. The goal is to plant trees of varying age, characteristics and
size with a mix of Australian and Northern Territory natives and tropical exotic species (City of
Darwin, 2018). The benefits of increased tree cover in Darwin has been recognised, but there is
the need to consider the best location and position for trees that can maximise their value for the
community.

4.4 Cool roads and paths
There are multiple ways to support the development of cooler roads and paths. The materials
conventionally used to build roads and paths in urban areas absorb 80–95% of sunlight, increasing
their temperature and the temperature of the urban environment (Cooling Singapore, 2017).
Technologies used to decrease the temperature of pavements in urban areas may include
permeable pavement systems such as water retentive and porous pavements.
Using alternative materials and providing shading along streets can increase the albedo (solar
reflectance) of urban surfaces. Surfaces stay cooler releasing less heat into the ambient air,
providing an effective cooling option for urban areas. Street shading also reduces solar radiation
from reaching street level, contributing to a cooler environment (Tsiros, 2010).
Modelling of heat mitigation techniques for the Darwin CBD showed that increasing the reflectivity
of the city as a whole could reduce the temperature in Darwin CBD by between 1.3–2.5 °C
(depending on the level of reflectivity achieved). Increasing the albedo of streets and pavements
would contribute to this cooling by reducing the temperature in Darwin CBD by between 1.7–2 °C.
Reducing solar radiation on the main streets in Darwin through shading results in cooling of
between 0.5–1.3 °C (Santamouris et al., 2017).
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Figure 13. A shaded bike path in New South Wales.
Source: Photo by Nick-D on Wikimedia Commons (CC BY-SA 3.0).

4.4.1

Well-ventilated walkways and streetscapes

Like well-ventilated buildings, well-ventilated walkways can also increase cooling in Darwin’s CBD.
Well-ventilated pedestrian walkways can be achieved by aligning them parallel to the prevailing
winds and positioning them in adequate locations. Choosing the appropriate geometry and the
orientation of street canyon can improve the permeability to airﬂow for urban ventilation, and the
potential for cooling of the whole urban system, thereby increasing outdoor thermal comfort.
Walkway spaces such as sidewalks, skywalks and overpasses can be orientated to the wind ﬂow
patterns (Cooling Singapore, 2017). However, to make the most of natural ventilation, there must
also be an understanding of how to protect walkways and streetscapes from solar radiation and
control for other factors that may impact on the microclimate condition and the pathways
(Akubue, 2019). This may require that street trees or buildings (e.g. the addition of awnings) are
designed to provide shade to the streetscape.
Another method to increase ventilation is to widen the streets to increase air flow and exchange in
street canyons. Increased air movement inside a street canyon will lead to a greater release of
urban heat accumulation, thereby reducing the UHI effect and building energy demand (Cooling
Singapore, 2017). In the redesign of Havana, Cuba (Aw) architects and planners recognised the
need to design new buildings and streetscapes through gaps and airflow parameters to take
advantage of breezes essential to achieve thermal comfort (Tablada et al., 2009). In Enugu, Nigeria
(Aw) a schematic analysis of airflow regimes was conducted to identify the behaviours of flow in
the street configurations relative to the height and width ratios of the street canyon. Results
showed that wider streets provided better mixing of air and consequently better airflow in the
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urban street canyon. Because there are high-density residential settlements in Enugu, new street
dimensions and configurations may be needed to take advantage of natural ventilation (Akubue,
2019). Although tall, narrow canyons are often shaded by buildings, shallow street canyons will
require tree shading to increase the outdoor thermal comfort of streets. Species selection,
placement and density in relation to meteorological conditions must be considered (Coutts et al.,
2016). For more information, see Section 4.4.3.

4.4.2

Cool or permeable pavement

Cool pavements are made of materials that reduce their surface temperature by reﬂecting a
signiﬁcant percentage of solar radiation and releasing thermal heat into the environment. These
surfaces are usually white or a light colour (Taleghani and Berardi, 2018). Dark materials store
solar radiation during the day and re-radiate it overnight (Cooling Singapore, 2017). In Toronto,
simulation models of a change in albedo during a heatwave showed that when the albedo of the
ground pavement was increased from 0.1 to 0.5, the air temperature at the height of 1.0 m was
reduced up to 0.66 °C and the pedestrian thermal comfort was reduced by 4.7 °C (Li et al., 2013).
Switching from asphalt to cement concrete roads can also have positive effects on heat generation
because the albedo of concrete is much greater and thus absorbs less solar radiation (Guan, 2011).
Consequently, this reduces urban heat accumulation, especially in hot climates.
Permeable pavements remain cooler than conventional pavements, providing thermal comfort by
reducing the surface temperature of the pavements due to water evaporation. Water retentive
and porous pavement systems, which include additional voids compared to conventional
pavements, allow water to ﬂow into the ground or into water-holding ﬁllers where evaporative
cooling can occur (Cooling Singapore, 2017).
The high-albedo paint at the corner of Cavanagh Street and Knuckey Street in the Darwin CBD is a
current local trial of a cool pavement. If changes in pavement colour and albedo can be changed
on a large scale, there may be a large contribution towards reducing UHI effect, and with
permeable pavements, a lower ﬂood risk. Additionally, such changes can have multiple benefits as
they can contribute to pollution control from surface runoff from roads and parking areas and help
with noise reduction (Li et al., 2013).

4.4.3

Tree cover along transport corridors

Increasing vegetation along transport corridors and pedestrian walkways can provide shade to
people and surfaces. Opportunities for creating new areas of green space within cities are often
limited and tree planting initiatives may be constrained to kerbside locations (Salmond et al.,
2016).
The effect of vegetation on cooling can vary depending on the density, height and species of the
vegetation. Additionally, it is important to have strategies that combine the reduction of incoming
solar radiation with the natural ventilation capacity of these spaces. Vegetation can absorb
incoming solar radiation and thus reduce heat accumulation in urban materials. At the same time,
it provides shade (in the case of trees). For Darwin, increasing the number of trees makes sense to
reduce direct solar radiation, improving outdoor thermal comfort. However, transport corridors
are often open spaces that can be used as ventilation paths to introduce fresh air into the urban
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area and/or help remove the accumulation of heat (Cooling Singapore, 2017). To have the greatest
impact, trees need to be strategically placed along roads and paths through trial and testing (as
discussed in Section 4.1.1). An example from Athens, Greece (Cfa) during an exceptionally hot
weather period in 2007 showed an average cooling effect of 0.5–1.6 °C (at 1400 h) and 0.4–2.2 °C
(at 1700 h). The highest cooling effect of 2.2 °C was found in high tree-shaded areas with minimal
traffic load (Tsiros, 2010).
Increasing tree cover along street corridors may also require consultation with residents and end
users about the look and feel of the street. In Australia, Blacktown City Council’s Cool Streets
urban heat project increased the number of street trees in order to reduce temperatures in
western Sydney. In order to ensure community buy-in, the council engaged residents through
community events to promote the benefits of street trees and enabled resident participation. The
council developed and trialled street tree designs that maximised temperature reductions and
lowered residential energy consumption, which could potentially increase property prices.5
Tree plantings, such as those on Garramilla Boulevard, will provide a shaded tropical boulevard to
Darwin’s CBD. Similar initiatives could be trialled across street types to discover optimal designs
for end users.

Figure 14. Street tree in the main street in Kuranda, Queensland.
Source: Photo by denisbin on Flickr (CC BY-ND 2.0).
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4.5 Education and awareness
In many cases, education and communication will be required to initiate social change and
promote community buy-in for any new initiatives proposed. In any education and awareness
strategy, it is important to note that different groups of people within the community will
understand and desire to make changes to different extents. Issues such as increasing inequality
and changes in age structure within the population may lead to greater levels of vulnerable people
(Haase et al., 2018). For example, researchers in the UK found that individuals with higher income
or education levels were more likely to pursue personal heat protective measures (Khare et al.,
2015), potentially because they have more access to information or resources. Even when certain
protective measures are available (e.g. air conditioning), low income households may choose not
to use them because of associated costs such as energy costs (Farbotko and Waitt, 2011). In
Darwin, relying on air conditioning to reduce the risk of heat stress and provide thermal comfort
can exacerbate existing inequities for vulnerable population groups. Population groups vulnerable
to heat stress include the very young and the elderly, and those with underlying health conditions.
Furthermore, in Darwin, it is likely that Indigenous people are more likely to have risk factors that
make them vulnerable to heat stress (Oppermann et al., 2017). Others vulnerable to heat stress
include those who are homeless or live in poor standard homes that do not provide adequate
thermal comfort (Farbotko and Waitt, 2011). In Darwin, COOLmob6 have developed guidance to
help the public better design their homes to reduce energy bills and reliance on air conditioning
(Beagley, 2011).
Due to the increase in hot days expected for Darwin, it is important that the community at large is
informed on how to deal with heat events. Behavioural change will be key towards keeping
communities safe, and diverse messaging and actions may be necessary.

4.5.1

Social awareness campaigns

Social awareness and communication campaigns (including through local pamphlets, newspapers,
radios, tv) that help people learn how to stay cool during heatwaves can be very effective. This
may require collaboration between the public and private sectors, grassroots campaigns, and
scientific organisations to effectively and equitably carry out communication and education
strategies (Harlan and Ruddell, 2011). Social agencies will also play a large role in the effective
communication of heat-related illness (e.g. City of Phoenix7).
General social campaigns around heat management aim to promote easy and cost-effective
solutions for people to adopt. This may be especially true for new arrivals to Darwin who are not
acclimatised to the local climate. These include solutions such as (Becker and Stewart, 2011;
White-Newsome et al., 2011):
 wearing loose fitting and light weight clothes
 staying in the shade
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 drinking lots of water
 avoiding the use of heat emitting appliances such as a stove or an oven
 submerging oneself in water for evaporative cooling
 wearing hats
 avoiding outdoor work
 going to an air-conditioned centre.
Social campaigns also aim to identify high risk groups that will benefit the most from targeted
education campaigns (Michelozzi et al., 2010). In Darwin, there has been a particular focus in
research on work practices for occupations that are primarily outdoors (Oppermann et al., 2017).
Literature reviews on outdoor occupational health and safety show there is growing evidence that
occupational sun-safety education is effective in increasing outdoor workers’ sun-protection habits
and presumably in decreasing sunburn rates (Reinau et al., 2013). Social networks are extremely
important in the event of heatwaves as neighbouring residents will be able to identify vulnerable
groups in the area and be able to provide support (Pelling and High, 2005) sometimes through the
use of local communication strategies, such as bulletins and pamphlets (Michelozzi et al., 2010).
However, other research has shown that strong bonding networks can also cause people to
overestimate their resilience or cause people to perpetuate a narrative that heatwaves do not
pose a significant risk to them personally, thus increasing vulnerability (Wolf et al., 2010).

Developing a Darwin Heat Mitigation Strategy | 30

Figure 15. Heat warning image developed by the Texas Military Department.
Source: Downloaded from Flickr (CC BY-ND 2.0).

4.5.2

Heat management plans

Heat management plans can help cities coordinate, prepare and respond to extreme heat events.
In Darwin, heat management plans that address high heat and humidity during the build-up and
wet season could be very useful for helping the Darwin community adapt to periods of low
thermal comfort. These plans are often customised to suit local meteorological and demographic
conditions and may include early alerts and advisories combined with emergency public health
measures to mitigate the heat dangers. These plans may also be known as ‘heat warning systems’
(HWS) or ‘heat health warning systems’ (HHWS) (Lowe et al., 2011; O’Neill et al., 2010).
Although heat warning systems have been established in many cities, there is still little research on
their efficacy. In a review of the existing research on the effectiveness of heat warning systems,
researchers found varying results. Of the 15 epidemiological articles that were retrieved, HWS
were associated with a reduction in ambulance use and six studies asserted that fewer people
died of excessive heat after HWS implementation (Toloo et al., 2013). One study estimated the
benefits of HWS in 1995 to 1998 to be US$468 million for saving 117 lives compared to the
US$210,000 costs of running the system (Ebi et al., 2004). Eight studies showed that availability of
HWS did not lead to behavioural changes; rather, perceived threat of heat dangers to self/others
was the main factor related to heeding warnings and taking proper actions. However, costs and
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barriers associated with taking protective actions, such as costs of running air conditioners, were
of significant concern, particularly to the poor (Toloo et al., 2013).
Indeed, commonly promoted behaviours such as using air conditioners and attending cooling
centres are complex, and these resources are often inaccessible financially, physically, or culturally
(Sampson et al., 2013). Heat management plans must be designed to reach vulnerable
populations, especially isolated populations. To encourage changes in behaviour, heat health
warning systems may need to be combined with specific actions. For example, providing
transportation and services to help get people to cooling centres may also be necessary. In Japan,
researchers investigated if the delivery of bottled water labelled with messages could be effective
in improving the behaviours and knowledge of elderly people to prevent heat-related illness.
When compared with the control group, which had no warnings, the heat health warning and
water delivery groups showed improvements in night-time air-conditioner use, water intake, and
reduced activities in the heat. An additional effect of household water delivery was increased
water intake, indicating that home water delivery in addition to a heat health warning may be
needed to raise awareness of the elderly (Takahashi et al., 2015).

4.5.3

Changing vehicle use in cities

Changes to energy use and vehicle use is another strategy that cities are adopting to reduce heat
production from transport and mitigate greenhouse emissions (Cooling Singapore, 2017).
Reducing the number of vehicles within the city centre can reduce the amount of heat,
greenhouse gas emissions and pollution in the air (Buehler and Pucher, 2011). Switching to electric
vehicles and public transport systems or providing infrastructure that promotes walking, cycling
and use of scooter paths within cities can significantly reduce heat-producing vehicles in city
centres (Sovacool and Brown, 2010).
The Northern Territory Government and the City of Darwin are contemplating ways to encourage
people to use active transport to enter the CBD. Policies that can limit car use and encourage
active transport can have multiple benefits for Darwin. Currently in Darwin, only 4% of dwellings
have a public transport stop within 400 m with frequent service (at least every 30 minutes)8. This
lack of access to public transport can reduce and discourage public transport use. Changes in
transport and land-use policies in Freiburg, Germany (Cfb) over the last 40 years have encouraged
more walking, bicycling and public transport use. Over the last three decades, the number of
bicycle trips tripled, public transport ridership doubled, and car use declined from 38% to 32%. Per
capita greenhouse gas emissions from transport have fallen—despite strong economic growth
(Buehler and Pucher, 2011).
Another option is to encourage the adoption of cleaner, smarter cars that emit less greenhouse
gas, such as through the adoption of electric cars. This may require additional charging stations to
be located strategically around Darwin. Additionally, if public or active transport options become
the norm, there may be advantages to reduce the amount of space in the CBD for parking in lieu
of other socially desired spaces, such as green spaces or increasing shading through tree-lined

8

https://theconversation.com/city-by-city-analysis-shows-our-capitals-arent-liveable-for-many-residents-85676
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boulevards. The rising popularity of e-scooters and e-bikes provides another mobility option that
can reduce reliance on cars. Several cities around the world have introduced shared e-scooters
schemes as they can provide benefits such as reduced congestion and parking demand, extending
mobility to those without cars and reducing emissions. E-scooters are also seen as an approach to
activate a city by providing a flexible and enjoyable approach to getting around the city (Gössling,
2020). The City of Darwin is currently running a trial of e-scooters in the CBD, waterfront and
Cullen Bay. This trial will be monitored and evaluated for the potential to expand the use of escooters in Darwin.

4.6 Summary of strategies and actions
Table 3 summarises the various strategies described in this section, outlining the pros, cons, and
potential actions that could be implemented in Darwin. This table may clarify how the options
compare to one another and which options may be more effective for different parts of the city.
Table 3 Summary table of the heat mitigation strategies and actions described this report and a brief description of
the pros, cons, and potential actions that could be implemented in Darwin.
STRATEGIES AND ACTIONS

PROS

CONS

POTENTIAL APPLICATION TO
DARWIN

 Maximises natural ventilation
through buildings to remove heat
from surface

 The need to redesign or
retrofit buildings to take
advantage of natural breezes

 Create new regulations for
building design

 Can reduce reliance on air
conditioning systems

 Is less effective when there is
no breeze, but the conditions
are still hot and humid.

Cool buildings
Passive cooling

 Access to cooling across socially
disadvantaged groups.

 Encourage retrofit design in
established buildings.
 Aligning buildings can
capture ocean breezes.
 Design integration with air
conditioning.

Cool roofs

 Reduces building energy cooling
due to increased heat losses and
decreased heat gains.

 Few cons except the lack of
resources to implement this
action.

 Encourage all new builds to
paint or install roofs with
solar reflectance.

Air conditioning

 Energy efficient room air
conditioners can reduce
electricity consumption as well as
reduce greenhouse gas
emissions.

 Can be expensive to install
and run (i.e. energy costs).

 Implementing a minimum

 Education and awareness of
reducing set points can reduce
energy consumption
considerably.
District cooling

 Can improve outdoor thermal
comfort by placing cooling units
in strategic locations to reduce
their impact on local air
temperatures.

 Will emit heat to outdoor
areas.
 Poor maintenance can lead
to higher energy
consumption.

 Little research has been
conducted on this technology
 Lack of awareness and
understanding of how to
implement it.

standard across the region
can reduce electricity use,
especially during
heatwaves.
 Energy efficiency education
and awareness programs.

 District cooling may be
suitable in specific locations
within Darwin CBD to
reduce energy and air
conditioner use, particularly
for new buildings and
developments.
 Test cost/benefits for
Darwin in monitored trial/s.

Water sensitive urban design and water features
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STRATEGIES AND ACTIONS

PROS

CONS

POTENTIAL APPLICATION TO
DARWIN

Water spraying/misting
systems

 Effective local countermeasure to
provide relief on hot, dry days.

 Cooling capacity may only
reach a certain distance.

 May have a greater impact
during the dry season when
there is low humidity.

 Will increase humidity.

Artificial wetlands, ponds
and fountains

 Water bodies lower temperature
around and downwind of water
source.

 Potential waterborne health
risks.

 Test cost/benefits for
Darwin in monitored trials.

 Can increase absolute
humidity, which may
negatively influence
pedestrian comfort.

 Can be strategically
designed to take advantage
of the natural breezes.

 Will require maintenance
such as water availability,
energy to run the pumps,
filtration systems.
Integrated green and
blue spaces

 Will be more difficult to
maintain in dry season.

 Can enhance storage capacity
during the rainy season to
increase water availability during
dry periods.

 Cooling effect of green and
blue infrastructure very
context specific – dependent
on the building type, time of
the day and, in the case of
blue infrastructure, the
water temperature.

 Increasing design of parks
that integrate blue spaces
for stormwater
management and other cobenefits.

 Can reflect sunlight and increase
evapotranspiration, which
reduces solar heat gain to
increase indoor thermal comfort
and reduce energy use.

 Difficult and sometimes
expensive to maintain
because of extra weight on
roof and the need to weed,
water and fertilize.

 Create incentive programs
that encourages developers
to incorporate climate
appropriate design
elements, including green
roofs on new buildings.

Urban green infrastructure
Green roofs

 Water availability may be a
challenge during dry season.
Vertical greenery or
facades

 Can reflect sunlight and increase
evapotranspiration that reduces
solar heat gain to increase indoor
thermal comfort and reduce
energy use.

 Difficult and sometimes
expensive to maintain; Water
availability may be a
challenge during the dry
season.

 Test cost/benefits for
Darwin in monitored trials.
 Create incentive program
that encourages developers
to incorporate climate
appropriate design
elements, including green
walls on new buildings.
 Test cost/benefits for
Darwin in monitored trials.

Increasing the urban
forest

 Can be effectively implemented
to control heat, urban
stormwater and flooding at the
local and city-wide scale.

 Species selection will be
important to prevent tree
loss as was seen after
Cyclone Marcus.

 Darwin already has a tree
planting strategy, but may
use the land surface
temperature maps to target
planting in high-priority
heat areas.

 Provides better paths for outdoor
thermal comfort; introduces
fresh air into the urban area.

 Ventilation of paths may be
dependent on the structure
of the buildings around the
path and street canyon
design.

 Creating paths that channel
the natural ventilation;
aligning them parallel to the
prevailing winds and
positioning them in
adequate locations.

Cool roads and paths
Well-ventilated
walkways and
streetscapes

 Wind modelling would
assist to identify
opportunities for this.
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STRATEGIES AND ACTIONS

PROS

CONS

POTENTIAL APPLICATION TO
DARWIN

Cool and permeable
pavements

 Can reflect sunlight or increase
evaporative cooling to increase
indoor thermal comfort and
reduce energy use.

 May have a greater impact if
implemented widely across
the city and region.

 Trialling different types of
cool and permeable
pavement throughout
Darwin; monitor the results
from the trial on Cavanagh
Street.
 Can switch from asphalt to
concrete.

Increasing tree cover
through transport
corridors

 Provides better paths for outdoor
thermal comfort.
 Increases walkability of the CBD.
 Improves air quality in the urban
area.

 Limited space – tree planting
initiatives may be
constrained to kerbside
locations.

 Increased planting of trees
along major roadways
leading into and out of the
CBD for visual and
environmental benefits.
 Provides shade to hot
sidewalk and road surfaces.

 Reduces road surface
temperatures.
Education and awareness
Social awareness
campaigns

 Protects health by providing
simple behavioural changes –
especially for vulnerable
population groups.

 Sometimes the messages are
not enough; there will need
to be more social support
provided to those with less
access to information or
resources.

 Existing campaigns could be
built upon to include
climate-savvy strategies.
Encourage neighbourhood
leaders and champions to
craft community narratives
to communicate with the
diverse stakeholder groups.
 Will need to be translated
into multiple languages to
reach communities.

Heat management plans

 Customised to local
meteorological and demographic
conditions; includes early alerts
and advisories to mitigate heat
dangers.

 Must be designed to reach
vulnerable populations,
especially isolated
populations.

 Current plans may have to
consider how they are
reaching vulnerable
population groups or if their
messages are adequate to
reach the desired
community.

Changing vehicle use in
cities

 Reducing the number of vehicles
within the CBD can reduce the
amount of heat and greenhouse
gases: Switching to active
transport in the last few
kilometres into the CBD can
significantly reduce heatproducing vehicles in city centres.

 Few cons, but there is a need
to increase accessibility to
public transport by
increasing the number of
stops close to homes and
increasing frequency of
transport.

 The Northern Territory
Government and the City of
Darwin are already
considering options to
increase active transport in
the CBD. Free public
transport days to
encourage use, and ‘car
free’ days have been used
in international cities.

 Reclaims parking for green
space.
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5

Case studies

The following case studies highlight experiences from other tropical cities that have implemented
heat mitigation measures in response to the climate and local character of that city. These case
studies can provide insights for Darwin on different approaches to improve liveability and thermal
comfort in a tropical wet-dry climate. As stated in the previous section, much of the literature
around heat mitigation strategies is concerned with temperate, desert or tropical climates with
few examples about cities of the wet-dry tropics. However, even in cases where tropical cities
have analogous climate to Darwin, the appropriate response to improve liveability and thermal
comfort will emerge from the unique context of each city. There is the need for a place-based
approach to tropical urbanism in Darwin that emerges not only from the climate but the cultural
heritage, values, community lifestyle expectations and local environment. These case studies
involve studies from cities of Aw as well as Af, As, and Am Köppen-Geiger climate classifications as
they will provide the most similar climate context for Darwin.

5.1

Tropical urbanism: Cairns

5.1.1

Overview

Cairns is in Far North Queensland and, as of 2018, has an urban population of 165,00 people
(Cairns Regional Council, 2019d). Its climate is classified as a tropical monsoonal climate (Am). It
has a distinct wet season from November to May, and then a relatively dry season from June to
October; however, compared to Darwin, there are light rainfall events during this period. During
the summer months, Cairns experiences hot and humid conditions, which impacts on thermal
comfort both outdoors and indoors (Bureau of Meteorology, 2019b). The Cairns Regional Council
has prepared several documents that can assist developers and homeowners in designing
buildings that are responsive to Cairns’ climate by keeping out the heat and maximising
opportunities for passive cooling.
The specific guidelines include:
 Sustainable tropical building design: Guidelines for commercial buildings (Cairns Regional
Council, 2019e)
 Cool homes: Smart design for the tropics (Cairns Regional Council, 2019c)
 Cairns style design guide (Cairns Regional Council, 2019b).
These guidelines provide general references that can assist builders and developers to incorporate
tropical design approaches in designing, constructing and renovating commercial and residential
buildings (Cairns Regional Council, 2019e). The intended outcomes are to design buildings that are
more liveable through improving thermal comfort and more sustainable by reducing the energy
demand for cooling. The Cairns style design guide has the overarching intent to encourage the
development industry to provide streetscapes, housing and building design that retains and
enhances a tropical design character that is responsive to the local climate, heritage and
community expectations. Encouraging a distinct Cairns tropical design character will improve the
amenity and liveability of the area.
Developing a Darwin Heat Mitigation Strategy | 36

5.1.2

Heat mitigation approaches

The Cairns style design guide highlights how effective planting arrangements on both public and
private land can provide shading (Cairns Regional Council, 2019b). Using vegetation to shade
outdoor living areas and houses from the summer sun can reduce the build-up of heat, while
reducing the demand for air conditioning (Figure 16). A selection of tropical species native to
Cairns is highlighted as an approach to enhance the local character and provide native bird
habitat.
The style guide also provides passive design principles that can improve liveability and enhance
Cairns’ tropical character. This includes shading, cross-ventilation, building insulation and creating
outdoor living spaces.

Figure 16. Cairns Central Business District.
Source: Downloaded from Flickr David Stanley (CC BY 2.0).

5.1.3

Implementation

Tropical design principles are included in the Cairns planning scheme with a policy on tropical
urbanism9. This policy provides the context and guidance for how tropical urbanism should be

9

https://www.cairns.qld.gov.au/__data/assets/pdf_file/0019/160039/SC6.16-Planning-scheme-policy-Tropical-urbanism.pdf
Developing a Darwin Heat Mitigation Strategy | 37

incorporated in the planning and design of landscaping and the built environment. The council can
request supporting information from planning applicants that demonstrate how they are
complying with the intent of the tropical urbanism policy. This assessment can include landscaping
structure plans that detail both horizontal and vertical landscaping, which includes a list of plant
species and plans of landscaping at different stages (installation, maturity and in-between). The
site analysis can also demonstrate how the building design will be orientated to the sun and
prevailing winds.
Community consultation was undertaken in 2018 as part of the master plan process for Cairns City
Centre. A community survey found that, in the context of future planning of the city centre,
maintaining and enhancing a tropical feel and character was one of the main priorities for
respondents (Cairns Regional Council, 2019a).

5.1.4

Outcomes

Cairns has been the fastest growing city in northern Australia, with strong population growth of
around 2% per year (Cairns Regional Council, 2019d). The ability of Cairns to attract new residents
and economic growth has been attributed in part to its planning and development approach to
enhance liveability in the tropical city based on climate-responsive and place-based design
strategies. However, there is also a challenge for managing urban growth in a way that is reflective
of the diversity of perspectives across the city (Jo Russell-Clarke, 2018).

5.2 Cooling Singapore
5.2.1

Overview

Singapore has become warmer in recent years due to increasing growth and densification,
exacerbating the UHI effect. The challenges of managing the UHI effect is particularly relevant for
Singapore as one of the most densely urbanised countries in the world with a population of
5.6 million living in an area of just 722 km2 10. The increased temperatures from the UHI effect in
addition to the high humidity experienced all year long leads to challenges for improving the
thermal comfort for the city’s residents. Singapore has a tropical rainforest climate (Af) that does
not have distinct seasons but is characterised by mostly consistent temperatures of around 25–
35 °C, high humidity and high rainfall.
These problems will most likely become more severe in the future, partly because of urban growth
but also exacerbated by the impacts of climate change. Tackling such a complex issue will require a
multidisciplinary set of stakeholders across government, industry, academia and the public.
The Cooling Singapore project (Cooling Singapore) was funded by Singapore’s National Research
Foundation to provide tools and approaches that can help support efforts to reduce the UHI effect
and improve outdoor thermal comfort. The project partners span a wide range of scientific
institutions including Singapore-ETH Centre (SEC), Singapore-MIT Alliance for Research and
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https://www.singstat.gov.sg/-/media/files/publications/reference/sif2019.pdf
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Technology (SMART), TUMCREATE (Technical University Munich), National University of Singapore
(NUS), Singapore Management University (SMU), and Agency for Science, Technology and
Research (A*STAR).
The developed tools and approaches will help improve economic productivity while also improving
the wellbeing of the population (Acero et al., 2017).
Cooling Singapore has the following objectives (Acero et al., 2017):
 Assess and measure the impact of different cooling strategies that might be relevant to
Singapore’s tropical climate.
 Develop a decision support tool that can help prioritise and evaluate benefits of different heat
mitigation approaches.
 Design climate-responsive guidelines that can help the implementation of heat mitigation
approaches in planning and design processes.

5.2.2

Heat mitigation approaches

To help reduce urban heat accumulation and improve outdoor thermal comfort, the use of
vegetation has been explored in the project. This includes green roofs, vertical greenery and green
facades, green pavements and carparks, and the use of green corridors along transport corridors.
The project highlights that strategic planting of vegetation can improve the local outdoor thermal
comfort while also reducing building energy demand for cooling. Furthermore, the use of
vegetation along transport corridors can help improve thermal comfort for pedestrians, while also
improving local air quality.
Urban geometry is also explored to improve liveability in Singapore. Urban form variables that can
influence thermal comfort are identified at two spatial scales: (i) at the building scale, which
involves consideration of building height and tree heights, variability in building heights, shading,
street layout, building porosity (openings and gaps), and orientation; and (ii) at a coarser spatial
scale, which involves the role of urban planning in enabling a more liveable city, considering urban
density, ratio of green space, and ensuring there are open spaces along the seafront that enable
cooling breezes to enter the city.
The use of water bodies and other water features is explored in providing heat mitigation benefits
and increasing thermal comfort. Water bodies in Singapore can act as a heat sink. The use of
evaporative cooling approaches, such as misting, can improve thermal comfort, but is limited due
to the high humidity in Singapore.
Cooling Singapore also explores the potential effects of different urban materials and surfaces,
focusing on their thermal properties, on urban climate and thermal comfort. The project
investigates different materials and surfaces that limit the absorption of solar radiation through
approaches, such as highly reflective surfaces, that mitigate UHI effect and can improve thermal
comfort and reduce building energy demand.
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5.2.3

Implementation

Cooling Singapore, funded by Singapore’s National Research Foundation, was implemented in
partnership with a range of organisations that included government agencies, universities and the
private sector. The project recognised that mitigating urban heat is a complex issue and, due to
implications across sectors, requires a whole-of-government approach. The project also plans to
explore community perceptions of thermal comfort, their preferences for different strategies and
their management strategies for adapting to heat stress (Acero et al., 2017).
The effectiveness of different approaches for improving outdoor thermal comfort and mitigating
urban heat will be validated through monitoring studies and community surveys.

5.2.4

Outcomes

Cooling Singapore is an ongoing program to mitigate urban heat and improve thermal comfort. It
is planned that findings from the research will be incorporated in design guidelines that encourage
an approach to urban planning that is responsive to Singapore’s climate.

5.3 Heat mitigation: Bangalore, India
5.3.1

Overview

Bangalore is one of the fastest growing cities in India, where the population has more than
doubled over the period from 1991 to 2017 (TERI, 2017). This population increase has resulted in
urban sprawl, resulting in loss of green space and natural water bodies that has exacerbated the
challenges of managing urban heat. Bangalore has a tropical savanna climate (Aw) with distinct
wet and dry seasons. The elevation of Bangalore (900 m) moderates the temperature throughout
the year (TERI, 2017).
The Energy and Resources Institute (TERI) undertook a study to validate the UHI effect in different
urban typologies and how different responses, such as cool roofs, might mitigate this effect (TERI,
2017). The study’s purpose was to provide urban planners with information on how to mitigate
UHI in new developments through land-use planning by retaining a mix of green spaces and water
bodies as well as treatments for buildings and other urban surfaces that can improve the thermal
comfort and liveability of Bangalore. Case study locations were selected for monitoring of UHI and
validated the effectiveness of different heat mitigation approaches. The case study locations
represented a range of urban contexts with varying levels of vegetation coverage and land-use
typologies (residential and commercial)(TERI, 2017).

5.3.2

Heat mitigation approaches

The study monitored the UHI effect for different urban typologies based on urban geometry
(especially ratio of building height to street width), land use (ratio of green space) and proximity to
large water bodies.

Developing a Darwin Heat Mitigation Strategy | 40

The study also investigated the effectiveness of heat mitigation of green roofs (vegetated roofs),
cool pavements (light-coloured and permeable pavements) and cool roofs (light-coloured
reflective materials).

5.3.3

Implementation

The study explored the relationship between different urban planning characteristics with UHI
effect across Bangalore. The understandings from this study were used to inform a more detailed
assessment and selection of different heat mitigation options in different urban growth areas. The
selected heat mitigation options will then be demonstrated in selected locations in Bangalore
(TERI, 2017).

5.3.4

Findings

The study in Bangalore highlighted the following outcomes (TERI, 2017):
 Increasing green areas around commercial precincts can help to reduce start-up load for air
conditioning in the morning as the green space will provide a heat sink to dissipate accumulated
heat overnight.
 The design of new urban developments should prioritise the integration of green space and
water bodies and incorporate a minimum of 14% of land use, which was found to be effective in
reducing UHI effect.
 Cool roofs and green roofs, and the use of light-coloured exteriors for buildings can be effective
in reducing the accumulation of heat during the day.

5.4 Million trees: Miami, Florida, United States
5.4.1

Overview

Miami-Dade County in Florida, United States implemented a Street Tree Master Plan that included
the objective of reaching 30% tree canopy cover across the city by 2020 by planting at least one
million trees across public and private land (Miami-Dade County, 2007). The Street Tree Master
Plan was initiated following the loss of trees in hurricanes in 2005 (hurricanes Katrina, Rita and
Wilma). These hurricanes exacerbated some of the existing pressure on the tree canopy from
urban development. The program to improve the tree canopy was intended to provide a range of
social, environmental and economic benefits to the community, which included mitigating the UHI
effect in Miami and reducing the city’s energy demand (Miami-Dade County, 2007). Other cobenefits included reducing stormwater runoff and improving local air quality (Miami-Dade County,
2007).
Miami’s climate is classified as tropical monsoon (Am), with a hot and humid summer season while
the winter is warm but relatively dry with less rainfall from November to April. Monitoring data
across Miami-Dade County highlights how proximity to the ocean modifies temperature. The
maximum temperature is higher at the airport, which is located 12 km inland, compared to the
weather station data located on the coast (National Climatic Data Center - NOAA, 2019).
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Figure 17. Typical street in Coconut Grove, south of downtown Miami, Florida, United States.
Source: Digital photo taken by Marc Averette, Wikimedia Commons (CC BY 3.0).

5.4.2

Heat mitigation approaches

The Street Tree Master Plan highlights the potential for increased tree canopy cover to reduce
local air temperatures and mitigate the UHI effect. This is particularly the case in heavily urbanised
parts of Miami, where temperatures are higher compared to the surrounding suburban areas due
to the greater proportion of urban surfaces in the city covered in materials that absorb and store
energy (Miami-Dade County, 2007). The Master Plan also promotes increasing tree canopy to
reduce building energy use through tree shading and directing breezes to the urban areas (MiamiDade County, 2007).

5.4.3

Implementation

The Street Tree Master Plan provides a framework for achieving the objective of a minimum of
30% tree canopy coverage by 2020, which includes (Miami-Dade County, 2007):
 Resources on recommended and prohibited tree species, with information on each of these
species.
 Information on best management practices for planting and maintaining street trees.
 Encouraging partnerships and engagement through forming of working groups and community
education programs.
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5.4.4

Outcomes

A comprehensive assessment was undertaken of the Miami-Dade Million Tree Initiative in 2015
(Hochmair et al., 2015). This analysis of success found:
 Overall tree canopy coverage is currently around 20% with 42% of the tree canopy found on
residential land use.
 Tree coverage and water bodies are associated with lower surface temperatures.
 Tree canopy coverage is positively correlated with median income, but negatively correlated
with African American and Hispanic residents. This highlighted the need to ensure
environmental equity by focusing efforts for tree planting in minority and lower income
communities.
 Areas with tree cover were associated with lower overall hospitalisation numbers. However, this
is not necessarily a causative relationship as better health outcomes might also be influenced by
better opportunities for preventive health care in wealthier households (Hochmair et al., 2015).

5.5 Natural ventilation: Enugu city, Nigeria
5.5.1

Overview

Enugu city is located in the south-eastern part of Nigeria and is classified as tropical savanna (Aw).
The city is 304.7 m above sea level, with a naturally humid climate that is regarded as oppressive
between March and November. Its average maximum temperature stands at 34.9 °C, with average
lows of about 22.3 °C and its annual mean temperature is about 26.7 °C.
Enugu experiences significant seasonal variations in windspeed over the course of a year. The
windier part of the year lasts for 7 months (between March and September). The typical wind path
comes from the west for an average of 10 months (termed the monsoon season), ranging from
January to November. The wind direction changes to northerly for 2 months (termed the
Harmattan season) from November to January.

5.5.2

Heat mitigation approaches

Because of the climate, passive cooling and natural ventilation are important aspects to cool the
city. Thus, it is important to understand how the height of buildings and the width of streets take
advantage of natural winds and ventilation for cooling.
Designers and planners of urban streets are faced with the complexity of integrating seasonal

climatic factors in the configuration and orientation of streets and buildings. The major challenge
is to design streetscapes that are protected from the sun yet allow for permeability of natural
ventilation. The dual needs have influenced local designers to create shallower and compact street
canyons.
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5.5.3

Research

Most of Enugu streets are classified as high density, medium density and low density. The main
goal of the research was to identify the extent of wind obstruction caused by existing street
geometry on the airflow for natural ventilation in this city.

5.5.4

Outcomes

With high temperatures and humidity in Enugu, modelling shows that there needs to be a
reduction of barriers that impede the airflow for natural ventilation; thus, encouraging passive
cooling. Results indicate that for all three main street configurations, designing streets with wider
widths (i.e. smaller height: width ratios) provides better mixing of air and consequently better
airflow in the urban street canyon. Additionally, providing adequate openings between streets and
courts and adopting different building heights in the streets could also improve air exchange
within the urban canopy layer.
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6

Conclusions and potential next steps

There are few examples of heat mitigation activities from cities with an analogous climate to
Darwin. This presents an opportunity for Darwin to become a world leader in the science and
innovation of heat mitigation among cities characterised by wet-dry tropical climates.
This report provides information to assist with developing strategies and prioritising actions for
mitigating urban heat impacts in Darwin. This section describes the suggested next steps for
developing the Darwin Heat Mitigation Strategy.

6.1 Short-term actions for long-term gain
The findings of this literature review demonstrate that urban heat can be mitigated through the
strategic use of cool building design and materials, water sensitive urban design and water
features, increasing vegetation cover, creating cool roads and paths, and increasing education and
awareness regarding behavioural change to reduce heat.
Immediate actions that can be taken include:
 Use the maps of land surface temperature and information on population vulnerability (Meyers
et al., 2020) to identify the priority areas for targeted urban heat mitigation actions.
 Examine opportunities to incorporate low-cost actions to retrofit current building types.
 Implement trials for cool and permeable pavements, tree shading, water retention and misting,
and path placement to test the effect of these various changes on the cooling effect on these
important transport corridors – for both roads as well as in the design of active transport
corridors through Darwin.
 Consider current heat warning plans and social media campaigns in their effectiveness to inform
Darwin communities about heat protective behaviours.

6.2 Engaging with stakeholders to obtain more information
While this literature review provides background information regarding the scientific validity of
the heat mitigation strategies and actions, the symposium workshop around heat mitigation in
December 2019 (information found in the Appendix as well as a separate report) revealed the
enthusiasm stakeholders had for this topic. This workshop marked a starting point for gleaning
ideas and opinions from potential stakeholders, which should be continued throughout the
process of developing the heat mitigation strategy.
Although the ultimate actions within the Darwin Heat Mitigation Strategy will have to be socialised
across the different levels of government, there will also need to be a wider engagement strategy
across the general Darwin community, with a specific focus on vulnerable groups.
This broader engagement strategy may take the form of:
 Research surveys, to systematically survey a representative population of Darwin LGA residents
in order to garner specific understanding of vulnerabilities and needs within the community.
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 Interviews or focus groups, conducted to socialise and discuss various strategies and actions to
be piloted.
 Specific actions, to elicit ideas and opinions from vulnerable groups, which may require
additional outreach and engagement to increase involvement.

6.3 Thinking through long-term changes for transformation
Transformational change will require long-term strategic engagement. This will require
collaboration across sectors and stakeholders to develop a plan of action that will take into
account the needs and desires currently and into the future.
Opportunities to support long-term strategic planning for transformational change include:
 Developing a multi-stakeholder reference group and process that can address various
viewpoints on urban heat impact and comment on future planning.
 Modelling the costs and benefits at city scale of different treatment options through time and in
different combinations that take into account different scenarios of change.
 Researching policy levers that allow for changes to occur at the city level, through multiple
nodes of influence.

Developing a Darwin Heat Mitigation Strategy | 46

References
ABS (2014) 4602.0.55.001 - Environmental Issues: Energy Use and Conservation. Australian Bureau
of Statistics, Canberra.
Acero JA, Ivanchev J, Lim N, Mughal MO, Pignatta G, Ruefenacht LA, Krishna SB and Yeow M (2017)
Strategies for Cooling Singapore. Cooling Singapore.
Akbari H and Matthews HD (2012) Global cooling updates: Reflective roofs and pavements. Energy
and Buildings 55, 2-6.
Akubue JA (2019) Effects of Street Geometry on Airflow Regimes for Natural Ventilation in Three
Different Street Configurations in Enugu City. Different Strategies of Housing Design.
IntechOpen.
Amati M, Boruff B, Caccetta P, Devereux D, Kaspar J, K. P and Saunders A (2017) Where should all
the trees go? Investigating the impact of tree canopy cover on socio-economic status and
wellbeing in LGA’s. RMIT University, Melbourne.
An KJ, Lam YF, Hao S, Morakinyo TE and Furumai H (2015) Multi-purpose rainwater harvesting for
water resource recovery and the cooling effect. Water Research 86, 116-121.
Arnfield AJ (2003) Two decades of urban climate research: A review of turbulence, exchanges of
energy and water, and the urban heat island. International Journal of Climatology 23(1), 126.
Beagley S (2011) Design for the Tropics. COOLmob, NT Government, Darwin.
Beck HE, Zimmermann NE, McVicar TR, Vergopolan N, Berg A and Wood EF (2018) Present and
future Köppen-Geiger climate classification maps at 1-km resolution. Scientific Data 5,
180214.
Becker JA and Stewart LK (2011) Heat-related illness. American Family Physician 83(11), 1325-30.
Berland A, Shiflett SA, Shuster WD, Garmestani AS, Goddard HC, Herrmann DL and Hopton ME
(2017) The role of trees in urban stormwater management. Landscape and Urban Planning
162, 167-177.
Bernatzky A (2012) Tree ecology and preservation. Elsevier.
Bretz SE and Akbari H (1997) Long-term performance of high-albedo roof coatings. Energy and
Buildings 25(2), 159-167.
Buehler R and Pucher J (2011) Sustainable transport in Freiburg: lessons from Germany's
environmental capital. International Journal of Sustainable Transportation 5(1), 43-70.
Bureau of Meteorology (2017) Feeling hot and bothered? It’s not the humidity, it’s the dew point.
Viewed May 2020, http://media.bom.gov.au/social/blog/1324/feeling-hot-and-botheredits-not-the-humidity-its-the-dew-point/.
Bureau of Meteorology (2019a) Climate data online. Accessed 18 November 2019,
http://www.bom.gov.au/climate/data/.
Bureau of Meteorology (2019b) Climate of Cairns. Viewed December 2019,
http://www.bom.gov.au/qld/cairns/climate.shtml.
Cairns Regional Council (2019a) Cairns City Centre Master Plan. Viewed December 2019,
https://www.cairns.qld.gov.au/council/major-projects/ccmp.
Cairns Regional Council (2019b) Cairns Style design guide. Viewed December 2019,
https://www.cairns.qld.gov.au/communityenvironment/sustainability/ecologic_home/tropical-building/cairns-style-design-guide.
Cairns Regional Council (2019c) Cool Homes Smart design for the tropics. Viewed December 2019,
https://www.cairns.qld.gov.au/__data/assets/pdf_file/0006/100698/Cool-Homes.pdf.

Developing a Darwin Heat Mitigation Strategy | 47

Cairns Regional Council (2019d) Facts, figures & history.
https://www.cairns.qld.gov.au/region/facts.
Cairns Regional Council (2019e) Sustainable Tropical Building Design: Guidelines for Commercial
Buildings. Viewed December 2019,
https://www.cairns.qld.gov.au/__data/assets/pdf_file/0003/45642/BuildingDesign.pdf.
Cameron RW, Taylor JE and Emmett MR (2014) What's ‘cool’in the world of green facades? How
plant choice influences the cooling properties of green walls. Building and Environment 73,
198-207.
Chen A, Yao XA, Sun R and Chen L (2014) Effect of urban green patterns on surface urban cool
islands and its seasonal variations. Urban Forestry & Urban Greening 13(4), 646-654.
Chow DHC, Li Z and Darkwa J (2013) The effectiveness of retrofitting existing public buildings in
face of future climate change in the hot summer cold winter region of China. Energy and
Buildings 57, 176-186.
Chow T, Fong K, Chan A, Yau R, Au W and Cheng V (2004) Energy modelling of district cooling
system for new urban development. Energy and Buildings 36(11), 1153-1162.
Churkina G, Grote R, Butler T and Lawrence M (2015) Natural selection? Picking the right trees for
urban greening. Environmental Science & Policy 47, 12-17.
City of Darwin (2018) Establishing a resilient urban forest for Darwin: Best Pratice Guidelines. City
of Darwin, Darwin. NT Australia.
Clark MJ, McGregor J and Parsons B (2018) An assessment of tree damage and resilience in Darwin
parks following Tropical Cyclone Marcus March 17th 2018. City of Darwin, Darwin
Cohen-Shacham E, Walters G, Janzen C and Maginnis S (2016) Nature-based solutions to address
global societal challenges. IUCN, Gland, Switzerland 97.
Cook S, van Roon M, Ehrenfried L, LaGro J and Yu Q (2019) Chapter 27 - WSUD “Best in Class”—
Case Studies From Australia, New Zealand, United States, Europe, and Asia. In: Sharma AK,
Gardner T and Begbie D (eds) Approaches to Water Sensitive Urban Design. Woodhead
Publishing, 561-585.
Cooling Singapore (2017) Strategies for Cooling Singapore. Cooling Singapore.
Corburn J (2009) Cities, climate change and urban heat island mitigation: localising global
environmental science. Urban Studies 46(2), 413-427.
Coutts AM, Daly E, Beringer J and Tapper NJ (2013a) Assessing practical measures to reduce urban
heat: Green and cool roofs. Building and Environment 70, 266-276.
Coutts AM, Tapper NJ, Beringer J, Loughnan M and Demuzere M (2013b) Watering our cities: The
capacity for Water Sensitive Urban Design to support urban cooling and improve human
thermal comfort in the Australian context. Progress in Physical Geography 37(1), 2-28.
Coutts AM, White EC, Tapper NJ, Beringer J and Livesley SJ (2016) Temperature and human
thermal comfort effects of street trees across three contrasting street canyon
environments. Theoretical and Applied Climatology 124(1-2), 55-68.
Crawford AJ, McLachlan DH, Hetherington AM and Franklin KA (2012) High temperature exposure
increases plant cooling capacity. Current Biology 22(10), R396-R397.
CRC for Water Sensitive Cities (2016) Ideas for the Greater Darwin Region. Cooperative Research
Centre for Water Sensitive Cities, Melbourne, Australia.
Crocker W, Maute K, Webb C and French K (2017) Mosquito assemblages associated with urban
water bodies; implications for pest and public health threats. Landscape and Urban
Planning 162, 115-125.
CSIRO (2016) Climate change in Australia: Projections for Australia's NRM Regions. CSIRO,
Melbourne, Victoria, Australia.
Daniel L (2018) ‘We like to live in the weather’: Cooling practices in naturally ventilated dwellings
in Darwin, Australia. Energy and Buildings 158, 549-557.
Developing a Darwin Heat Mitigation Strategy | 48

Dasgupta A (2018) IPCC 1.5° Report: We Need to Build and Live Differently in Cities. World
Resources Institute, https://www.wri.org/blog/2018/10/ipcc-15-report-we-need-buildand-live-differently-cities.
Davidson H (2019) The Northern Territory Wet Season the hottest on record and the driest in 27
years. The Guardian, 1 May 2019.
Defence Housing Australia & Oliver Hume (2016) Breezes Muirhead Design Guidelines. Viewed
May 2020,
https://www.breezesmuirhead.com.au/assets/uploads/2018/05/Breezes_Design_Guidelin
esweb.pdf.
Dhakal S and Hanaki K (2002) Improvement of urban thermal environment by managing heat
discharge sources and surface modification in Tokyo. Energy and Buildings 34(1), 13-23.
Domínguez Torres CA and Domínguez Delgado A (2017) Assessment of the Energy Efficiency of a
“Cool Roof” for Passive Cooling. Comparative Study of a Case of Tropical Climate and a
Case of Southern Spanish Climate. In: Mercader-Moyano P (ed.) Sustainable Development
and Renovation in Architecture, Urbanism and Engineering. Springer International
Publishing, Cham, 439-449.
Doulos L, Santamouris M and Livada I (2004) Passive cooling of outdoor urban spaces. The role of
materials. Solar Energy 77(2), 231-249.
Du Y, Mak CM and Tang B-s (2018) Effects of building height and porosity on pedestrian level wind
comfort in a high-density urban built environment. Building Simulation. Springer.
Ebi KL, Teisberg TJ, Kalkstein LS, Robinson L and Weiher RF (2004) Heat watch/warning systems
save lives: estimated costs and benefits for Philadelphia 1995–98. Bulletin of the American
Meteorological Society 85(8), 1067-1074.
Emmanuel R and Loconsole A (2015) Green infrastructure as an adaptation approach to tackling
urban overheating in the Glasgow Clyde Valley Region, UK. Landscape and Urban Planning
138, 71-86.
Every JP, Li L and Dorrell DG (2020) Köppen-Geiger climate classification adjustment of the BRL
diffuse irradiation model for Australian locations. Renewable Energy 147, 2453-2469.
Farbotko C and Waitt G (2011) Residential air-conditioning and climate change: voices of the
vulnerable. Health Promotion Journal of Australia 22(4), 13-15.
Fletcher TD, Shuster W, Hunt WF, Ashley R, Butler D, Arthur S, Trowsdale S, Barraud S, SemadeniDavies A, Bertrand-Krajewski J-L, Mikkelsen PS, Rivard G, Uhl M, Dagenais D and Viklander
M (2015) SUDS, LID, BMPs, WSUD and more – The evolution and application of terminology
surrounding urban drainage. Urban Water Journal 12(7), 525-542.
Gaffin S, Khanbilvardi R and Rosenzweig C (2009) Development of a Green Roof Environmental
Monitoring and Meteorological Network in New York City. Sensors 9(4), 2647.
Gang W, Wang S, Xiao F and Gao D-c (2016) District cooling systems: Technology integration,
system optimization, challenges and opportunities for applications. Renewable and
Sustainable Energy Reviews 53, 253-264.
Geros V, Santamouris M, Karatasou S, Tsangrassoulis A and Papanikolaou N (2005) On the cooling
potential of night ventilation techniques in the urban environment. Energy and Buildings
37(3), 243-257.
Gössling S (2020) Integrating e-scooters in urban transportation: Problems, policies, and the
prospect of system change. Transportation Research Part D: Transport and Environment
79, 102230.
Guan KK (2011) Surface and ambient air temperatures associated with different ground material: a
case study at the University of California, Berkeley. Environmental Science 196, 1-14.
Gunawardena K, Wells M and Kershaw T (2017) Utilising green and bluespace to mitigate urban
heat island intensity. Science of the Total Environment 584, 1040-1055.
Developing a Darwin Heat Mitigation Strategy | 49

Haase D (2015) Reflections about blue ecosystem services in cities. Sustainability of Water Quality
and Ecology 5, 77-83.
Haase D, Guneralp B, Bai X, Elmqvist T, Dahiya B, Fragkias M and Gurney K (2018) Different
pathways of global urbanization. In: Elmqvist T et al. (eds) The Urban Planet: Patterns and
Pathways to the Cities We Want. Cambridge University Press.
Hanford JK, Webb CE and Hochuli DF (2020) Management of urban wetlands for conservation can
reduce aquatic biodiversity and increase mosquito risk. Journal of Applied Ecology 57(4),
794-805.
Harlan SL and Ruddell DM (2011) Climate change and health in cities: impacts of heat and air
pollution and potential co-benefits from mitigation and adaptation. Current Opinion in
Environmental Sustainability 3(3), 126-134.
Heenkenda MK and Bartolo R (2016) Regional ecological risk assessment using a relative risk
model: A case study of the Darwin Harbour, Darwin, Australia. Human and Ecological Risk
Assessment: An International Journal 22(2), 401-423.
Hochmair HH, Gann D, Benjamin A and Fu ZJ (2015) Miami-Dade Urban Tree Canopy Analysis. GIS
Center, Florida International University, Miami.
Hodo-Abalo S, Banna M and Zeghmati B (2012) Performance analysis of a planted roof as a passive
cooling technique in hot-humid tropics. Renewable Energy 39(1), 140-148.
Huang C-H and Lin P-Y (2013) The influence of evapotranspiration by urban greenery on thermal
environment in urban microclimate. International Review for Spatial Planning and
Sustainable Development 1(4), 1-12.
Huang C, Ye D, Zhao H, Liang T, Lin Z, Yin H and Yang Y (2011) The research and application of
spray cooling technology in Shanghai Expo. Applied Thermal Engineering 31(17-18), 37263735.
IPCC (2018) Summary for Policymakers. In: Masson-Delmotte V et al. (eds) Global Warming of
1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C above preindustrial levels and related global greenhouse gas emission pathways, in the context of
strengthening the global response to the threat of climate change, sustainable
development, and efforts to eradicate poverty. World Meteorological Organization,
Geneva, Switzerland, 32.
Jo Russell-Clarke (2018) “Resort tourism meets rainforest feral”? It’s time to rethink the tropical
city. Foreground, 28 November 2018.
Kabisch N, Frantzeskaki N, Pauleit S, Naumann S, Davis M, Artmann M, Haase D, Knapp S, Korn H
and Stadler J (2016) Nature-based solutions to climate change mitigation and adaptation in
urban areas: perspectives on indicators, knowledge gaps, barriers, and opportunities for
action. Ecology and Society 21(2): 39.
Kane A, Fuller R, Luther M and Boldys R (2009) Improving comfort levels in Darwin houses through
passive design. ANZSES 2009: Proceedings of the Solar 2009 the 47th ANZSES Annual
Conference. ANZSES.
Kazmierczak A and Carter J (2010) Adaptation to climate change using green and blue
infrastructure. A database of case studies. University of Manchester, UK.
Khare S, Hajat S, Kovats S, Lefevre CE, De Bruin WB, Dessai S and Bone A (2015) Heat protection
behaviour in the UK: results of an online survey after the 2013 heatwave. BMC Public
Health 15(1), 878.
Klinenberg E (2015) Heat wave: A social autopsy of disaster in Chicago. University of Chicago Press.
Lee Y-C, Chang T-J and Hsieh C-I (2018) A numerical study of the temperature reduction by water
spray systems within urban street Canyons. Sustainability 10(4), 1190.

Developing a Darwin Heat Mitigation Strategy | 50

Leicester R and Reardon G (1976) A statistical analysis of the structural damage by Cyclone Tracy.
Annual Engineering Conference 1976: Engineering 1976-2001. Institution of Engineers,
Australia.
Lend Lease (2012) District Cooling Plant, Barangaroo South Lend Lease Project Management &
Construction (Australia) Pty Limited NSW
Levinson R, Akbari H and Reilly JC (2007) Cooler tile-roofed buildings with near-infrared-reflective
non-white coatings. Building and Environment 42(7), 2591-2605.
Li H, Harvey JT, Holland T and Kayhanian M (2013) The use of reflective and permeable pavements
as a potential practice for heat island mitigation and stormwater management.
Environmental Research Letters 8(1), 015023.
Lim Y, Kek YR, Lim P, Yap H, Goh TV and Ng L (2011) Environmental surveillance and molecular
characterization of Legionella in tropical Singapore. Trop Biomed 28(1), 149-159.
Looney CM and Oney SK (2007) Seawater District Cooling and Lake Source District Cooling. Energy
Engineering 104(5), 34-45.
Lowe D, Ebi KL and Forsberg B (2011) Heatwave early warning systems and adaptation advice to
reduce human health consequences of heatwaves. International Journal of Environmental
Research and Public Health 8(12), 4623-4648.
Lundgren K and Kjellstrom T (2013) Sustainability challenges from climate change and air
conditioning use in urban areas. Sustainability 5(7), 3116-3128.
Mahlia T, Masjuki HH, Choudhury IA and Saidur R (2001) Potential CO2 reduction by implementing
energy efficiency standard for room air conditioner in Malaysia. Energy Conversion and
Management 42(14), 1673-1685.
Masi F, Rizzo A and Regelsberger M (2018) The role of constructed wetlands in a new circular
economy, resource oriented, and ecosystem services paradigm. Journal of Environmental
Management 216, 275-284.
McKnight TL and Hess D (2000) Climate Zones and Types. Physical Geography: A Landscape
Appreciation. Prentice Hall, Upper Saddle River, NJ.
Meyers J, Langston A, Devereaux D and Lin B (2020) Mapping land surface temperatures and heathealth vulnerability in Darwin. CSIRO, Australia.
Miami-Dade County (2007) A greenprint for our future: Miami-Dade County Street Tree Master
Plan. Miami-Dade County, FL.
Michelozzi P, De’Donato FK, Bargagli AM, D’Ippoliti D, De Sario M, Marino C, Schifano P, Cappai G,
Leone M and Kirchmayer U (2010) Surveillance of summer mortality and preparedness to
reduce the health impact of heat waves in Italy. International Journal of Environmental
Research and Public Health 7(5), 2256-2273.
Miller A and Ambrose M (2005) Sustainable subdivisions: energy-efficient design report to
industry. CRC for Construction Innovation.
Mohajerani A, Bakaric J and Jeffrey-Bailey T (2017) The urban heat island effect, its causes, and
mitigation, with reference to the thermal properties of asphalt concrete. Journal of
Environmental Management 197, 522-538.
Moise A, Abbs D, Bhend J, Chiew F, Church J, Ekström M, Kirono D, Lenton A, Lucas C, McInnes K,
Monselesan D, Mpelasoka F, Webb L and Whetton P (2015) Monsoonal North Cluster
Report. CSIRO and Bureau of Meteorology, Australia.
Montazeri H, Toparlar Y, Blocken B and Hensen J (2017) Simulating the cooling effects of water
spray systems in urban landscapes: A computational fluid dynamics study in Rotterdam,
The Netherlands. Landscape and Urban Planning 159, 85-100.
National Climatic Data Center - NOAA (2019) Climate of Florida. Viewed December 2019,
https://www.ncdc.noaa.gov/climatenormals/clim60/states/Clim_FL_01.pdf.

Developing a Darwin Heat Mitigation Strategy | 51

National Water Commission (2004) Intergovernmental agreement on a National Water Initiative.
Commonwealth of Australia and the Governments of New South Wales, Victoria,
Queensland, South Australia, the Australian Capital Territory and the Northern Territory.
Ng E (2012) Towards planning and practical understanding of the need for meteorological and
climatic information in the design of high-density cities: A case-based study of Hong Kong.
International Journal of Climatology 32(4), 582-598.
Nguyen AT, Singh MK and Reiter S (2012) An adaptive thermal comfort model for hot humid
South-East Asia. Building and Environment 56, 291-300.
Nield L (2018) Requiem or renewal? This is how a tropical city like Darwin can regain its cool. The
Conversation, 23 October 2018.
Norton BA, Coutts AM, Livesley SJ, Harris RJ, Hunter AM and Williams NS (2015) Planning for
cooler cities: A framework to prioritise green infrastructure to mitigate high temperatures
in urban landscapes. Landscape and Urban Planning 134, 127-138.
O’Neill MS, Jackman DK, Wyman M, Manarolla X, Gronlund CJ, Brown DG, Brines SJ, Schwartz J and
Diez-Roux AV (2010) US local action on heat and health: are we prepared for climate
change? International journal of public health 55(2), 105-112.
O’Neill MS, Zanobetti A and Schwartz J (2005) Disparities by race in heat-related mortality in four
US cities: the role of air conditioning prevalence. Journal of Urban Health 82(2), 191-197.
Oke TR (1982) The energetic basis of the urban heat island. Quarterly Journal of the Royal
Meteorological Society 108(455), 1-24.
Oke TR (1988) The urban energy balance. Progress in Physical Geography 12(4), 471-508.
Omer AM (2008) Energy, environment and sustainable development. Renewable and Sustainable
Energy Reviews 12(9), 2265-2300.
Oppermann E, Brearley M, Law L, Smith JA, Clough A and Zander K (2017) Heat, health, and
humidity in Australia's monsoon tropics: a critical review of the problematization of ‘heat’
in a changing climate. WIREs Climate Change 8(4), e468.
Parizotto S and Lamberts R (2011) Investigation of green roof thermal performance in temperate
climate: A case study of an experimental building in Florianópolis city, Southern Brazil.
Energy and Buildings 43(7), 1712-1722.
Pauleit S, Andersson E, Anton B, Buijs A, Haase D, Hansen R, Kowarik I, Niemelä J, Olafsson A and
Van der Jagt S (2019) Urban Green Infrastructure – Connecting People and Nature for
Sustainable Cities. Urban Forestry and Urban Greening 40, 1-3.
Peel MC, Finlayson BL and McMahon TA (2007) Updated world map of the Köppen-Geiger climate
classification. Hydrology and Earth System Sciences Discussions 4(2), 439-473.
Pelling M and High C (2005) Understanding adaptation: what can social capital offer assessments
of adaptive capacity? Global Environmental Change 15(4), 308-319.
Prado RTA and Ferreira FL (2005) Measurement of albedo and analysis of its influence the surface
temperature of building roof materials. Energy and Buildings 37(4), 295-300.
Rabani M, Kalantar V, Dehghan AA and Faghih AK (2015) Empirical investigation of the cooling
performance of a new designed Trombe wall in combination with solar chimney and water
spraying system. Energy and Buildings 102, 45-57.
Reinau D, Weiss M, Meier C, Diepgen T and Surber C (2013) Outdoor workers’ sun-related
knowledge, attitudes and protective behaviours: a systematic review of cross-sectional and
interventional studies. British Journal of Dermatology 168(5), 928-940.
Ren Z and Chen D (2018) Modelling study of the impact of thermal comfort criteria on housing
energy use in Australia. Applied Energy 210, 152-166.
Ren Z, Chen Z and Wang X (2011) Climate change adaptation pathways for Australian residential
buildings. Building and Environment 46(11), 2398-2412.

Developing a Darwin Heat Mitigation Strategy | 52

Rugh C (2013) Columbia University Greens Up with Green Roofs. Viewed September 2017,
https://strategicstoryteller.com/wp-content/uploads/2013/03/XFA_Columbia_LW_MarApril2013.pdf.
Sachindra D, Ng A, Muthukumaran S and Perera B (2016) Impact of climate change on urban heat
island effect and extreme temperatures: a case-study. Quarterly Journal of the Royal
Meteorological Society 142(694), 172-186.
Safarova S, Halawa E, Campbell A, Law L and van Hoof J (2018) Pathways for optimal provision of
thermal comfort and sustainability of residential housing in hot and humid tropics of
Australia – A critical review. Indoor and Built Environment 27(8), 1022-1040.
Salmond JA, Tadaki M, Vardoulakis S, Arbuthnott K, Coutts A, Demuzere M, Dirks KN, Heaviside C,
Lim S and Macintyre H (2016) Health and climate related ecosystem services provided by
street trees in the urban environment. Environmental Health 15(1), 95-111.
Sampson NR, Gronlund CJ, Buxton MA, Catalano L, White-Newsome JL, Conlon KC, O’Neill MS,
McCormick S and Parker EA (2013) Staying cool in a changing climate: Reaching vulnerable
populations during heat events. Global Environmental Change 23(2), 475-484.
Santamouris M and Asimakopoulos D (1996) Passive cooling of buildings. Earthscan.
Santamouris M, Haddad S, Fiorito F, Osmond P, Ding L, Prasad D, Zhai X and Wang R (2017a) Urban
heat island and overheating characteristics in Sydney, Australia. An analysis of multiyear
measurements. Sustainability 9(5), 712.
Santamouris M, Haddad S, Ulpiani G, Fox J, Paolini R, Synnefa A, Fiorito F and Garshasbi S (2017b)
Heat Mitigation Program Darwin, NT. UNSW and the Northern Territory Government.
Saunders NJ and Peirson WL (2013) Climate change adaptation of urban water management
systems in the wet/dry tropics. Australasian Journal of Water Resources 17(2), 180-192.
Schofield A, Arthur C and Cechet B (2010) Assessing the impacts of tropical cyclone Tracy on
residential building stock—1974 and 2008. Australian Meteorological and Oceanographic
Journal 60(3), 213.
Scott M, Lennon M, Haase D, Kazmierczak A, Clabby G and Beatley T (2016) Nature-based
solutions for the contemporary city. Planning Theory & Practice 17(2), 267-300.
Seifhashemi M, Capra BR, Milller W and Bell J (2018) The potential for cool roofs to improve the
energy efficiency of single storey warehouse-type retail buildings in Australia: A simulation
case study. Energy and Buildings 158, 1393-1403.
Semenza JC, Rubin CH, Falter KH, Selanikio JD, Flanders WD, Howe HL and Wilhelm JL (1996) Heatrelated deaths during the July 1995 heat wave in Chicago. New England Journal of
Medicine 335(2), 84-90.
Solecki WD, Rosenzweig C, Parshall L, Pope G, Clark M, Cox J and Wiencke M (2005) Mitigation of
the heat island effect in urban New Jersey. Global Environmental Change Part B:
Environmental Hazards 6(1), 39-49.
Sommer T, Karpf C, Ettrich N, Haase D, Weichel T, Peetz J-V, Steckel B, Eulitz K and Ullrich K (2009)
Coupled modelling of subsurface water flux for an integrated flood risk management.
Natural Hazards and Earth System Sciences 9(4), 1277-1290.
Sovacool BK and Brown MA (2010) Twelve metropolitan carbon footprints: A preliminary
comparative global assessment. Energy policy 38(9), 4856-4869.
Spala A, Bagiorgas HS, Assimakopoulos MN, Kalavrouziotis J, Matthopoulos D and Mihalakakou G
(2008) On the green roof system. Selection, state of the art and energy potential
investigation of a system installed in an office building in Athens, Greece. Renewable
Energy 33(1), 173-177.
Syafii NI, Ichinose M, Kumakura E, Jusuf SK, Chigusa K and Wong NH (2017) Thermal environment
assessment around bodies of water in urban canyons: A scale model study. Sustainable
Cities and Society 34, 79-89.
Developing a Darwin Heat Mitigation Strategy | 53

Szokolay S (1976) Thermal controls in northern Australian housing. Architectural Science Review
19(3), 58-60.
Tablada A, De Troyer F, Blocken B, Carmeliet J and Verschure H (2009) On natural ventilation and
thermal comfort in compact urban environments–the Old Havana case. Building and
Environment 44(9), 1943-1958.
Takahashi N, Nakao R, Ueda K, Ono M, Kondo M, Honda Y and Hashizume M (2015) Community
trial on heat related-illness prevention behaviors and knowledge for the elderly.
International Journal of Environmental Research and Public Health 12(3), 3188-3214.
Taleghani M and Berardi U (2018) The effect of pavement characteristics on pedestrians' thermal
comfort in Toronto. Urban Climate 24, 449-459.
Tan CL, Wong NH, Tan PY, Jusuf SK and Chiam ZQ (2015) Impact of plant evapotranspiration rate
and shrub albedo on temperature reduction in the tropical outdoor environment. Building
and Environment 94, 206-217.
TERI (2017) Final report on urban planning characteristics to mitigate climate change in context of
urban heat island effect: Bangalore. The Energy and Resources Institute.
Tjandraatmadja G (2019) Chapter 5 - The Role of Policy and Regulation in WSUD Implementation.
In: Sharma AK, Gardner T and Begbie D (eds) Approaches to Water Sensitive Urban Design.
Woodhead Publishing, 87-117.
Toloo G, FitzGerald G, Aitken P, Verrall K and Tong S (2013) Evaluating the effectiveness of heat
warning systems: systematic review of epidemiological evidence. International Journal of
Public Health 58(5), 667-681.
Tsiros IX (2010) Assessment and energy implications of street air temperature cooling by shade
tress in Athens (Greece) under extremely hot weather conditions. Renewable Energy 35(8),
1866-1869.
Tzoulas K, Korpela K, Venn S, Yli-Pelkonen V, Kaźmierczak A, Niemela J and James P (2007)
Promoting ecosystem and human health in urban areas using Green Infrastructure: A
literature review. Landscape and Urban Planning 81(3), 167-178.
US EPA (2019) Heat Island Impacts. Viewed December 2019,
https://www.epa.gov/heatislands/heat-island-impacts.
Vailshery LS, Jaganmohan M and Nagendra H (2013) Effect of street trees on microclimate and air
pollution in a tropical city. Urban Forestry & Urban Greening 12(3), 408-415.
Van Roon MR and Rigold T (2016) Urban form and WSUD in Auckland residential catchments
determine stream ecosystem condition. 9th International Conference on planning and
technologies for sustainable management of water in the city, Lyon, France.
Vijayaraghavan K (2016) Green roofs: A critical review on the role of components, benefits,
limitations and trends. Renewable and Sustainable Energy Reviews 57, 740-752.
Voskamp IM and Van de Ven FH (2015) Planning support system for climate adaptation:
Composing effective sets of blue-green measures to reduce urban vulnerability to extreme
weather events. Building and Environment 83, 159-167.
Werner S (2017) International review of district heating and cooling. Energy 137, 617-631.
White-Newsome JL, Sánchez BN, Parker EA, Dvonch JT, Zhang Z and O’Neill MS (2011) Assessing
heat-adaptive behaviors among older, urban-dwelling adults. Maturitas 70(1), 85-91.
Wilhelmi OV and Hayden MH (2010) Connecting people and place: a new framework for reducing
urban vulnerability to extreme heat. Environmental Research Letters 5(1), 014021.
Williams L, Williams J, Ogden M, Risk K, Risk A and Woodward E (2012) Gulumoerrgin Seasons
(calendar): Larrakia, Darwin - Northern Territory. CSIRO. Viewed at:
https://www.csiro.au/en/Research/Environment/Landmanagement/Indigenous/Indigenous-calendars/Gulumoerrgin.

Developing a Darwin Heat Mitigation Strategy | 54

Williams NS, Rayner JP and Raynor KJ (2010) Green roofs for a wide brown land: Opportunities and
barriers for rooftop greening in Australia. Urban Forestry & Urban Greening 9(3), 245-251.
Wolf J, Adger WN, Lorenzoni I, Abrahamson V and Raine R (2010) Social capital, individual
responses to heat waves and climate change adaptation: An empirical study of two UK
cities. Global Environmental Change 20(1), 44-52.
Wong NH, Tan CL, Nindyani ADS, Jusuf SK and Tan E (2012) Influence of Water Bodies on Outdoor
Air Temperature in Hot and Humid Climate. ICSDC 2011, 81-89.
Wong THF (2006) Water sensitive urban design - the journey thus far. Australasian Journal of
Water Resources 10(3), 213-222.
Yuan C and Ng E (2012) Building porosity for better urban ventilation in high-density cities–A
computational parametric study. Building and Environment 50, 176-189.
Yuan F and Bauer ME (2007) Comparison of impervious surface area and normalized difference
vegetation index as indicators of surface urban heat island effects in Landsat imagery.
Remote Sensing of Environment 106(3), 375-386.
Zhao L, Lee X, Smith RB and Oleson K (2014) Strong contributions of local background climate to
urban heat islands. Nature 511(7508), 216.
Žuvela-Aloise M, Koch R, Buchholz S and Früh B (2016) Modelling the potential of green and blue
infrastructure to reduce urban heat load in the city of Vienna. Climatic Change 135(3-4),
425-438.

Developing a Darwin Heat Mitigation Strategy | 55

Developing a Darwin Heat Mitigation Strategy | 56

Appendix: Symposium workshop results:
Conversation maps
On December 13th, 2019 a deep-dive workshop was run as part of the Darwin Living Lab Inaugural
Science Symposium. This symposium was developed to socialise the strategies and actions from
Section 4 with the practitioners and community of Darwin.
Symposium participants (about 45 people) engaged in a conversation mapping exercise to further
develop the strategies and actions outlined in Section 4 providing ideas on the types of actions
they would like to see implemented. The participants split up into five groups and rotated across
all five tables throughout the workshop period. Some participants preferred to work silently while
others engaged in conversation to develop ideas.
The conversation mapping process allowed participants to build upon each other’s ideas and to
refine potential future projects as they moved through the tables. Once all participants had visited
all five tables, they were given time to roam across the various maps to read through the various
ideas. They were then asked to vote (using check marks as a sign of support) for the ideas that
they felt were most important for Darwin to trial. These project ideas should be considered in the
development of the Darwin Heat Mitigation Strategy.
The findings from the five conversation maps are summarised in the following sections.

Developing a Darwin Heat Mitigation Strategy | 57

A.1

Cool buildings
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Summary

The main themes resulting from the cooling buildings maps showed that participants wanted
buildings to be designed with higher resource use efficiency. For example:
 Mandating energy efficiency.
 Making sure that there was a minimum start rating for energy and water efficiency.
 Making sure new buildings are designed to achieve energy efficient targets.
Some of the discussion also centred on participants believing there were simple options that could
be implemented to mitigate heat in the design of the building that also would affect overall
cooling. For example:
 Retrofit buildings for better cooling and ventilation.
 Implement white roofs and surfaces.
 Shade hard surfaces or make them reflective.
 Balconies designed to catch breezes.
 Awnings to help with shading.
Lastly, the idea of increasing the indoor temperature of buildings to save energy was considered to
be important – and probably ties closely to some of the discussions had within the education and
awareness map.
 Making sure that air conditioning in buildings is set to a higher temperature to reduce energy
use.
 Pairing the practice of increased air conditioning in buildings with relaxed rules around business
wear (e.g. allowing people to wear shorts and sandals at work).
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A.2

Water sensitive urban design / Water features
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Summary

Many of the suggestions within the water sensitive urban design map focused on the
development of water features that considered natural systems and sought to develop and
protect natural creeks or connections between salt and freshwater systems for cooling. These
included:
 Supporting natural features such as creeks within the city area – as long as it is flowing and does
not allow for mosquitoes.
 Connecting saltwater to freshwater through the topography of the city.
There was also a set of ideas around harvesting stormwater to use – most likely for greenery – or
to test out the possibilities of using grey or recycled water in maintaining water features within
the city. For example:
 Using grey water – testing the opportunity of using it to maintain greenery in the city.
 Harvesting stormwater for use.
 Designing buildings that can be part of the water cycle in terms of harvesting water and using it
for indoor water features.
Finally, there was a strong acknowledgment that participants would like to see some placemaking
activities around water, where water features would be used to encourage people to gather and
spend time in public spaces.
 Use water to help with placemaking of public centres (e.g. attracting people to spend time in
these places through gathering around water).
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A.3

Urban green infrastructure / Vegetation
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Summary

Discussion around urban green space and vegetation centred on where green space is needed and
what type of green space participants wanted.
A strong theme was for green space to be developed within Darwin that takes advantage and
showcases the native vegetation and biodiversity. This also expanded into ideas of how to
encourage the use of bush tucker in green spaces, especially in urban farming systems. This
includes ideas like:
 Considering Darwin’s unique ecosystem and biodiversity when designing complex green space.
 Increasing the education and knowledge sharing around how to protect and expand native
vegetation across the city.
 Providing educational opportunities for people to engage with native plants – this can include in
nature spaces, but also native foods.
 Considering farming the city and linking the greening with food initiatives – urban orchards and
gardens.
Greening the road corridors was also a major conversation point in the maps. Participants were
very supportive of trees within transport corridors, suggesting two specific areas:
 Greening the road corridor from the airport to the CBD.
 Creating vegetated road medians especially in residential streets.
There was a discussion about greening in buildings, and ideas such as balcony gardens and
growing trees indoors was encouraged. Although participants liked the idea of green roofs and
green facades, they also recognised that they may be expensive and difficult to maintain.
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A.4

Cool roads and paths
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Summary

Participants expressed a desire for cooler pathways for walking and cycling to and through the
CBD. Several suggestions were made:
 Green tunnels to provide shaded walkways.
 Better bike paths that are shaded with shaded bike parking for people to keep their bikes.
 Bus stops need to be shaded properly for people to take public transport.
 Make CBD only cycle accessible or walkable on the weekend to encourage active transport.
 Change building and development policy in the CBD to require shade on the paths.
 Implementation of permeable pathways to absorb water to increase cooling – could also help
with stormwater harvesting (as considered in the water features map).
 Orient roads to incorporate sea breezes.
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A.5

Education and awareness
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Summary

The education and awareness map not only discussed what education topics people would like to
see, but also how to provide the message to the community. Specifically:
 People respond better to positive messages rather than negative messages.
 Need to get the good stories out there.
 Need to create a community-owned story/narrative.
 Create neighbourhood case studies and champions.
There were several other ideas that gained traction across the group, ranging from changing
indoor air conditioning to helping people better understand climate change.
 Changing behaviours to dress appropriately for the climate – in line with changing indoor airconditioner use.
 Give people free public transport into the city to incentivise public transport use.
 Create heat management plans at the person/individual scale – how to cool yourself.
 Educate people about the changing climate and provide access to the climate data.
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