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Abstract
Urban areas are expected to triple by 2030 in order to accommodate 60% of the global population. Anthropogenic landscape modifications expand coverage of impervious surfaces inducing the urban heat island effect; a critical 21st century challenge associated with increased economic expenditure, energy consumption and adverse health impacts. Yet omission of UHI measures from global climate models and metropolitan planning methodologies precludes effective sustainable development governance. We present an approach which integrates Earth observation and climate data with three-dimensional urban models to determine optimal tree placement (per m2) within proposed urban developments to enable more effective localised UHI mitigation. Such data-driven planning decisions will enhance the future sustainability of our cities to align with current global urban development agendas.
Introduction
The United Nations (UN) New Urban Agenda aims to readdress the way in which cities are planned, designed, financed, developed, governed and managed to sustainably accommodate 60% of the global population by 2030. As one of the 21st century’s most transformative trends urbanisation will result in a tripling of the urban land cover footprint within this time frame (2000 baseline), alongside a need to accommodate approximately 1.024 billion people within these urban areas (Seto et al., 2012). Anthropogenic modifications required to convert natural land into urban surfaces are inevitable as the urbanisation trend continues. This most extreme form of land cover change often initiates the Urban Heat Island (UHI) effect, where temperatures increase over human-made surfaces. Such changes have substantive implications through resultant heat-induced adverse socio-economic and environmental impacts (Hu et al., 2015). For example, in the city of Melbourne, the economic implications of the UHI exceed AUD 300 million annually, and in Hong Kong the social repercussions of a 1°C rise in temperature above 29 °C have increased mortality rates by 4.1% (Goggins et al., 2012). In terms of the environment, an increase of 0.56°C in daily minimum city temperatures for the city of Phoenix has led to continued unsustainable water usage, with monthly water consumption now exceeding 1,000 litres per family household (Guhathakurta and Gober, 2007). 
Sustainable urban management is of vital contemporary importance to cities for current and future planning. Under projections of a changing climate, the UHI may increase Gross Domestic Product (GDP) loses up to 0.80% by 2050 (Estrada et al., 2017). Given these potentially disruptive economic consequences, the implications of warming cities have been noted in recent international polices; including the Sendai Framework for Disaster Risk Reduction, the Sustainable Development Goals (SDG) and City Resilience Framework (CRF) (Table 1). In response to these global agendas, cities have begun implementing various UHI impact reduction initiatives (see Table 1); activities for which can be categorised under voluntary or policy themes. The voluntary theme includes demonstrative projects, education and incentives, such as Chicago’s exemplar ‘green’ city hall roof and Baltimore County’s ‘growing home’ campaign offering vouchers for purchasing trees. The policy theme incorporates the UHI into metropolitan spatial development strategies, like in the case of The London Plan, Perth and Peel @3.5 million and Johannesburg’s Spatial Development Framework 2040. 

Although these policies are a step in the right direction, they generally fail in planning practicality through lacking specificities for combating adverse temperature effects at the local level (sub-city). Additionally, they provide no consistency in planning implementation methodologies or steps for assessing progress towards UHI reduction targets. Some notable exceptions do exist where UHI policy adaptations instigated by local governing authorities have successfully permitted quantifiable localised planning requirements (e.g. zoning and building codes), such as Seattle’s ‘Green Factor’, Baton Rouge’s landscape ordinance and the City of Stirling’s Amendment 9 specifying minimum vegetation requirements for developments over a certain size. However, even these urban planning designs lack empirical evidence for optimising UHI mitigation strategies. The paucity of quantifiable measures has contributed to the global state of data-informed governance being described as underdeveloped, disparate and marginalised (McPherson, 2016; Michele Acuto, 2018). 

With such limitations noted, we propose a data-driven approach to develop robust sub-city UHI measures which integrates remote sensing information. Earth Observation (EO) data - gathered using satellite and airborne imagery - can be processed to identify (un)sustainable urban development through aerial assessments of land cover change, alongside various environmental variables (e.g. temperature, elevation). EO data for measuring and monitoring urbanisation provide the localised spatiotemporal scales necessary to systematically target planning policies for UHI mitigation within global cities. Specifically, EO data can produce consistent information necessary for restricting unsustainable development (MacLachlan et al., 2017a) and monitoring UHI effects based on associated land-temperature dynamics (MacLachlan et al., 2017b). To date, EO applications for UHI mitigation have been restricted to measurements from limited temporal temperature data and medium-scale spatial resolutions (e.g. Fremantle’s Urban Forest summer temperature data at 30 m2). Furthermore, these measures have been aggregated to city blocks, or more generally, city-wide areas. Assessment at finer spatial scales (e.g. block subdivisions) is necessary for determining temperature dynamics across new developments and explicit targeting of localised heat remediation efforts, such as tree planting.

Consequently, in this paper we build upon previous analyses (MacLachlan et al., 2017b, 2017a) to outline an operational evidence-based urban planning methodology for localised UHI mitigation through the integration of EO and climate data into the planning decision-making process. Our findings demonstrate that the integrated use of remote sensing information with open-source spatial modelling can be used to (i) effectively derive temperature characteristics of different development types, and (ii) assist in the planning process through determining optimal tree placement for an urban (re)development. Our research is exemplified through applying the approach to urban development in areas of the Perth Metropolitan Region (PMR) and the City of Fremantle, the latter of which hosts a council aiming to become Western Australia’s most sustainable local government within the state capital of Perth. 
Study Area
The PMR has observed sustained low density outward urban expansion since the beginning of the 21st century in response to a rapidly expanding resource sector (Kennewell and Shaw, 2008; MacLachlan et al., 2017a, 2017d). Urban area within the PMR increased 45.3% (320.33 km2) between 1990 and 2015, with a 37.44% increase since 2000 (279.80 km2) (MacLachlan et al., 2017a, 2017c). Between 2007 and 2014 Perth was consistently considered Australia’s fastest growing city, whilst only obtaining a maximum population density (2011) of 3,662 people per km2; 33.82% and 24.83% lower than Melbourne (10,827) and Sydney (14,747) respectively (ABS, 2015, 2011; MacLachlan et al., 2017a). Low population density has generated demand for dispersed housing in a non-strategic, ‘lot-by-lot fashion’ founded upon a car-dependent lifestyle (Dhakal, 2014). Due to the large scale conversion from natural land to impervious surfaces, strategic land zonation and sustainability targets have been specified within the Western Australian Planning Commissions (WAPC) long-term (2050) development guide. UHI mitigation is listed as one of sixteen aspirations under the city sustainability objective. In response, some local governments have devised policies, such as the City of Fremantle’s and City of Perth’s Urban Forest Plans, that outline greening strategies for UHI reduction targets (Table 1). Other councils recognise the value of maintaining vegetation, for example, Wanneroo’s ‘street tree’ policy and Subiaco’s ‘plant management’ plan (Table 1), but lack any specific UHI targets. Overall, all these policies are subject to the spatial and temporal limitations discussed in the previous section, and as such have potential to implement mis-informed, inconsistent and sub-optimal UHI mitigation measures. 
Materials and Methodology 
A sub-city urban planning modelling approach was developed to provide a consistent evidence-based methodology for measuring and monitoring localised UHI mitigation targets. Within the methodology, temperature dynamics of low and high density census areas within the PMR were compared using EO data to assess the heat implications of different development types (i.e. changes in land cover composition). This part of the method can be used to compare development types and allow urban planners to select an optimal land conversation scenario which minimises the local UHI effect. Following this, the methodology provides steps for mitigating excess temperatures within a planned area for (re)development by determining optimal placement of greening elements of the proposed plans using a data-driven model. This was demonstrated through running tree planting scenarios for a proposed redevelopment in the city of Fremantle.
Materials 
[bookmark: _Hlk52461140]The implemented methodology makes use of the open-source Urban Multi-scale Environmental Predictor (UMEP), a holistic analytical tool for urban climatology and climate sensitive planning applications; the first model to generate spatial temperature variations available as a plugin to the open-source Quantum Geographical Information Systems (QGIS) (Lindberg et al., 2018). To compute temperature estimates the SOLWEIG (Solar and LongWave Environmental Irradiance Geometry) model; part of the UMEP set of modelling tools was used. SOLWEIG creates spatial simulations of temperature through modelling shortwave and longwave radiation fluxes in six directions following the procedure developed by Höppe (1992) with full details provided in Lindberg et al., (2008). SOLWEIG required inputs of: (1) elevation models, (2) land cover data, and (3) meteorological data (Figure 1 (a)). In demonstrating a data driven-approach to mitigate excess temperatures, elevation models and land cover were manually altered to reflect proposed redevelopment plans using open access planning blueprints from the City of Fremantle. Whilst our approach has made use of available high resolution EO data, substitution with alternative data sources would be appropriate in locations where such imagery is unattainable; this is further explored within the discussion. The following sections describe data sources implemented here for the temperature modelling.
High resolution aerial imagery
High resolution aerial and elevation data captured by the March 2009 Australian Commonwealth Scientific and Industrial Research Organisation (CSIRO) Perth and Peel Urban Monitoring Programme were used within this analysis. Land cover was established from the aerial data (described within the methodology). The elevation data were pre-processed to produce four elevation models: a Digital Surface Model (DSM), a Digital Terrain model (DTM) and two Relative Elevation Models (REM). The DSM represents a model of the protrusions from Earth’s surface, the DTM is a model of Earth’s bare surface, and the REM represents the difference between the surface (DSM) and the bare surface (DTM) elevation models providing relative heights above ground level. A vegetation canopy REM layer was also provided that established trees as vegetation greater than 2 m, and grass as vegetation below 2 m. Due to vegetation senescence some minor manual modifications (e.g. addition of trees to the layer) were subsequently made to the vegetation canopy REM. From this processing of the high resolution data, the input datasets for the SOLWEIG model were acquired: land cover, a building DSM, a ground DTM, and a vegetation canopy REM. The methodology provides more details on extraction of the preprocessed data into the model format datasets where appropriate. Information on the acquisition of the high resolution imagery can be found within Caccetta et al. (2012). 
Meteorological data
Meteorological data required for temperature modelling using SOLWEIG included: air temperature, relative humidity, barometric pressure, wind speed, wind direction and downward shortwave radiation. Owing to this data frequently being unavailable in a spatially continuous form (e.g. raster data) the input required for SOLWEIG is often limited to point data, acquired from weather stations as suggested by Lindberg et al. (2018). The Australian Bureau of Meteorology (BOM) provide continuous hourly meteorological measurements that can be freely accessed through the online Weather Underground portal. Here, data were obtained from the Perth international airport weather station (station YPPH); the most complete temporal record within the Perth Metropolitan Region (PMR). Whilst wind speed and direction are classed as ‘not needed’ by the temperature model, lack of wind has been identified as a contributing factor to increased UHI intensity (Gaffin et al., 2008; Lindberg et al., 2017). Wind is particularly pertinent to Perth during the summer months due to major land and sea temperature differences that induce an onshore wind of up to 40 km hour-1 termed the ‘Fremantle Doctor’, cooling the metropolitan region (Eliot et al., 2006). 
Downward shortwave radiation is not commonly captured by meteorological stations. However, the European Water and Global Change (WATCH) initiative has generated free global continuous three-hourly estimates within the dataset ‘WATCH Forcing Data methodology applied to ERA-interim’ (WFDEI) being generated from extensive satellite, atmospheric and surface observations. In order to produce a coherent complete (three-hourly) meteorological dataset, the hourly meteorological variables were temporally aggregated to the three-hourly shortwave radiation data. All meteorological data were obtained for the years 2008-2010, with modelled temperature data averaged over this period to reduce inter-annual variation (Hu et al., 2015; Imhoff et al., 2010; MacLachlan et al., 2017b; Zhang et al., 2012). Full details of WFDEI data can be found within Weedon et al. (2014).       
Open Street Map data
Infrastructure data were necessary for the first part of the methodology to assess temperature dynamics within the two PMR areal census tracts. Open street map road data, with minor manual digitisation editing to reflect past 2009 road layouts identified through use of high resolution aerial imagery, guided the three-dimensional modelling of the low (Currambine) and high (Subiaco) density Australian Bureau of Statistics (ABS) defined Level 1 Statistical Areas (SA1), as presented in Figure 2.  
Proposed planning application data
The SOLWEIG modelling required detailed planning documentation for information on proposed land cover change during a planned redevelopment. Blueprints from City of Fremantle’s planning portal for the Woolstore Shopping Centre and Carpark redevelopment proposal (28 Cantonment Street, Fremantle) enabled manual modification of elevation models and land cover in determining proposed land cover change. This also identified the proposed green infrastructure for the planned redevelopment which was used to inform subsequent tree placement within the modelling framework.
Methodology
The following subsections describe the temperature modelling approach implemented, and the modification of existing data (e.g. elevation models and land cover) to reflect the proposed redevelopment to allow for optimum tree placement to be determined using the SOLWEIG model outputs.
Temperature modelling
Temperature was modelled per square metre every three hours between 2008 and 2010 using the SOLWEIG model. The model has already undergone validation through comparison to field measurements in global cities including Shanghai (Chen et al., 2016), Hong Kong (Lau et al., 2016) and Gothenburg (Lindberg and Grimmond, 2011). All studies produced strong correlations (R2>0.90), with the latter city validation explicitly noted as statistically significant. This demonstrates the model’s ability to accurately reflect city temperature dynamics and warrants model suitability for application in this paper to the PMR. The model was used to (i) compare temperature dynamics within low and high density urban areas, and (ii) use as a basis for assessing a planned redevelopment and how optimising tree placement relative to modelled temperature values could assist in mitigating localised UHI impacts. 
Inputs required for the model were generated from previously described data, these inputs were: meteorological data, land cover, a building DSM, a ground DTM, and a vegetation canopy REM. All inputs were in a raster (grid-based) format and generated within a geographic information system (e.g. QGIS). The complete meteorological data and vegetation canopy REM described within the materials section needed no further processing for inclusion within the model. Land cover was determined from manual digitisation of the high resolution aerial imagery into the classes of: paved, building, grass, bare soil and water, with conversion to raster format. In computing the building DSM and ground DTM, buildings established within the land cover dataset were used to extract height values from the DSM, with all other values assigned to the DTM. 
In order to appropriately model temperature the Sky View Factor (SVF) was required. The SVF is defined by the ratio of radiation received (or emitted) by a planar surface to the radiation emitted (or received) by the entire hemispheric environment, with both radiation components being essential components to human comfort, solar access, and solar energy (Holst and Mayer, 2011; Lau et al., 2015). This variable was computed from the vegetation canopy REM, the building DSM and the ground DTM, processed with tools provided within the UMEP plugin. Additionally building wall heights and aspect were requisites of the model, generated from the building DSM and ground DTM using the UMEP plugin. Full details on the algorithms used for SVF alongside building height/aspect computation can be found in Lindberg and Grimmond (2010) and Lindberg, Jonsson, et al. (2015) respectively.
Data-driven tree placement 
Following the generation of modelled temperature outputs to compare low and high density urban areas, a site was selected for modelling temperature to investigate the impact of a proposed redevelopment within the City of Fremantle. For this site, three scenarios were processed following the temperature modelling methodology, as specified in the previous section, to assess temperatures for: (1) the current urban footprint, (2) proposed changes to the urban footprint based on the redevelopment plans (blueprints), and (3) the proposed redevelopment with no trees, with results used to redesign tree placement and then re-run the model. The proposed redevelopment with all trees removed model run permitted identification of the highest average annual temperatures per square metre. Based on these temperature predictions, the locations (square metre blocks) with the highest temperatures were used to replace the planned tree locations for the redevelopment complex in order to maximise the temperature reduction potential across the redevelopment (Figure 1 (b)). Fifteen trees, as specified in the original redevelopment plans were distributed whilst preserving original design aspects found within the blueprints including: crown radius (2.82 m), spacing (> 7 m) and height (with street level trees assigned a height of 16.41 m and trees on buildings a height of 3.54 m). The new tree locations were reflected in an updated vegetation canopy REM, and the analysis was re-run to compare temperature across the redevelopment site, relative to the original urban footprint and the proposed redevelopment plan (Figure 1). The proposed site and surrounding city blocks were modelled in all scenarios accounting for the influence of neighbouring landscape features (e.g. shadowing).
[Insert Figure 1]
Figure 1. Summary of methodological procedures for (a) mean radiant temperature () and (b) identifying optimal tree locations. * indicates existing development modified using proposed redevelopment plans. **indicates data were modified on three occasions: (1) using proposed redevelopment plans, (2) removing all trees across the proposed redevelopment site and (3) using optimal tree locations. 
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Results and Discussion
The influence of localised urban development types on temperature dynamics was established through comparison of two census areas within the city of Perth. The two ABS SA1s selected for the comparative analysis represent areas which have undergone (i) low density urban fringe green field development (Currambine) and, (ii) high density Brownfield infill development (Subiaco). Commencing with similar population density (per 0.1 km2) values in 2011 (Subiaco: 325, Currambine: 310), by 2015 Subiaco more than doubled in density compared to Currambine (Subiaco: 712, Currambine: 324) (Table 2). 
[Insert Table 2]
Table 2. Total population and population density per 0.1 km2 between 2011 and 2016 for Subiaco and Currambine SA1s as defined by the ABS. Raw population values are estimated for 2012-2015 and 2017 from ABS Estimated Residential Population (ERP) produced using downscaled SA2 data based on representative indicators for non-census years. 2011 and 2016 values are extracted from ABS census data. Population per 0.1 km2 was computed from the spatial extent and associated population of each SA1 area.
The urban design characteristics commonly associated with low density development, such as lower building heights, less dense vegetation and more sprawled layout, produced higher average temperatures of 1.00 °C (paved), 0.90 °C (grass) and 0.60 °C (buildings) compared to that of the high density infill site, as illustrated in the spatial extent of the three-dimensional view area (Figure 2). The complete SA1 of Currambine experienced higher temperatures of 0.54 °C (paved), 0.39 °C (grass) and 0.14 °C (buildings) compared to that of Subiaco (Figure 3). The Western Australia Planning Commission (WAPC) recognise sustainability concerns within the PMR due to the majority of new development occurring as low density, outward suburban sprawl encroaching into the wildland-urban interface. To combat such apprehensions, the WAPC have detailed infill development strategies alongside UHI reduction aspirations for the long-term (2050) development of the city. Whilst local governments, such as the City of Bayswater and Stirling, have observed population increase with infill development, the tendency towards larger houses on subdivided blocks has significantly declined the level of tree canopy coverage. Consequently, low density development and associated canopy reduction seem to be adversely impacting the localised UHI effect (Table 1). 
[Insert Figure 2]
Figure 2. Three-dimensional city models (top row) and average annual mean radiant temperature () overlays (bottom row) for subsets of two SA1 locations representing low (cul-de-sac in Currambine) and high (infill site in Subiaco) density developments. Two-dimensional renditions for complete SA1 coverage are presented in Figure 3.
[Insert Figure 3]
Figure 3. Land cover (top row) and average annual mean radiant temperature () overlays (bottom row) for two SA1s as defined by the ABS representing low (Currambine, SA Level 1 ID: 5107102) and high (Subiaco, SA Level 1 ID: 5104203) density developments. Bold black outline extents with directional arrows denote three-dimensional subsets presented in Figure 2.
[bookmark: _Hlk52547274]The proposed Woolstores shopping centre redevelopment in the City of Fremantle will alter land use from retail to a mixed-use development comprising of accommodation and commercial property. Correspondingly, land cover will change from high to low urban reflectance (albedo). Based on our previous analyses (MacLachlan et al., 2017b, 2017a) such a change represents an optimum urban land cover conversion. However, our temperature modelling indicates that large vegetation features (e.g. trees) could be more effectively planned for the new landscape layout to better mitigate excess temperatures. Modelled temperature changes for the proposed redevelopment plans (as per the blueprints) indicate a potential 1.2 °C reduction in average annual temperature across the site, in comparison to the original retail complex. Yet further to this, whilst maintaining proposed building layout and vegetation design characteristics, placing trees in optimal locations relative to modelled temperature values indicates that temperatures could be further abated by 0.8 °C across the site, with a maximum average temperature reduction of 0.9 °C (Figure 4). This analysis must be contextualized within the aim to maximise temperature reduction for UHI mitigation, yet other competing design factors such as the view from windows could influence placement. Regardless, with spatial quantification of such design factors analysis could be recomputed to further refine tree placement and maintain optimal temperature reduction. 

[Insert Figure 4]
Figure 4. Average annual temperature using the original urban footprint, proposed redevelopment plans, and proposed plans with optimal tree placement. Also indicated are the average annual minimum, mean and maximum mean radiant temperature with colour-coded circles for each urban footprint scenario. The proposed redevelopment constitutes increased building height and variation across the site enlarging shading potential, reducing site mean radiant temperature compared to the original urban area.
Strategic planning for localised UHI mitigation  
Reactively, planning initiatives by the City of Fremantle and City of Perth have initiated novel EO data-driven urban forest plans for directing tree planting, whereby data obtained every 16 days with values per 30 m2 of land surface area have been used to produce static summer average land surface temperatures aggregated up to city block. Such decentralised initiatives are advancing other local schemes, including Pennsylvania’s ‘Treevitalize’, and in Arizona and California where state urban forestry programs aim to increase tree coverage. The process of urban greening assists in cooling environments through shading and evapotranspiration, reducing the amount of solar radiation reaching the ground and providing ambient heat dissipation respectively (evidence drawn from assessments in Table 1). Increased neighbourhood green [and blue (Gascon et al., 2017)] space has also been positively associated with better mental health outcomes, such as in Wisconsin (Beyer et al., 2014) and London (Taylor et al., 2016). In terms of relevant enforceable landscape ordinance in Perth, 10% of any gross subdivisible area is required for public open space, normally as a green recreation reserve; a policy which has remained unaltered since the first [Stephenson-Hepburn] metropolitan regional plan was legislated in 1955. These stipulations for open space were based upon population density values, with an assumed number of persons likely to be housed across various residential codes (dwellings per hectare), which ensued to be a gross underestimation for required open space (Grose, 2007). Comparatively, Singapore’s 2011 open space provisioning is defined as 4.05 m2 for every 56.0 m2 of gross floor area with detailed landscaping requirements such as grass coverage, tree girth, and minimum branches, yet excludes landscape arrangement conditions (Table 1). 
Despite such regulations for promoting city open spaces, global policies lack an effective data-driven approach in deriving optimal vegetative placement – particularly for reducing the ever-increasing socio-economic and environmental impacts associated with UHI effects – with current methods restricted by a lack of spatial data and analysis or coarse resolution (e.g. 30 m2), block aggregation, limited temporal data collection (e.g. every 16 days) and outdated open space legislation. Additionally, recently published and updated international policies express the importance of UHI reduction due to current exclusion from global climate models, and as a result metropolitan spatial development strategies are having to evolve to reflect these model omissions. Nonetheless, modern city development and restorative urban schemes are hampered by a lack of consistent and scientifically valid decisions which can unnecessarily exacerbate the UHI effect (Table 1).
[bookmark: _Hlk52540493][bookmark: _Hlk53047923]Whilst it is accepted throughout literature that UHIs are the result of additional dark (often impermeable) urban surfaces and the removal or lack of vegetation additional factors such as cloud cover, cyclic solar radiation, building material type and anthropogenic energy sources can exacerbate the effect (Frumkin, 2002; Rizwan et al., 2008; Voogt and Oke, 2003). Nevertheless, such considerations are challenging to incorporate into localised temperature modelling and often beyond the scope and budgetary constraints of planning departments (e.g. Fremantle’s 2017 Urban Forest Plan). Consequently, here we have a presented a simplistic and achievable data-driven modelling approach which can be universally integrated into urban planning regulation frameworks. Specifically, planning departments could mandate optimum placement of vegetation based on data-driven analysis using proposed development plans to mitigate excess temperature, whilst allowing reasonable concessions for building design features or requirements where appropriate. Such a straightforward unified approach is exemplified as especially important due to the range of health, energy, water and economic savings attributable to a 1 °C increase in temperature. For example, an associated 7.5% electricity demand rise in Bangkok (Santamouris et al., 2015) and a 2.1 % increase in respiratory admissions in six Mediterranean cities in relation to maximum apparent temperature (Michelozzi et al., 2009). Application of our approach will permit expansion and redevelopment of other global cities whilst mitigating the localised UHI effect and associated negative environmental, social and economic consequences. Not only will this provide structured means for city councils to conform to UHI reduction requirements locally, it will also ensure long-term city sustainability; aligning future development with global policies. For example, contributions to meeting the UN Sustainable Development Goal 11, target 3 that specifies sustainable human settlement planning and management alongside the New Urban Agenda call for action 54 that commits member states to reducing the financial, environmental and public health costs of the UHI. 
Whilst elevation and land cover inputs used within this analysis were determined from aerial EO, required layers could be substituted with data from alternative sources. This could include digitisation from publically available planning applications such as those provided by the City of Fremantle’s planning portal, or alternative freely available data sources such as Google Earth, Open Topography (elevation), GlobeLand 30 (land cover), national Light Detection and Ranging (LiDAR) surface model composites (e.g. England and Australia) and high resolution datasets (e.g. the State of Indiana’s aerial, LiDAR and elevation data) (Chen et al., 2015; Environment Agency, 2016; Intergovernmental Committee On Surveying & Mapping, 2008; The State of Indiana, 2017). Consequently our accessible approach summarised in Figure 5 can easily be replicated within planning procedures to aid the sustainable development and restorative urban design of our cities for localised UHI reduction. 
 [Insert Figure 5]
Figure 5. Summary of the presented practical data-driven process for localised UHI mitigation. 
Recommendations
Urbanised areas are expected to triple by 2030 (2000 baseline of 652,825 km2) with the Cities and Biodiversity Outlook estimating that 60% of land projected to be urban by 2030 is yet to be built. Current voluntary and policy UHI mitigation policies that aim to increase vegetation coverage frequently fail in determining effective distribution owing to a lack of spatial data, broad aggregation and selective temporal sampling (Table 1). Integration of an UHI mitigation approach into international and metropolitan spatial development strategies would overcome the current inconsistent and varied urban planning methodologies exhibited through frequent devolution to local governments, and the incomparability of their results. Upon receipt of development applications, our approach could be replicated by planning agencies to ensure strategic tree placement in reducing overall temperature; a consideration that should be an essential pre-requisite in planning approval for enhancing localised UHI mitigation (Figure 5). Inclusion at the proposal stage would mitigate aforementioned implications and diminish the requirement for extensive urban forest plans and associated financial costs, e.g. estimated at AUD 2.57 million for the complete City of Fremantle strategy (Table 1). Similarly, application to existing metropolitan regions could maximise often limited resource investment in mitigating locations found to obtain maximum temperatures, overcoming the limitations of current methods (e.g. block aggregation). Through scientifically rigorous data-informed governance, metropolitan cities and federations will be able to effectively interact with, and numerically quantify, mitigation actions for meeting international sustainable development policy requirements such as the reduction of environmental costs (e.g. excess temperature) of the UHI specified in the New Urban Agenda (McPherson, 2016). We advocate that the transformation of multi-level policy to incorporate data-driven frameworks, as we have proposed here, is an essential requirement for ensuring the future socio-economic and environmental sustainability of our cities. 
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	International 

	United Nations The World Cities in 2016 (2016)

	United Nations New Urban Agenda (2017)

	ARUP City Resilience Framework (2015)

	United Nations International Strategy for Disaster Reduction Sendai Framework (2015)

	Universal Sustainable Development Goals (2015)

	Biological Diversity, Cities and Biodiversity Outlook (2012)

	

	Metropolitan 

	AECOM Australia, Economic Assessment of the Urban Heat Island Effect, Melbourne (2012)
The Spatial Development Strategy For Greater London (2017)

	Western Australia Planning Commission, Perth and Peel @3.5 million (2015)

	City of Johannesburg Metropolitan Municipality, Spatial Development Framework 2040 (2016)

	Western Australian Planning Commission, Directions 2031 and beyond: metropolitan planning beyond the horizon (2010)

	Western Australian Planning Commission, Development Control Policy 2.3 Public Open Space in Residential Areas (2002)

	Plan For The Metropolitan Region Perth And Fremantle (1955)

	Singapore Government, Open Space Provision (2011)

	Western Australian Planning Commission, Metropolitan Region Scheme Text (2006)

	

	Local

	USA Environmental Protection Agency, Reducing Urban Heat Islands Compendium of Strategies Trees and Vegetation (2008)
USA Environmental Protection Agency, Reducing Urban Heat Islands Compendium of Strategies Urban Heat Island Basics (2008)
USA Environmental Protection Agency, Reducing Urban Heat Islands, Compendium of Strategies Heat Island Reduction Activities (2008)

	City of Stirling, Stirling Urban Forest Community Consultation (2017)

	City of Fremantle, One Planet Fremantle Strategy 2014/2015 - 2019/2020, 1–12 (2014)

	Metropolitan Redevelopment Authority, Subiaco Redevelopment Scheme (2013)

	Metropolitan Redevelopment Authority, Subiaco Redevelopment Scheme 2 (2017)

	City of Bayswater, Urban Forest Strategy (2017)

	City of Perth, Urban Forest Plan 2016-2036 (2006)

	City of Fremantle, City of Fremantle Urban Forest Plan (2017)

	City of Fremantle, Annual Budget 2016-17 (2016)

	City of Wanneroo, Street Tree Policy (2016)*

	City of Subiaco, Plant Pathogen Management Plan (2015)*



Table 1. Relevant influential international, metropolitan and local UHI and urban expansion policies, strategies and assessments (with publication date) referred to in this paper. * Denotes documents that lack specific UHI related policy but recognise the value of maintaining vegetation.



	Statistical Area Level 1
	 
	2011
	2012
	2013
	2014
	2015
	2016
	2017

	Subiaco
	Population
	625
	863
	1039
	1205
	1369
	1453
	1531

	
	Per 0.1 km2
	325
	449
	540
	626
	712
	755
	796

	Currambine
	Population
	421
	442
	455
	453
	440
	406
	417

	
	Per 0.1 km2
	310
	326
	335
	334
	324
	302
	307


Table 2. Total population and population density per 0.1 km2 between 2011 and 2016 for Subiaco and Currambine SA1s as defined by the ABS. Raw population values are estimated for 2012-2015 and 2017 from ABS Estimated Residential Population (ERP) produced using downscaled SA2 data based on representative indicators for non-census years. 2011 and 2016 values are extracted from ABS census data. Population per 0.1 km2 was computed from the spatial extent and associated population of each SA1 area.
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