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Rapid economic development and population growth has led to urban densification and massive land use changes, putting pressure on both ecosystems, and people. In this context, public health issues have become crucial for cities to address to ensure they remain livable and healthy for everyone. Since the health challenges of cities tend to manifest themselves differently among different population groups—e.g., groups of higher socioeconomic status tend to be correlated with better health than groups of low socioeconomic status—closing the health gap has become a priority for creating healthy cities for everyone. More greenness close to where people live and better accessibility to green areas has been shown to be useful for improving human health and for tackling health inequalities. This paper aims at developing a method for supporting urban planners and policymakers on where to geographically prioritize investments in green infrastructure to contribute to closing the health gap and promote community resilience through improving public health. Using the City of Stockholm as a pilot, we apply a GIS analysis to identify vulnerable population groups in relation to geotagged empirical human health- and socio-economic data. By then assessing vulnerable populations in relation to population numbers and accessibility to urban green areas, an Urban Green Opportunity Map (UGOM) was created, identifying focus areas where investment in green infrastructure will contribute most to closing the health gap and building community resilience.
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1 INTRODUCTION
The rapid economic development of the past decades combined with current and predicted population growth has led to the loss of green areas outside and inside urban areas due to city expansion and city compaction respectively, putting pressure on both ecosystems and people (Folke et al., 2011; Seto et al., 2011; Berghauser Pont et al., 2017; Gren et al., 2019; Colding et al., 2020). In this context, public health issues have become crucial for urban areas to address in order to ensure they remain livable and healthy for everyone, as e.g., reflected in several of the UN SDG goals, e.g., goal 3 “Good Health and Well-Being”, goal 10 “Reduced Inequalities”, and goal 11 “Sustainable Cities and Communities” (United Nations, Department of Economic and Social Affairs, Population Division, 2019). The health challenges of cities entails physical as well as mental health issues (Sundquist et al., 2004; Hidaka, 2012; Lee et al., 2012; Sallis et al., 2016). Also, they tend to manifest themselves differently among different socioeconomic groups in society. For example, groups with higher socioeconomic status tend to be correlated with better health than groups with lower socioeconomic status (Mackenbach and Bakker, 2003; Smith, 2007). Closing such health gaps is essential in creating healthy cities for everyone (Marmot, 2017) and is a priority of e.g., the Swedish government (Folkhälsomyndigheten, 2019). In this context, a growing body of literature has shown that more greenness close to where people live and better accessibility to green areas are useful for improving human health (Nowak et al., 2006; Stigsdotter et al., 2010; van den Berg et al., 2010; Villeneuve et al., 2012; Ward Thompson et al., 2012; Markevych et al., 2014). Furthermore, such urban green related health benefits have been shown to be effective in tackling health inequalities brought by socio-economic factors (Braubach et al., 2017) and have even been shown to have proportionally larger positive effects on populations from lower socioeconomic groups, which are generally considered at higher risk of poverty-related stress and associated health issues (Mitchell and Popham, 2008). Although we in this paper, due to the reasons stated above, are primarily concerned with tackling health inequalities from a socio-economic perspective, there are undoubtedly other valid perspectives in this context, such as immutable characteristics, e.g., gender and age (Ode Sang et al., 2016).
The issue of health has also been put forward as an essential parameter in the context of resilience, with the argument that good health contributes to overall resilience of a community (Morton and Lurie, 2013) e.g., in facing disturbances and disasters (Chandra et al., 2013). Resilience in the built environment has been presented as one of several domains contributing to the overall resilience of a community (Mcallister, 2016). Based on the notion that people and nature are interdependent systems (Folke et al., 2011) there is good reason to also view the urban green infrastructure as an integrated part of the built environment.
Hence, in this paper, we attempt to address the issue of promoting resilient and healthy cities for everyone by developing a method for supporting urban planners in identifying locations where investments in green infrastructure will make the most sense in closing the health gap in relation to socio-economic status and to also build community resilience through improved public health. The aim of the study is not to provide quantitative calculations on the return on investment, but to draw on the already established positive link between accessibility to urban green areas and human health benefits, particularly in relation to socio-economic status (Braubach et al., 2017). The City of Stockholm will here be used as a pilot study area.
More specifically, we will: 1) use geotagged empirical socio-economic- and health indicator data to create a Health Vulnerability Map (HVM), with the purpose of identifying locations with the most vulnerable populations; 2) create an urban green accessibility map (UGAM) by linking high resolution satellite imagery (orthophoto) to address points1 in the City of Stockholm, using network analysis; and 3) create an Urban Green Opportunity Map (UGOM) by combining spatial information on health vulnerability, green area accessibility and population density, in order to pinpoint locations where investment in the green infrastructure would make the most sense in the context of closing the health gap from a socio-economic perspective and building community resilience through improved public health. Finally, we will 4) discuss our results and the pros and cons of the method in relation to promoting resilient and healthy cities for everyone.
2 STUDY AREA—THE CITY OF STOCKHOLM
The City of Stockholm, located in the south eastern part of Sweden (Figure 1), is the economic and political center of Sweden (Dobers and Hallin, 2009). It occupies a total surface area of 215,92 km2 with a population of 962154, which is about 9.5% of Sweden’s population (Stockholm Stad, 2020). The population growth in Stockholm has been accompanied by many common features of urbanization in a globalizing context, including densification, privatization, displacements in the economy, and spatial segregation (Littke, 2015). Furthermore, Sweden is committed to building houses at an unprecedented rate and out of a total of 700000 homes to be built (Boverket, 2016) over 300000 are to be built in the Stockholm area alone until 2030 (Stockholm Anslagstavla Facebook LinkedIn Instagram Youtube Twitter, 2018; Stockholm County Council et al., 2018). Hence, while green areas still make up a large portion of the city’s surface, urban development trends have put pressure on these areas favoring quality over quantity and prioritizing densification over sprawl (Littke, 2015). Thus, Stockholm is getting increasingly expensive, and the share of green areas is gradually reduced, which may worsen spatial segregation and decrease access to green infrastructure among certain parts of the population. Understanding these trends is therefore a vital part in understanding the dynamics at play between health status and availability to urban green areas.
[image: Figure 1]FIGURE 1 | The City of Stockholm (Stockholm municipality). This figure contains data from Open Street Map.
3 MATERIALS AND METHODS
3.1 Constructing a Health Vulnerability Map
To geographically identify the location of vulnerable populations in a health context, a health vulnerability map (HVM) was constructed. This map is based on three health indicators, including one indirect socio-economic- and two direct health indicators.
The socio-economic indicator, based on income and level of education, is here used as an indirect indicator of health. Populations with lower socioeconomic status are generally being considered at higher risk of poverty-related stress and associated health issues (Mitchell and Popham, 2008). Two direct health indicators, “sick days per person” and “median age at first hospitalized heart attack” were also included. All three indicators were ranked on a scale from 1 to 3, with 3 being the most vulnerable (Table 1).
TABLE 1 | The three health indicators constituting the health vulnerability map (HVM), ranked from 1 to 3, with 3 representing the highest vulnerability.
[image: Table 1]The theoretically highest total rank in relation to health vulnerability in the HVM equals 9: “low income and education”, rank 3; >35 “sick days per person”, rank 3; and the “median age at first hospitalized heart attack” <74 years, rank 3. The least vulnerable locations, i.e., the theoretically lowest summarized rank equals 3: “high income and education”, rank 1; “sick days per person” <26, rank 1; and “median age at first hospitalized health attack” >79, rank 1.
The spatially specific health- and socio-economic data for these indicators was derived from two databases, which are compiled and managed on the directive of the Stockholm County Council (SLL): the ODB-database2 and the VAL-database3. The ODB-database contributes information on population- and socio-economic data, while the VAL- database contributes information on consumption of medical care, together with health statistics. The data is anonymized. According to the ODB-database, the city of Stockholm is divided into 419 so-called base areas (“basområden”). Population data4 is used to describe the distribution of people living in each base area (Figure 2).
[image: Figure 2]FIGURE 2 | Population in each of the 419 base areas in the City of Stockholm. Data derived from the ODB database.
To assess the populations in the 419 base areas in relation to the three included health indicators and also capture the disproportionately positive health effect of urban green area accessibility with regards to populations with low socio-economic status, the following classification was made:
1) base areas with the highest total rank, including a rank 3 in the “income and education” indicator (i.e., groups with low socio-economic status), were classified as “highly vulnerable incl. socio-econ”;
2) base areas with the highest total rank, irrespective of rank in the “income and education” indicator, were classified as “highly vulnerable excl. socio-econ”;
3) base areas with the next highest total rank, including a rank 3 in the “income and education” indicator, were classified as “vulnerable incl. socio-econ”;
4) base areas with the next highest total rank, irrespective of rank in the “income and education” indicator, were classified as “vulnerable excl. socio-econ”; finally, the remaining base areas were classified as “less vulnerable”.
By combining these classes with population data, the total number of people living in each class is calculated.
3.2 Constructing an Urban Green Accessibility Map
To assess the green area accessibility of people in the 419 base areas in the City of Stockholm, an urban green accessibility map (UGAM) was constructed. The construction of the accessibility map encompasses multiple steps (Figure 3), entailing the use of a high-resolution satellite image (orthophoto, containing near-IR-spectrum) to create a normalized difference vegetation index (NDVI) map, which, in turn, is linked to all address points using network analysis.
[image: Figure 3]FIGURE 3 | Steps towards constructing an urban green accessibility map (UGAM): (A) a high resolution orthophoto (containing IR-spectrum) was used for calculating a normalized difference vegetation index (NDVI); (B) 30 m × 30 m grid cells were created to vectorize the NDVI raster, resulting in a NDVI map with average values between 0,1, and 1; (C) a non-motorized road network was then used as the basis for creating an isochrone around each address point; (D) using 400 m as the distance threshold, the resulting UGAM map is an expression of how much green area is accessible from any given address point within a 5 min walk (400 m), i.e., the attraction reach (AR).
3.2.1 Constructing an NDVI Map
To calculate the NDVI, high resolution satellite imagery (orthophoto) (Figure 3A) provided by the Swedish Mapping, Cadastral and Land Registration Authority (Lantmäteriet) at a resolution of 16 cm × 16 cm was used, cf. Eq. 1.
[image: image]
The resulting map (Figure 3B) thus symbolizes the share of near infrared light out of the total red spectrum, enabling the isolation of areas containing vegetation and has values ranging from −1 to 1 (theoretically). Upon manual inspection of the satellite imagery and comparison with the resulting NDVI, 0,1 was selected as a satisfactory threshold, designating living plant material, such as grass, trees and bushes, while excluding e.g. asphalt, gravel and water. 30 m × 30 m grid cells were then created (Thygesen et al., 2020) to vectorize the NDVI raster, and each grid cell given a value corresponding to the average NDVI in that cell’s area. The resulting NDVI map from this procedure therefore outputs a vectorized map of the study area with average NDVI values above 0, 1.
3.2.2 Linking the NDVI Map to Address Points Using Network Analysis
To calculate accessible NDVI greenness for any given address point, the QGIS plugin PST5 was used, and more specifically, the PST attraction reach function. Attraction Reach calculates, for each object that is defined as origin in the analysis, the sum of all attractions from a set of attraction objects that can be reached via the network within a radius defined by the user. For our purpose, the origins are address points and the vectorized NDVI map is the attraction where each grid cell (centroid) is weighted by the average NDVI value. 400 m is used as distance threshold, creating an isochrone around each address point which equates to roughly 5 min walking distance that people are willing to walk (Gehl, 2010). The non-motorized road network6 (Figure 3C) is used to define these isochrones as it is more accurate than Euclidean buffers using straight line distance (“as the bird flies”). The resulting UGAM (Figure 3D) is thus an expression of how much green area is accessible from any given address point within a 5-min walk (400 m).
3.2.3 Aggregating the UGAM
To construct an UGAM with a resolution compatible with the HVM (Figure 4), the high resolution UGAM (Figure 3D) was aggregated to the level of base areas by calculating the median values obtained with the PST attraction reach for each of the 419 base areas, hence, constructing an aggregated UGAM.
[image: Figure 4]FIGURE 4 | In the Health Vulnerability Map (HVM) the 419 base areas in the City of Stockholm are classified in relation to three health indicators, “income and level of education”, “number of sick days per person per year”, and “median age of first hospitalized heart attack”. All indicators are ranked 1–3, where 3 represents the most vulnerable. The two darkest red classes (“highly vulnerable incl. socio econ.” and “highly vulnerable excl. socio econ.”) entails areas with a total rank of 8. “Highly vulnerable incl. socio econ.” includes areas with the lowest socio-economic status (i.e., a rank of 3 in the socio-economic indicator “income and level of education”), while “highly vulnerable excl. socio.econ.” includes areas where the socio-economic rank is > 3.
3.3 Constructing an Urban Green Opportunity Map
In order to pinpoint locations where investment in the green infrastructure would make the most sense in the context of closing the health gap from a socio-economic perspective and also contribute to community resilience through improved public health, an urban green opportunity map (UGOM) was constructed by, firstly, reclassifying the base areas using the three datasets introduced above (the population data, the HVM, the aggregated UGAM) and, secondly, selecting base areas which meet all of the following three conditions:
1) a sufficiently high population count, set at > 2000 people, to ensure the relevance of potential greening measures;
2) the most vulnerable people with regards to health, i.e., base areas with the highest total rank in relation to the three included health indicators (using HVM, see Table 1), including the socio-economic indicator at rank 3 (i.e., belonging to the class “highly vulnerable incl. socio-econ”);
3) the lowest accessibility to green areas (using UGAM), set at the lowest third of median accessibility.
4 RESULTS
4.1 The Health Vulnerability Map
The HVM (Figure 4) shows the 419 base areas of the City of Stockholm classified according to health vulnerability with regards to the three health indicators: “income and level of education”; “number of sick days per person per year”; “median age of first hospitalized heart attack”. The highest identified total rank for any base area was 8, while the next highest total rank was 7. Hence, base areas with a total rank <7 constitutes the class “less vulnerable”.
About 134000 people in the City of Stockholm belong to the most vulnerable class, “highly vulnerable incl. socio-econ.”, while 36000 belong to the class “highly vulnerable excl. socio-econ.”. Only about 100 people belong to the class “vulnerable incl. socio-econ.”, while about 179000 people belong to the class “vulnerable excl. socio-econ.”. 558000 people belong to the class “less vulnerable” in relation to the three included health indicators.
4.2 The Aggregated Urban Green Accessibility Map
The aggregated UGAM (Figure 5) shows the median attraction reach per base area in the City of Stockholm. It shows that many areas with low levels of urban green accessibility are located in the city center, but also that there are many areas in the periphery with low levels of accessibility, such as the base areas in the northwest (see the enlarged section in Figure 5).
[image: Figure 5]FIGURE 5 | The aggregated UGAM shows the median accessibility to green areas within each of the 419 base areas in the City of Stockholm.
4.3 The Urban Green Opportunity Map
The UGOM pinpoints base areas which fulfill the three conditions described in Section 3.3. Using this approach, eight base areas, referred to as focus areas, were identified (Figure 6).
[image: Figure 6]FIGURE 6 | Outlined and crosshatched are the base areas in the City of Stockholm that are pinpointed as focus areas, due to fulfilling the following three conditions: (1) having a sufficient population count, i.e., base areas with a population above 2000 people; (2) having the most vulnerable populations with regards to health indicators, i.e., populations classified as “highly vulnerable incl. socio econ.”; and (3) having the lowest third of median accessibility. The three smaller maps are the maps that have provided the information with regards to the three conditions.
5 DISCUSSION
5.1 Pros and Cons of the Method
Our method aims at identifying locations where investing in green infrastructure will provide health benefits to the highest number of the most vulnerable people with the lowest accessibility to urban green areas. For the case of Stockholm, this resulted in eight identified focus areas (Figure 6). Although providing a good start for identifying where to focus green infrastructure investments, our method provides a first assessment of the green infrastructure accessibility to be included in a future planning strategy. For example, although we, by using network analysis to overcome physical barriers rather than Euclidean buffers, which use straight line distance (“as the bird flies”), are able to be more accurate in the context of assessing accessibility to urban green areas and thus be more precise in geographically prioritizing areas of investments, future planning strategies would benefit from broadening the scope of green area accessibility. Such an expansion could e.g., in addition to physical barriers, also address institutional- and psychological barriers, potentially preventing or restricting access to benefits provided by urban green areas in various ways (Biernacka and Kronenberg, 2019). Institutional barriers can e.g., be related to ownership (public vs. private) (Pelorosso et al., 2021) and psychological barriers can be related to the feeling of safety in moving in urban green areas (Turkseven Dogrusoy and Zengel, 2017). Additional physical barriers located outside, on the boundary and inside urban green area have also been identified (Barber et al., 2021).
Another limitation was that the empirical health indicator data is only available on an aggregated base areas level. This means that, in order not to give a false impression of the health data having a higher resolution than it actually has, an aggregated version of the UGAM (Figure 5) had to be used when pinpointing focus areas (Figure 6). However, once the focus areas have been identified, the high resolution UGAM (Figure 3D) can be used to provide decision makers and planners with additional information on population distribution and variations in green area accessibility within the focus areas (Figure 7). Still, it would be interesting to investigate the potential impact on prioritized locations if more detailed health data was made available.
[image: Figure 7]FIGURE 7 | To provide policy makers and planners with additional information on population distribution and green area accessibility within focus areas, the eight identified focus areas (i.e., the UGOM) are presented in combination with the high resolution UGAM, showing green area accessibility from any given address point within a 5 min walk (400 m).
In the context of promoting resilient cities, by highlighting the link between the built environment (including the green infrastructure), public health and community resilience, the method also provides an approach for addressing the building of resilience in an urban planning and design context.
Although the data used in this paper is specific for the city of Stockholm, we see no reason why the method itself, which proposes a way to address the urban health gap from a socio-economic perspective using geospatial analysis, could not be applied in other cities, providing adequate basic data is available. However, there are other aspects worth considering. A significant number of studies on the effects of urban green areas on health have been performed mainly in European cities (Mitchell and Popham, 2008; van den Berg et al., 2010; deVries et al., 2013). As such, it is presently unclear to which degree the type of model constructed in this study is applicable to cities beyond Europe. Richardson et al. (2012) have shown that the positive relationship between green space and health is not found in many American cities, presumably because of the different lifestyles that exist in the United States related to, among other factors, high levels of urban sprawl and increased car dependency. It is possible that a minimal threshold of density is necessary for green areas to have any effect on health in urban contexts. Kardan et al. (2015) for example, found evidence of a positive relationship between green space and health in Toronto, Canada, a city whose density is close that of Berlin’s (Larondelle et al., 2014).
5.2 Next Steps
Important next steps include investigating the potential for the development of green infrastructure policy and planning, as well as maintenance plans of green infrastructure. In this context, more detailed information on what goes on within and around the focus areas will ultimately be required in order to effectively realize the human health benefits linked to urban green areas. Here, lessons can be learned from the results presented in this paper. For example, when comparing the enlarged sections in Figures 4, 5, there are locations with good accessibility to green areas, but where the population in the base area still exhibit high health vulnerability. This can be due to accessibility to green areas not being the only thing effecting health status. There are e.g., strong indications that not only quantity, but also the quality of the accessible green areas matters. In fact, it has been shown that quality of urban green areas not only matter, but may even be of higher significance than quantity (de Vries et al., 2013). In the context of green area quality with regards to urban form, lots of evidence points to the direction of diverse vegetation forms being more effective in addressing health issues, rather than non-diverse forms, e.g., lawns (Aerts et al., 2018). Another aspect to consider is the distribution of the green infrastructure, where concentrated green areas, such as parks, could have a different health impact than more scattered greenness or linear green elements, such as boulevards (Dong and Liu, 2018; Xiao et al., 2020). Recalling that the NDVI does not assess the configuration of vegetation, but rather only describes presence and density of vegetation, one of the most effective measures for increasing the median attraction reach (AR) for the residents of Stockholm, might not only be the creation of more parks or “centralized” greening measures, but rather a “decentral” regreening along roads and open spaces. However, although a decentral approach might be more effective at increasing the median AR, this opens the discussion of the quality of such greening and whether it has comparable health effect to establishing more dense and central spaces of refuge. Increasing the NDVI values and the AR in general, should therefore not be regarded as a goal in itself, as this does not reflect any qualitative aspects of neither health benefits nor the aesthetic quality of said greening. Another issue influencing planning decisions in this context, is the fact that people move, hence making it difficult to predict the profile of the population that will live in a location at any point in time. This calls for aiming at an approach where all addresses should have good access to green areas, independent of the current population. Thus, the NDVI map and the ability to make frequent analysis of accessibility to green area becomes key.
5.3 Healthy Cities for Whom?
In this paper, we have tried to address the issue of equality and the promotion of healthy cities for everyone by prioritizing the closing of the health gap from a socio-economic point of view. However, there are undoubtedly additional ways of identifying vulnerable populations within a human health and equality perspective. For example, various immutable characteristics, such as age and gender, have been shown to influence people’s preferences as to how to design urban green areas for realizing health benefits (Ode Sang et al., 2016). Taking such issues into account could potentially change the prioritization as to where and how to invest in the green infrastructure to promote healthy cities for everyone.
Another crucial issue in the context of planning healthy cities for everyone is the relationship between greenness, health, and gentrification processes. However, this requires a longitudinal study and thus data over an extended period of time, which was not available for the study presented in this paper. It has been posited that it is imperative to consider both short- and long term consequences in such planning, when asking who benefits (Cole et al., 2017). The development of green areas may in the short term positively impact disadvantaged population groups, but in the long term may affect housing prices and ultimately result in these groups being forced to leave the neighborhood. If planning measures are to integrate increasingly precise planning opportunities, they should also aim to ensure that those for whom the results are intended also are able to benefit in the long term.
6 CONCLUSION
The proposed method provides a basis for urban planners and policymakers to geographically prioritize investments in green infrastructure to contribute to closing the health gap and to promote community resilience through improved public health.
The method can be improved by making it even more precise and powerful in supporting decision makers and planners on the type of green area investments that are needed to contribute to creating resilient and healthy cities for everyone. In this context, we suggest the following: improving the resolution of the health data; apart from quantity, also addressing the quality and distribution of green areas; expanding the issue of accessibility by addressing it in relation to multi layered barriers along institutional-, physical- as well as psychological dimensions; and, finally, analyzing green area preferences in relation to various immutable characteristics.
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1Data sets per municipality for real property location addresses (lantmateriet.se).
2www.regionplanekontoret.sll.se.
3www.sll.se.
4www.dataportal.se/sv/datasets/733_65201/basomraden.
5The plugin is open access and the code is available on https://github.com/SMoG-Chalmers/PST; the documentation is available on https://www.researchgate.net/publication/354118033_PST_Documentation_v323_20210708.
6The non-motorized networks include all streets and paths that are accessible for people walking or cycling, including those that are shared with vehicles. All streets where walking or cycling is forbidden, such as motorways, highways, or high-speed tunnels, are not included in the network. https://snd.gu.se/en/catalogue/study/snd1153.
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