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Abstract

:

High temperatures and heatwaves are becoming more frequent, but heat vulnerability is rarely considered within local authority city design and statutory land-use planning processes. Here, we describe an approach to assess heat vulnerability in Birmingham, the second largest city in the UK. The approach uses open access data and GIS techniques that are available for built environment practitioners. Heat vulnerability is assessed by combining four datasets: surface temperatures, Local Climate Zones, green space, and Indices of Multiple Deprivation. The assessment shows that central and eastern areas of Birmingham that have the most compact urban form, least green space, and highest levels of deprivation are most vulnerable to heat. We evaluated the approach against previous climate research, examined the approach and datasets at the local scale, and described how heat vulnerability can be (and is being) incorporated into decision making. This project combines three key innovations: (1) the decision-centric process that focuses the method on the decision that needs to be made, minimizing inertia related to scientific or modeling uncertainty and reducing resource-intensity; (2) the co-creation process with Birmingham City Council, who have statutory powers for planning within the city, thereby ensuring that heat vulnerability is embedded within decisions on the suitability, design, and location of sites for future development; and (3) the open access and technically appropriate methodology which can be applied to any urban area in the UK, using the open access datasets described here, or globally, using locally applicable data sources.
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1. Introduction


Extreme temperatures are becoming more frequent. Within the UK, summers are becoming warmer; nine of the top ten hottest days since 1900 have occurred since 1990; and in July 2022, the UK experienced its hottest summer day in history [1,2]. The 2022 heatwave was unusually intense and geographically extensive: 40 °C was exceeded in multiple locations in England; 35 °C was exceeded in Scotland; and record overnight minimum temperatures were recorded in England, Wales, and Scotland (25.8 °C, 24.5 °C, and 21.3 °C, respectively; [3]). Hot summer temperatures, particularly those days that have a high daily maximum temperature, or tropical nights, where temperatures fail to sufficiently cool, have a negative impact on infrastructure, the built environment, and human health ([4,5]; within the Third UK Climate Change Risk Assessment).



In urban areas, the impacts of hot summer temperatures are disproportionately greater for several reasons. Firstly, several factors make urban areas are warmer. Artificial surfaces are prevalent; these tend to warm up more quickly and cool down more slowly [6,7]. Compact urban form also limits the sky view factor, trapping heat by reducing heat loss via advection [8]. Urban areas also have increased sources of heat from homes, industry, and transport [9]. Combined, these factors lead to urban areas having a higher mean temperature than surrounding rural areas, termed the urban heat island (UHI; [10]). During heatwave events, high temperatures can be exacerbated by the UHI, particularly when heat can accumulate over several days and nights [11]. Secondly, by their inherent design, urban areas are concentrations of people and infrastructure; thereby, there are more people and more infrastructure to be impacted [12,13]. Moreover, urban areas often host critical infrastructure, such as transport hubs, and, consequently, any impacts can propagate into the rural hinterlands and beyond [14,15]. Lastly, urban areas often have high concentrations of vulnerable communities who are also more likely to be living in high-rise or poor-quality housing that is more vulnerable to overheating [16,17,18], with lower access to quality green space or natural shading to cool down [19,20,21].



To reduce the heat vulnerability in our urban areas, built-environment practitioners must consider high temperatures and future warmer summers within operational (i.e., approving new developments and retrofits) and strategic (i.e., the long-term vision for city development) planning. Given the strong link with environmental justice [22], addressing urban overheating risk is a fundamental part of addressing urban inequalities in line with the levelling-up agenda within the UK and globally. Climate adaptation is a priority risk area with the UK [23] and is mandated within Clause 154 of the National Planning Policy Framework that outlines what the English planning system should deliver [24]. However, there is no nationally or globally accepted approach to assessing urban heat vulnerability. Moreover, there is often a disconnect between academic approaches to measuring heat vulnerability and those that can be used by local authorities. Academic approaches for measuring urban heat islands or heat vulnerability often use complex computational fluid dynamics (CFD) modeling (e.g., [25]) or commercial models (e.g., ENVI-met; see [26] for a systematic review); see [27] for a review on modeling studies focused on UHI and green infrastructure. These often require licensing agreements or datasets (e.g., satellite data) that are unfamiliar or unknown or only available at cost to non-academic built-environment practitioners. Academic methods may also require programming expertise or significant computing facilities. In contrast, most local authorities do not have the technical expertise, computing facilities, data access, or software licenses to use satellite data or undertake high-resolution urban climate modeling or the time or training to interpret the outcomes [28]. They are unlikely to have extensive urban temperature-monitoring networks [29]. Although toolkits originating from academic research are a useful resource, these are rarely updated or maintained once the project and its short-term funding ceases (e.g., BUCCANEER; [30]). Crucially, even when the heat vulnerability of an urban area is mapped, if heat vulnerability or climate adaptation is not embedded within local authority decision-making processes, then there is little means for this information to influence any built-environment decisions.



The open access approach described here addresses this disconnect between academic methodologies to model heat vulnerability and decision-making processes undertaken at local authorities, using three key innovations:




	(1)

	
The approach is decision-centric (after [31]). It focuses on the objectives and values of the stakeholder and what can be done to address the problem. It contrasts with the science-first approach, which focuses on comprehensively modeling the problem, which is often time- and resource-intensive and can lead to inertia within decision making, as the focus is on the ability of the model, rather than on addressing the problem.




	(2)

	
The approach was co-created with multiple personnel in the local authority, including policymakers responsible for climate resilience, urban forestry, city planning, and design, and the technical experts who provide GIS data to support city decision making. Moreover, the local authorities hold and maintain the data layers, so that they can govern and access the datasets to support decision making, thereby ensuring the long-term sustainability of the approach within city decision making.




	(3)

	
The approach uses open access data and a geographic information system (GIS)-based approach that is commensurate with the technical skills, software, and resources available to local authorities. Using open access data ensures that the method is replicable and scalable beyond the case-study area. Using secondary data ensures that the responsibility for data quality and updating lies with the data provider (rather than resource-strapped local authorities). Except for Local Climate Zones (Section 2.2), the datasets are produced by official national institutes (Office for National Statistics, Met Office).









These key innovations have provided an approach that allows heat vulnerability to be incorporated into city design and statutory land-use planning processes for the first time. The approach is considered a Minimum Viable Product, meaning that it represents heat vulnerability sufficiently to support decision making, and it ensures that usage and feedback will allow for further development (note the contrast with a science-first approach, which would focus on creating a more comprehensive and robust model but require a substantially longer timeframe). Incorporating heat vulnerability into decision making as soon as possible is imperative. In the next decade, 80,000 homes will be built in Birmingham [32] the collaborative approach developed here means that heat vulnerability is now being considered within current and future developments. Furthermore, the approach is replicable for any village, town, or city within England and is easily adapted for the devolved nations of Wales, Scotland, or Northern Ireland, who have marginally different datasets, as planning is devolved within the UK (e.g., Scotland has the Scottish Index of Multiple Deprivation [33], rather than Indices of Multiple Deprivation [34]. The GIS approach is also replicable globally, using locally appropriate datasets (e.g., country-level datasets for surface temperature, green space, and deprivation, combined with the global Local Climate Zones dataset).



The manuscript is organized as follows. In Section 2, we consider the key scientific and practical questions required to develop an open access approach for embedding heat vulnerability within decision making: What factors make an urban area vulnerable to heat? What datasets can be used to quantify heat vulnerability? How can we use GIS to map heat vulnerability? In Section 3, we describe the case study area (Birmingham; Figure 1) and then present the application of the approach in Section 4. In Section 5, we discuss the suitability of the datasets and the decision-centric approach, considering the following questions: Do the datasets indicate heat vulnerability and support decision making? Does the approach support local decision making? What are the future opportunities and current limitations of this approach? Section 6 concludes the paper and provides a forward look.




2. Developing an Open Access Approach


2.1. What Makes an Urban Area Vulnerable to Heat?


Heat vulnerability is intrinsically linked to urban design and varies in space and time (Table 1). On the urban to neighbourhood scale, the highest urban temperatures are generally associated with a dense urban form and impervious surfaces [35,36], a low sky-view factor [37,38], and less green space [39,40]. On the street and building scale, the individual characteristics of buildings and their construction predominate. Tall buildings can lead to localized shading and the development of localized urban cool islands [41,42], and the size, orientation, and construction of buildings influence the shade they provide, the local air flow, and their albedo [43]. Trees can provide localized shade [44], thus reducing the cooling demand [45] and improving thermal comfort [46]. Anthropogenic emissions from buildings or transportation also add heat; in the UK, this is generally small in scale, very localized, and most significant during winter months, when the heat from the sun is low [47]. Building function and occupancy patterns are also crucial; the UHI intensity (i.e., the difference between urban areas and rural areas) is typically greatest at night and, therefore, most relevant where buildings are occupied at night, such as residential homes or care settings. Higher relative humidity is also associated with increased mortality and morbidity [48]. Overheating risk is also intrinsically linked to environmental justice [22]. The hottest urban neighborhoods are often those with high levels of multiple deprivation, where communities can have fewer options to cool down, such as opening windows or using mechanical cooling; have less access to public green space; and have generally poorer-quality living conditions, such as poor air quality, which exacerbates the impact of heat [16,19,40,49].



This study considered the heat vulnerability of an area and/or development to support the local authority’s planning decisions on the suitability of sites for development to inform the site-allocation process and development of planning policy framework. It did not consider the overheating risk of a particular dwelling, which, in addition to external temperature (the focus of this study) is linked to building size, orientation, solar gain, amount of insulation, provision of ventilation and shading, and occupancy behavior [50,51,52]. Internal overheating risk assessments suitable for use by local authorities and other stakeholders include TM52 The limits of thermal comfort: avoiding overheating in European buildings [53] and TM59 Design methodology for the assessment of overheating risk in homes [54], developed by CIBSE (Chartered Institution of Building Services Engineers); and the Good Homes Alliance toolkit [55].





 





Table 1. Factors influencing the heat vulnerability of an urban area. UHI = urban heat island. Modified from [56].
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	Factor
	Effect
	Representation in Heat Vulnerability Map





	Meteorology
	UHI is greatest in dry, still (anticyclonic) conditions with limited wind to mix and disperse heat.
	Included as a seasonal average for surface temperature from the HadUK-Grid (Figure 2a).



	Time of day
	UHI is often greater at night, as densely urbanized (compact) areas retain heat and cool more slowly.
	Included in decision-making flowchart.



	Climate change
	Hot days are increasing in frequency and temperature. Trend toward drier summers (especially SE England), thus increasing drought risk. Drier weather reduces cooling by evapotranspiration.
	Not included. Could be included using UKCP18 projections available from UKCP18.



	Landscape
	Topography influences wind strength and direction, influencing dispersion of heat; urban areas in valleys or at the base of the slope may have reduced air circulation and heat dispersion. Coastal areas have onshore/offshore winds.
	Not explicitly included. Implicitly included via surface-temperature layer (Figure 2a) and Local Climate Zones (Figure 2b and Figure 3a).



	Urban form
	The 3D form of the street and neighborhood, including the street width and building height, determines air flow, sky view factor, and how an area can lose heat.
	Included via UK Climate Zones (Figure 2b and Figure 3a).



	Building function
	Building function and occupancy pattern (e.g., residential versus commercial) infer overheating risk. Care homes, schools, and hospitals have vulnerable populations at risk of overheating.
	Included in decision-making flowchart (Section 4.4).



	Materials and ventilation
	Material type and color determines albedo and heat storage. A high proportion of glazing can cause excessive heat storage, and inadequate ventilation can prevent heat dispersion and cooling. Of greater importance on the building scale rather than the urban scale.
	Neighborhood-scale albedo is implied via Local Climate Zones (Figure 2b and Figure 3a).



	Emissions
	Waste heat from transport, industrial/residential heating/cooling and people adds warmth to urban areas.
	Not explicitly included. Partially implied via Local Climate Zone, as emissions are linked to urban density and anthropogenic land use (Figure 3a,b).



	Blue and green infrastructure
	Blue/green infrastructure provides cooling via high albedo, shade, evapotranspiration, and sky view, on a range of scales from local (green roof) to neighborhood (park) and citywide (via strategic design of green infrastructure). Water is essential for cooling via evapotranspiration and can create urban cool islands during the day.
	Green infrastructure included via OS MasterMap Greenspace Layer (Figure 2c). Larger areas of green and blue infrastructure are included via Local Climate Zones (Figure 2a and Figure 3a). Urban greening is also considered within the urban green factor in the flowchart (Section 4.4).



	Population vulnerability
	Communities living in low-income areas are more likely to reside in housing that is more likely to overheat and/or have pre-existing health conditions that increase vulnerability to overheating.
	Included via IMD (Figure 2d).









2.2. Creating a Decision-Centric Approach for Assessing Heat Vulnerability


This decision-centric approach establishes heat vulnerability within an urban area by using datasets that encompass the key factors that lead to heat vulnerability (Table 1) but without overcomplication. Increased complexity does not always lead to increased understanding, and every additional layer adds to the resources required for data management and stewardship by the local authority, as well as adding additional uncertainty and error, and consequently leading to inertia in decision making [31]. For widespread take-up by local authorities, the approach should be replicable and scalable to allow for comparisons, and the underpinning data must be maintained and updated regularly to ensure quality. It must also be at a resolution suitable for development-level decision making within urban areas. Table 2 evaluates those datasets that could be used against these criteria. We prioritized those datasets that were open access. We propose four datasets that, when combined, can characterize urban heat vulnerability within this decision-centric approach.





 





Table 2. Datasets that could be used to determine heat vulnerability. Satellite datasets were excluded from this table for their relatively coarse spatial resolution as compared to the size of Birmingham. For urban areas without ground-based observations, satellite data could provide land-surface temperatures or a measure of greenness from NDVI (Normalized Difference Vegetation Index).
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Factor

	
Dataset

	
Source

	
Open Access

	
Format

	
Extent

	
Quality Assured

	
Comments






	
Meteorology/Climate

	
Surface temperature

	
HADUK Grid

[57]

	
Y

	
1 km raster

	
UK

	
Y

	
Resolution coarse but should reflect average summer climate. UHI not explicitly included.




	
Birmingham Urban Observatory

[29]

	
Via University of Birmingham

	
Vector-point sensors

spacing ~3 km

	
B’ham 2013/14 only

	
Y

[29]

	
Data 2013/14 only; UHI can be calculated. Using this dataset limits approach to Birmingham only.




	
Urban Form

	
Local Climate Zones

	
WUDAPT

[58]

	
Y

	
100 m raster

	
Global, but not complete

	
Y [59]

	
A category for blue and green infrastructure is also present.




	
OS MasterMap Topography Layer

	
Ordnance Survey [60]

	
Free for public service and education

	
Vector polygons

	
Great Britain

	
Y (by Ordnance Survey)

	
Includes building heights and attributes to make 3D visualizations.




	
Building Heights

	
EMU analytics

[61]

	
Noncommercial product

	
Vector

	
Great Britain

	
Unclear

	
Building outlines, heights, roof slope, and aspects.




	
Blue and Green Infrastructure

	
OS MasterMap Greenspace Layer

	
Ordnance Survey [62]

	
Free for public service and education

	
Vector polygons

	
Great Britain

	
Y (by Ordnance Survey)

	
Most detailed set of public and private green spaces and sports facilities. Urban areas only.




	
OS Open Greenspace

	
Ordnance Survey [63]

	
Y

	
Vector-polygons

	
Great Britain

	
Y (by Ordnance Survey)

	
Public parks, playing fields, sports facilities, play areas, and allotments. Urban and rural areas.




	
Tree Canopy

	
Environment Agency VOM [64]

	
Y

	
1m raster

	
England

	
No manual QC and editing of the output, except visual checks

	
Lidar product for all vegetation greater than 2.5 m.




	
Tree Canopy

	
National Tree map

Blue Sky [65]

	
Non-commercial product

	
Vector points and polygons

	
Great Britain

	
unclear

	
Canopy information for every tree greater than 3 m in height. Dataset that underpins tree-canopy information in [66].




	
IMD

	
MHCLG [34]

	
Y

	
CSV table for LSOA

	
England

	
By Office of National Statistics

	
Government calculated local measures of deprivation.
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Figure 2. The four layers used to compile the heat vulnerability map, each scaled 0–1. From top left in clockwise direction: (a) Mean Tmax for summer months (June, July, and August) between 1981 and 2000 [57]. (b) Local Climate Zones from [58] scaled using the values provided in Table 3. (c) Green space deficit [62] and (d) Indices of Multiple Deprivation (IMD) [34]. The location of Birmingham within the UK is shown in Figure 1. 
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Figure 3. (a) Local Climate Zones in Birmingham. Data provided by WUDAPT [58] and (b) visual satellite imagery (source provided on map). Major “A” roads are shown on the map. The Central Business District is located within the inner ring road shown in the center of the map. 
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Table 3. Overheating-risk value for Local Climate Zones [67].
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	LCZ Category
	LCZ Description
	LCZs’ Overheating-Risk Value





	1
	Compact high-rise
	1.0



	2
	Compact mid-rise
	1.0



	3
	Compact low-rise
	0.9



	4
	Open high-rise
	0.8



	5
	Open mid-rise
	0.7



	6
	Open low-rise
	0.4



	7
	Lightweight low-rise
	0.5



	8
	Large low-rise
	0.6



	9
	Sparsely built
	0.1



	10
	LCZ 10: Heavy industry
	1.0



	11
	LCZ A: Dense trees
	0.1



	12
	LCZ B: Scattered trees
	0.1



	13
	LCZ C: Bush, scrub
	0.1



	14
	LCZ D: Low plants
	0.1



	15
	LCZ E: Bare rock or paved
	0.1



	16
	LCZ F: Bare soil or sand
	0.1



	17
	LCZ G: Water
	0.1








Surface temperature varies across urban areas, especially large metropolises with varying topography and landcover. Options (Table 2) ground observations, or modeled output. The highest resolution open access dataset for the UK is the HadUK-Grid [57]. We selected the maximum daily temperature (Tmax) for 1981–2000, for summer (June, July, and August) to characterize the land-surface temperature. The HadUK-Grid was selected in preference to Birmingham Urban Observatory because it is national (and therefore other urban areas can replicate the approach) and has a greater temporal duration.



Local Climate Zones (LCZs): Surface-temperature observations capture the broadest temperature variability, and LCZs provide a more localized understanding of neighborhood-scale temperature via the consideration of the urban form [67]. LCZs classify the urban surface into 17 categories based on surface structure (e.g., building height and density) and surface type (impervious versus pervious). Ten of the categories describe the built environment, and seven describe the natural environment. These are available for urban areas globally, at a 100 m resolution [58,59]. LCZs were selected in preference to OS MasterMap Topography and Building Heights for their climatological origin; the LCZs classify the urban form into areas that are likely to have greater or lesser UHI magnitude and therefore are a suitable proxy for the microclimate effects that are not incorporated into surface temperature maps.



Green Space is generally associated with cooler temperatures, especially at night-time, when radiative heat loss is greater and cool wells of air can provide localized cooling. Green space can, where there is appropriate shade and access, provide daytime cooling for urban residents. The OS MasterMap Greenspace layer includes accessible and non-accessible green space in urban areas and is free to access for public service and educational usage [62]. This was selected in preference to the OS Open Greenspace layer because it includes private green spaces and, therefore, more comprehensively reflects the cooling associated with green space.



Endemic population vulnerability can be quantified using the Indices of Multiple Deprivation (IMD; [34]). The IMD are the official measure of deprivation in England and combine datasets on income (22.5%), employment (22.5%), health deprivation and disability (13.5%), education, skills training (13.5%), crime (9.3%), barriers to housing and services (9.3%), and the living environment (9.3%); the weighting of each characteristic in the final score is given in parentheses [34]. The dataset is open access and provided at Lower Super Output Area (LSOA), which has an average population of 1500 and is relative, with areas ranked from least to most deprived. Within the IMD, the living-environment dataset is composed of indoor factors (quality of housing) and outdoor factors (air quality and road traffic accidents) and, thus, is not double counted with other environmental datasets used in this study. The IMD are the standard measure of inequalities within England and are used for a variety of purposes within local authorities.



When combined, these four layers incorporate most of the factors driving heat vulnerability (Table 1).




2.3. Developing the GIS Approach


Geographical Information Systems (GIS) allow for the rapid analysis and manipulation of spatial sets. They are commonly used within local authorities to manage environmental and infrastructure datasets who therefore have the in-house resources and infrastructure (e.g., licensing and existing access to datasets) to manage a decision-support tool utilizing this approach. GIS can be used to process, scale, and add the four datasets (Section 2.2) to create a heat vulnerability layer.



Within GIS, the raster calculator function can be used to add the different layers to create a heat vulnerability layer. Initially, each data layer must be preprocessed to a raster format, with the same projection and resolution, and it must be scaled between 0 and 1 to enable addition. A resolution of 100 m was selected as a balance between the local scale required for development-level decision making and the original resolution of the input datasets. Particularly, the Local Climate Zone (at 100 m resolution) dataset is categorized and, therefore, cannot be subsampled without merging categories. A fishnet, i.e., a feature class of square cells of 100 m, using the British National Grid (BNG) coordinate system, was used as a template for conversion (Create fishnet). Each specific layer is defined as follows:



Surface temperature [57]: This gridded dataset has a resolution of 1000 m, using the BNG coordinate system. It is too coarse for development-scale decision making. Accordingly, this was resampled to 100 m (Resample) and then rescaled between 0 and 1 (Rescale by function), where 1 represents the highest temperature on the grid (20.8 °C), and 0 represents the lowest (19.9 °C). This was the only layer that was subsampled, and the validity of this resultant layer is discussed in Section 4.1.



Local Climate Zone (LCZ; [58]): This gridded dataset is available at a 100 m resolution, using European Terrestrial Reference System 1989. The data were reprojected to the British National Grid and resampled using the “nearest neighbor” interpolation to the fishnet template (Resample). As LCZ uses a discrete classification system, a value between 0 and 1 was allocated to the different land-cover surfaces within the study area (Table 3).



Green space deficit [34]: This vector layer uses the British National Grid coordinate system. The Intersect and Calculate Geometry functions within ArcGIS were used to determine the percentage of green space within each fishnet cell. These were rescaled (Rescale by function) between 0 and 1, where 0 represents 100% green space within the cell, and 1 represents 0% green space, and the layer was converted to a raster format (Polygon to Raster).



Indices of Multiple Deprivation (IMD; [34]): The IMD are available as a table for each LSOA. To convert, the majority decile value per 100 m × 100 m was allocated to each individual fishnet cell and then converted to raster (Polygon to Raster); then, the data were normalized between 0 and 1 (Rescale by Function).





3. Case Study Area—Birmingham, UK


Birmingham is the UK’s second biggest city, with a population of ~1.2 million, located within the broader West Midlands conurbation, with an approximate population of 5 million. Birmingham City Council (BCC) is a large local authority that is responsible for the governance of Birmingham. The city has undergone significant redevelopment in the last decade, particularly within the city center, and of former industrial areas. There is intense pressure for development to address the housing deficit (c 80,000 new homes before 2040; [32]), but the city is constrained geographically within a green belt.



In recent years, the BCC has placed an increasing focus on the importance of nature and green space within the city. In 2014, Birmingham became the UK’s first Biophilic City [68], signaling its commitment to put nature at the heart of the planning. Birmingham has been a Tree City of the World since 2020 [69] and is the only local authority in Europe to have an Urban Forest Master Plan [70] supported by a GIS-based decision-support tool [66]. Between 2018 and 2022, the Naturally Birmingham program reconsidered the way green space is managed within the city, raising its profile, so that the long-term management and care of urban green space is embedded within city strategies and ambitions [71]. Tree-planting improvements in neighborhood green spaces are considered an important means to address historic inequities in access to quality green space within the city [72]. In 2014, the BCC issued a climate adaptation plan when these were mandated by central government; however, there was no delivery framework or lines of governance to translate this into action. In 2019, following the School Strikes for the Climate, BCC declared a Climate Emergency, and commissioned a decarbonization strategy, and in 2021, it appointed an Assistant Director responsible for the Route to Net Zero. BCC is currently in the draft stages of its next development plan, which will guide how the city will develop in the future and provide policies to guide decisions on development proposals and planning applications up until the year 2042. Tools can therefore assist in decisions regarding the appropriate locations for development and site allocations within the emerging Local Plan, as well as on the different densities and function of developments (e.g., commercial, residential, and industrial) and open space provision.



Birmingham hosted an urban meteorological network between 2012 and 2014 [73], and the city has been a focus for urban climate research [74], using remote sensing (e.g., [75,76]), modeling (e.g., [11,18,77], and land-based observations [78] or mixed methods [79,80]. Although, some of this work has been undertaken in collaboration with BCC, there has been a disconnect between academic research and local authority decision making, and to date, previous research outputs have not been embedded within city design and planning policies.



This project builds on earlier research, within the context of the BCC’s spheres of decision making. We have worked with the city’s design and planning team to raise awareness of heat vulnerability within the city, within the broader area of climate risk. We have championed for climate change to be included in the Strategic (Corporate) Risk Register, and in 2021, SR6.3, outlining a climate resilient and adapted council and city, was added, with a specific risk description: failure to assess and prepare the council for risks posed by climate change and city-wide resilience and adaptation measures. As such, climate risk and adaptation (including heat vulnerability) must be considered against all future developments. This heat vulnerability map, which is part of the forthcoming climate risk and vulnerability assessment, forms the underpinning evidence base to support decision making and will feed into the next Birmingham Development Plan. We have worked with the GIS team to ensure that they will adopt these datasets and embed the maintenance and updating of datasets within their operations. Moreover, given the importance of green space for climate resilience, this project is aligned with the Urban Forest Master Plan in terms of its approach, by using compatible and shared GIS layers, and in regard to its vision, via close collaboration and the shared understanding of mutual agendas.




4. Results


4.1. Individual Data Layers of the Heat Vulnerability Map


Figure 2a–d show the individual data layers used to compile the heat vulnerability map rescaled between 0 and 1. Surface temperatures (Figure 2a) range between 19.9 °C and 20.8 °C, with cooler mean temperatures in the southwest of Birmingham and warmer mean temperatures toward the northern and eastern areas. The HadUK Grid (Met Office 2018) does not explicitly include any effects of the UHI; however, this southwest spatial gradient is consistent with previous studies that have measured surface temperatures across Birmingham by using an urban meteorological network that was operational in 2013 (see Figure 3; [75]).



Figure 2b shows the LCZ and, by proxy, those areas where we expect the UHI to have the greatest intensity. The areas with the highest values are observed in Central Birmingham, where compact mid-rise (OHR = 1.0), large low-rise (OHR = 0.6), and open mid-rise (OHR = 0.7) predominate (Figure 3a,b). These land-cover types are associated with a higher UHI magnitude (Section 2.1). A comparison with the previous studies that have measured the UHI by using remote sensing indicates that the Birmingham city center has the highest surface UHI magnitude (see Figure 4; [75]), thereby giving us confidence that the LCZ provides a proxy for the magnitude and location of the UHI. The city center includes a mix of light industry and commercial and residential properties. There are also higher values associated with the neighborhoods of Saltley and Sparkbrook, driven by the LCZ of compact low-rise (OHR = 0.9). Although these neighborhoods have more compact development, neighborhoods with similar forms are classified as open-low rise (OHR = 0.4). This is discussed in Section 5.1.



The green space deficit layer (Figure 2c) clearly identifies Sutton Park, located within the north of Birmingham, and that a central band of the city has less green space than regions to the southwest and north. In terms of deprivation, on a national scale, the IMD show that 43% of Birmingham lives within the 10% most deprived areas in England [81], and this remained unchanged from 2015 to 2019. Figure 2d shows the IMD across Birmingham, relative to the IMD’ rankings within the city. There are distinct areas of lower and higher deprivation: the northern most Birmingham has low IMD scores; the central swathe of the city has medium and high IMD scores; there is more variability in the southwest of the city.




4.2. Heat Vulnerability Map


Figure 4a shows the heat vulnerability map for Birmingham, which was created by compiling the four data layers described in Section 4.1. The heat vulnerability score (i.e., the value of each individual pixel) ranges from 0.6 to 3.8, with a mean of 2.6 and a standard deviation (SD) of 0.6. The standard deviation and mean were used to classify the variability in heat vulnerability across the city into five categories (Table 4). The road network shows the location of the city center; the inner-ring road is located at the center of the map, truncated by the A38, a key trunk road aligned approximately southwest–northeast. Figure 4b provides the heat vulnerability by Lower Super Output Areas (LSOA); these are geographic areas with an average population of approximately 1500 residents, or 650 households, commonly used to underpin local authority’s decision making. Heat vulnerability varies across this city; the lowest vulnerability is located to the north and the southwest, and the highest vulnerability in the middle region, extending eastward. Indeed, the highest vulnerability to heat is not located in the city center but toward its north and east, extending along the trunk roads that lead northeast from the city. Here, surface temperatures are slightly higher (Figure 2a), and there are multiple neighborhoods with higher levels of socioeconomic deprivation (as measured by the IMD; Figure 2d) and areas of large low-rise industry and commerce (Figure 3a,b). Green space acts to reduce heat vulnerability on a more localized scale; the greenways associated with the Rivers Tame and Cole are highlighted by the map, as are large areas of green space, such as Sutton Park, Woodgate Valley, or greener neighborhoods such as leafy Edgbaston (Figure 2c and Figure 4a).




4.3. Testing at the Local Scale


To examine the drivers of heat vulnerability on a local scale and understand the variation across the city, the highest scoring LSOA from each decile was examined in detail (Figure 4b). Figure 5 describes how the input layers contribute to the heat vulnerability in each of the selected LSOAs, and Figure 6 quantifies the variability within each LSOA and across the city. There were several findings.



Firstly, the three lowest-decile LSOAs (1–3) are in the southwest of the city, where the surface temperature is low, the green space deficit is lower, and the IMD is lower. The five highest-decile LSOAs have an IMD of one; the top three decile LSOAs have a green space deficit score of one. Two of the LSOAs studied are geographically close (5,7); here, differences in the heat vulnerability score are driven by LCZ classification. As much of Birmingham is classified as LCZ open low-rise (Figure 2c), the variation in heat vulnerability is driven by surface temperature (with the coolest surface temperature being in the SW), IMD, and local access to green space.



Secondly, within individual LSOAs, variations in the interquartile range and range, and outlier values were driven by local changes in the green space deficit which were sometimes linked to changes in the LCZ (e.g., classification of tree or low plants). This is intuitive; green space should have lower heat vulnerability because of the cooling properties of vegetation, and also by its nature; people do not reside in parkland.



Thirdly, although the LCZ open low-rise is predominant across all LSOAs (excluding the seventh, ninth, and tenth decile LSOAs), the number of trees, the size of their canopies, and the number and size of gardens within this LCZ differs. For example, LSOA 3 has fewer trees and gardens than other areas classified as open low-rise and is a little more compact. This will change the heat vulnerability, but this is not reflected in the LCZ scoring.



Lastly, testing at the local scale highlighted occasional misclassification errors. In LSOA decile 3, a cell is classified as green space, but visual inspection indicates this to be a school sports court with green surfacing. In LSOA decile 6 and 7, there are green areas which are present on the visual inspection and on the green space layer that are incorrectly classified as open low-rise on the LCZ map (Figure 3).




4.4. End-User Application and Ongoing Work


Once the heat vulnerability of an area has been assessed (Figure 4), the local authority or other stakeholder (e.g., business or infrastructure owners and operators) requires a means to incorporate this information within the decision-making processes. This work was undertaken in collaboration with the city design team at Birmingham City Council, and Figure 7 shows a conceptual flowchart that allows the heat vulnerability map to support decision making for prospective development areas, and not to prevent development from taking place in vulnerable areas, to ensure that any development that does take place is heat sensitive. The flowchart also enables the function of the development to be considered within the context of climate vulnerability; overheating risk is most significant in residential accommodation.



The flowchart uses the Urban Greening Factor (UGF), a tool developed by the Greater London Authority (GLA) to evaluate the quality and quantity of urban greening on development plans, ultimately to integrate and mandate greening into the design process [82]. The UGF is calculated by multiplying a value for urban greening on the development (e.g., semi-natural vegetation = 1, trees in pits = 6, and amenity grassland = 0.4; see GLA guidance for full descriptors) by the surface area of the particular covering, as a ratio of the total site area. Within the GLA, Local Plans can specify a UGF; the recommendation is 0.3 for commercial developments or 0.4 for residential developments. The UGF is currently being trialed in Birmingham, and the values proposed in the conceptual framework are for discussion and testing on prospective development sites as this program of co-created work progresses.



Where development is deemed to contribute to heat vulnerability or take place within a heat vulnerable area, there is a requirement to incorporate specific heat-mitigation measures. These may include green infrastructure to cool via shading or evapotranspiration (for a review, [83]); a more open urban form that allows ventilation and heat loss via advection (e.g., [84]); cool pavements, which reflect radiation and store less heat (for a review, see [85]); or architectural design that reduces heat gain and promotes ventilation (see chapters within [86]). Measuring the extent to which any or all heat mitigation measures can reduce heat vulnerability on a development could be evaluated by high-resolution built environment models such as ENVI-met [87], with the cost borne by their developer. The approach outlined here can be used to understand changes on the scale of the approach, e.g., changes to the LCZ or green space significant at 100 m resolution. This is the focus of ongoing action research with the local authority.





5. Discussion


This project worked in collaboration with a large metropolitan local authority to develop a decision-centric approach to understanding heat vulnerability. Here, we consider the suitability of our approach, both in terms of the data selected (Section 5.1) and our decision-centric approach, against the principles for action research for adaptation in practice [88] (Section 5.2). Future opportunities and ongoing development of the approach are described in Section 5.3.



5.1. Do the Datasets Indicate Heat Vulnerability within an Urban Area to Support Decision Making?


There are several reasons to be confident that this MVP approach indicates heat vulnerability with sufficient accuracy to support local authority decision making. Each of the four datasets that combine to create the heat vulnerability maps was independently validated via an academic peer review [57,58,59] or government data services (Ordnance Survey [34,62]). Together and/or used in combination with an appropriate end-user flowchart (Figure 7), these four datasets represent the main socioeconomic factors that contribute to the heat vulnerability of an area (Section 2.1 and Table 1). Climate change is not currently included within the approach but could be (see Section 5.3). Map Algebra is an established approach to combining GIS layers.



Furthermore, previous academic research locates the daytime and nighttime UHI over the central swathe of Birmingham for different weather conditions (e.g., [75], where this approach calculates high levels and the highest levels of heat vulnerability. An Environmental Justice Map (EJM; [72]) produced by the Birmingham City Council highlights that those areas that are least equal in terms of environmental justice are co-located with those of highest heat vulnerability. The EJM is composed of five layers, including environmental data (access to green space, flood risk, and modeled UHI) and socioeconomic data (IMD and health inequalities through Excess Years of Life Lost); note that the IMD is common to both approaches. Although both the UHI map [75] and the EJM [72] map have different variables, they provide reassurance that the approach outlined here, using different and open access datasets, can identify heat-vulnerable areas with sufficient accuracy to support decision making. As such, it is reasonable to suggest that the approach can be provided in other urban areas.



Lastly, testing on the local scale (Section 4.3) showed that satellite data combined with contextual information (e.g., location within Birmingham, nearest green space) were consistent with the derived heat vulnerability. There were some minor issues with classification, but these isolated errors do not fundamentally change the heat vulnerability classification of an area and can be corrected if needed when working at the local scale as part of the assessment of development suitability.




5.2. Does the Heat Vulnerability Map Support Local Decision Making?


The Action Research for Adaptation in Practice principles [88] provide a useful framework to evaluate whether the heat vulnerability map supports local decision making, both now and in the future. The ARA principles state that action research should be driven by user needs, impact-focused and measurable, co-produced with local knowledge holders, equitable in practice, evolving and flexible, and sustainable over time. Specifically:



Driven by User Needs: This is a practical and realistic solution to improve heat resilience. The approach uses datasets that are open access; the GIS approach can be replicated using the resources which are available to other local authorities or other stakeholders; and the approach is MVP to start influencing decisions now and avoid inertia in decision making that is often associated with uncertainty or model refinement. As the approach is used, feedback can inform model development.



Impact-focused and measurable: Outcomes must be measured according to needs and challenges. For example, early feedback from the city design team was that measuring heat vulnerability could not be a barrier to development taking place. Accordingly, the decision flowchart (Figure 7) uses the heat vulnerability score to ensure that any development that does take place is heat-sensitive. Further testing with the local authority will ensure that needed outcomes are achieved; it may be possible to create metrics to measure adaptation moving forward if there is a benefit for the local authority in doing this.



Co-produced with knowledge holders: This was co-created with the Birmingham City Council, and the interdisciplinary team has extensive experience in local authority planning and climate resilience. Birmingham was selected as a test area for the approach on account of the existing knowledge on urban climatology, environmental justice, green infrastructure, and climate resilience (Section 2.2).



Equitable in practice: The IMD is used as a measure of vulnerability; to make this more equitable in practice, local communities can be involved in design decisions when the MVP is tested on the development scale.



Evolving and flexible: The MVP approach will be tested with the city design team, and improvements can be made as datasets evolve (as the city GIS team holds the data layers) and usage improves our understanding of how the approach can support decision making.



Sustainable over time: The GIS approach was developed in collaboration with the city GIS team, so the knowledge is retained in-house (rather within the fixed-term research project).




5.3. Ongoing Development of MVP Approach and Limitations


This is an MVP approach, and there are multiple opportunities to develop and refine this approach by increasing the spatial resolution of some layers (e.g., surface temperature), by adding additional information (e.g., tree canopy data that provide a localized cooling effect in some locations or cooling via evapotranspiration), or by testing whether the alternative datasets listed in Table 2 provide a consistent or different resultant map. It would be interesting to see whether increased detail provides increased support for decision making; it may well be that this simple approach provides a sufficient evidence base to allow for heat vulnerability to be incorporated into decisions.



Additionally, all layers within the MVP are weighted equally, and further testing or applications could evaluate whether this is the most suitable approach. Using weighting can introduce subjectivity into the approach because assessing vulnerability is complex and varies according to household (and indeed within household) scales [89]. Quantifying those factors that have the greatest influence on vulnerability is challenging, given that the factors are often interlinked (e.g., socioeconomic status is associated with lower levels of green space) and require datasets with high spatial resolution, which are not generally available due to privacy and ethical concerns. Accordingly, several studies choose not to use weighting systems (e.g., [90,91,92]). A weighting system for the MVP could be developed through stakeholder analysis [93], expert opinion [94,95], or regression [96,97].



It would also be possible to consider how heat vulnerability changes through time by using the climate-change projections available from UKCP18 [98]. Projected temperature anomalies for different Representative Concentration Pathways (RCPs) could be added as a dataset, scaled 0–1, and then combined with the original four layers to understand how heat vulnerability changes for different time periods. These are currently only available at 25 km resolution, and, as such, there will be little variability across the urban area, and changes are likely to be linear. This is beyond the scope of this work but could be useful considering the heat vulnerability of different development scenarios though time. Most important, the map must be tested in practice, and current work is applying this approach and the flowchart for two development areas located in the high and highest risk areas.



As time progresses, it would also be possible to consider how changes instigated by the approach described here have acted to reduce heat vulnerability. Given the timeframes of the local authority decision making and building and development, this is something that could be considered at least five or more years into the future.



Concerning specific datasets, LCZ uses a discrete classification system based on scientific reasoning (Table 3). This is subjective, however, except for the city center; much of the city is classified as open low-rise, and, as such, changes to the classification system have a limited effect. IMD and green space datasets are bigger drivers in local-scale differences, and future studies applying this approach at the regional level (e.g., across the West Midlands Combined Authority) would allow for greater validation and understanding of the suitability of the approach. The surface temperature is at a 1 km resolution, and, as such, improvements in the resolution of this dataset could provide increased detail on surface temperature variations.



Currently, function (e.g., commercial versus residential) is only included via the decision-support flowchart (Figure 7). Function could be added to the map as a layer, with different vulnerabilities related to function being scored 0–1. Indeed, this could be a means to incorporate vulnerable locations such as hospitals, schools, or care homes. Moreover, a key assumption underpins the flowchart, namely that there is a relationship between urban greening and heat resilience and that having a predefined amount of urban greening (e.g., 0.6) will reduce heat vulnerability. Intuitively, we know this to be correct; for example, trees provide shade on hot days. This is also supported by the academic literature: cooling by trees via evapotranspiration and shading is documented in a range of settings and urban areas [99]. Lastly, using the approach outlined here (Section 3), having or increasing substantive green space on the development will change the Local Climate Zone and/or Green Space Value, thereby changing the heat vulnerability score.





6. Summary and Forward Look


This article presents an approach to use open access datasets to create a repeatable and robust approach to identify areas of lesser and greater heat vulnerability. The approach was tested in Birmingham, where there is a strong understanding of the urban climate derived via academic research [11,18,75,76,77,78], and local authority derived knowledge on environmental justice and green infrastructure [66,72]. Each dataset was independently validated, and combining the datasets aligns with our understanding of areas where the greatest heat risk and greatest vulnerability are expected.



This is an MVP approach, with opportunities for development via improvements in dataset resolution, incorporating additional datasets or changes to weighting of individual layers. Model validation in the traditional sense is not possible, for there are no ground-level observations of heat vulnerability, nor can we wait for decades to see which areas of Birmingham are most impacted by heat. Any time spent finessing the approach prior to use leads to more city design and planning decisions that do not consider heat vulnerability, potentially leading to maladaptation and/or lock-in (where decisions prohibit or reduce the feasibility/success of future adaptation). The aim of this action research was to incorporate overheating vulnerability into city planning and design decisions, for the first time, for the long-term, as simply as possible. The inclusion of climate risk within the risk register means that climate risk must be considered within decisions moving forward, and the approach outlined here provides the evidence base on which to make heat-sensitive decisions. It was important to use data sources that could be used by the local authority and other stakeholders and to develop an approach that could be applied in other urban areas in the UK, using the same datasets, and globally, using locally available datasets within the approach we described. Moreover, the research was designed and delivered in accordance with principles for action research for adaptation in practice [88]. It is driven by user needs, impact-focused and measurable, co-produced with local knowledge holders, equitable in practice, evolving and flexible, and sustainable over time.



To take this work forward, there are three areas of collaborative work with the local authority. Firstly, testing this at the development scale, using the decision-support flowchart (Figure 7), to understand how changes made to the local environment can change heat vulnerability. For the city design and planning team, it is important that an understanding of heat vulnerability does not prevent development in areas of high or highest risk; housing targets need to be met. Rather, it should provide an evidence base to ensure that any developments that do take place in the high or highest risk areas are undertaken in a heat-sensitive way, so that each development can be considered an opportunity to reduce vulnerability moving forward. Secondly, on a broader scale, this overheating risk is part of a larger mapping project to create a Climate Risk and Vulnerability Assessment map for the city and region that includes other climate risks, such as flooding, or exacerbating factors, such as poor air quality [100]. Lastly, overheating risk, as part of the broader understanding of climate risk, will be incorporated into the next Birmingham Development Plan ensuring that all future development is climate sensitive. Moreover, where constraints mean that development must take place in an area that is vulnerable to climate change, appropriate measures must be taken to reduce vulnerability. Ultimately, this approach enables the BCC to meet and achieve its wider aims and ambitions in mitigating and adapting to climate change through the provision of green and blue infrastructure.
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Figure 1. Location of Birmingham, UK. 
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Figure 4. Heat vulnerability presented as (a) a continuous surface, with classifications shown in Table 4; and (b) by Lower Super Output Area (LSOA). The inter- and intra-decile variabilities of the heat vulnerability for the 10 LSOAs shown on Figure 4b are given in Figure 5. 
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Figure 5. Box-and-whisker plots showing the inter- and intra-decile variability of the heat vulnerability (y-axis) for the 10 LSOAs shown on Figure 4b. On the plot, X denotes the mean value; the box indicates the interquartile range. 
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Figure 6. Local-scale testing of the heat vulnerability map at different decile scores. The heat vulnerability is compared with the surface imagery, and the factors that drive the score are discussed. 
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Figure 7. Flowchart to allow heat vulnerability to be incorporated into development-scale decision making. For LCZ types, see Table 3. 
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Table 4. Classification of heat vulnerability.
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	Class
	Heat Vulnerability (hv) Value





	Lowest
	0.6 ≤ hv < 1.9 (less than 1SD below mean)



	Low
	1.9 ≤ hv < 2.3 (between 0.5 and 1SD below mean)



	Medium
	2.3 ≤ hv < 2.9 (within 0.5SD)



	High
	2.9 ≤ hv < 3.2 (between 0.5 and 1SD above mean)



	Highest
	3.2 ≤ hv ≤ 3.8 (more that 1SD above mean)
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