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Abstract

Inequalities in urban greenness have been investigated based on multi-source data. However, studies in Australia often overlook
eye-level greenness - an important measure that captures human-perceived greenery. This study examines Sydney's eye-level
greenness using Google Street View images and employs Geographically Weighted Regression (GWR) to analyse its association with
neighbourhood socio-economic status. The findings reveal that older adults in central Sydney may experience inadequate greenness.
Female, unmarried, non-English, indigenous, less-skilled, and unemployed individuals are more likely to face insufficient greenness
outside the city centre. Additionally, foreign-born, low-income, carless, and less-educated individuals may experience greenery short-
ages in both central and suburban Sydney. This study explores Google-Street-View-derived urban greenness - a less employed data
source in Australia, offering valuable insights for policymakers in mitigating green space inequalities.
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1. Introduction

Urban greenery provides substantial benefits to both urban environments and individuals, such as mitigating
urban heat island effects and improving air quality (Luo, Zhang and Zhang, 2025), encouraging physical activity
(Lu et al, 2019), and fostering social interactions (Enssle and Kabisch, 2020), thereby contributing to enhanced
human well-being. However, urban greenery is often unevenly distributed in cities, particularly in the context
of urban consolidation. In settings characterized by socio-spatial differentiation driven by market forces, so-
cio-economically advantaged populations tend to enjoy greener urban environments, while disadvantaged
groups are more likely to reside in areas with limited greenery. This disparity has led to concerns about green
gentrification (Sharifi et al,, 2021). Against this backdrop, green space inequality emerges as a critical issue
within the discourse of environmental justice, highlighting the need to promote equity in the planning of urban
greenness.

Like many other cities influenced by neoliberal urbanism, Australian cities are experiencing increasing so-
cio-spatial differentiation under market forces, which channels populations of varying socio-economic status
into distinct urban areas. This process has the potential to exacerbate inequalities in green space access,
which requires further exploration. While several studies in the Australian context have examined green space
inequalities using land use data (Mushangwe et al., 2021) or satellite imagery (Lin, Meyers and Barnett, 2015),
these data sources predominantly capture urban greenness through aerial perspectives, failing to adequately
represent the experiential quality of eye-level greenery that characterizes urban dwellers’ daily visual environ-
ments. Recently, street-view imagery has gained traction in green space research for its ability to capture hu-
man-scale greenness. Nevertheless, studies employing this data source in Australia remain limited.

Drawing on data at Statistical Area Level 1 (SA1) from Sydney, this study addresses the following research ques-
tions:

(1)what is the spatial distribution of eye-level greenness in neighbourhoods across Sydney?

(2How are neighbourhood socio-economic statuses associated with eye-level greenness?

To answer these questions, the study first employs machine learning techniques to extract eye-level greenness
from Google Street View imagery and visualizes its spatial distribution. It then applies a Geographically Weight-

ed Regression (GWR) model to examine the spatially varying relationship between neighbourhood socio-eco-
nomic status and eye-level greenness.
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The remainder of the paper is structured as follows: Section 2 reviews relevant literature on green space in-
equality and socio-economic status. Section 3 outlines the research methods. Section 4 presents the findings,
followed by a discussion of implications and policy recommendations in Section 5. Section 6 concludes the pa-
per.

2. Literature review: Green space inequality in relation to socio-economic status

Urban greenness provides significant environmental and health benefits, prompting growing scholarly interest
in equitable green space planning. Existing green space studies have utilized green space data from various
sources, with the most commonly used being parkland use data derived from online maps (Feltynowski et al,,
2018)and urban green space management in particular, require proper data on urban green spaces. The po-
tential of urban green spaces to provide benefits to urban inhabitants (ecosystem services or local statistical
authorities (Zhang and Luo, 2024), as well as vegetation coverage extracted from satellite imagery such as
Landsat (Zhang and Luo, 2025) and Sentinel (Aryal, Sitaula and Aryal, 2022). However, these data sources primar-
ily offer a bird's-eye view of greenery and fail to adequately capture the green environments as perceived by
individuals at the human scale, thereby motivating the exploration of alternative data sources.

In response, street view imagery has recently gained traction in green space research. This emerging data
source captures eye-level greenness, offering a more human-centred perspective for assessing green space
exposure (Zhang and Luo, 2025). Consequently, it has been increasingly adopted in the literature (Li, 2021; Liu et
al., 2023; Zhang and Luo, 2025).

Existing literature has extensively examined inequalities in the exposure, availability, accessibility, and use of
green spaces across different socio-economic groups. For example, scholars have argued that women have
historically been overlooked in urban planning processes, leading them to bear a disproportionate burden of
social injustice (Walker, Frediani and Trani, 2013). However, a study in Iran suggests that gender justice in the
use of green spaces is achievable, with both male and female residents having their needs adequately met
(Rahimi et al., 2023). In the Chinese context, a study conducted in Guangzhou reveals that neighbourhoods

with higher proportions of older adults are at greater risk of green space inequality (Yang, Yang and Zhou,
2022). Furthermore, family structure and marital status have also been identified as potential indicators of
social vulnerability, which may lead to unequal access to green spaces (Rahman and Zhang, 2018). Ethnicity is
another important dimension of green space inequality. For instance, a study across Sydney, Newcastle, and
Wollongong found that individuals who do not speak English at home are more likely to face inadequate ac-
cess to parkland and open grass areas. Similarly, those born in Italy, Lebanon, Vietnam, or China were found to
be disproportionately affected by insufficient parkland provision (Mushangwe et al., 2021). In the Australasian
context, indigenous people represent a structurally disadvantaged group. A study in New Zealand showed that
indigenous communities are more likely to experience lower levels of green space availability and accessibility
(Zhang et al., 2024). Moreover, neighbourhoods with more affluent residents such as those with higher incomes
or car ownership may enjoy greater access to green space (Dai, 2011; Astell-Burt et al., 2014), while less affluent
communities may experience limited green space availability. Educational attainment also plays an important
role: a study in Germany demonstrated that urban greenery is unevenly distributed based on education levels
(Wustemann, Kalisch and Kolbe, 2017). Additionally, unskilled workers may be spatially segregated into disad-
vantaged neighbourhoods, which often lack basic amenities and infrastructure such as urban green spaces
(Csomos et al, 2021). In relation to labour force status, a study in Shanghai found that subdistricts with higher
unemployment rates exhibit lower levels of green space access (Shen, Sun and Che, 2017). Overall, green space
inequality is intricately linked to socio-economic status, warranting continued and in-depth scholarly inquiry
into these associations.

3. Research method

3.1 Study area and research framework

This study focuses on Sydney (Figure 1), a neoliberal city in Australia marked by pronounced socio-spatial differ-
entiation driven by market forces, where urban greenery is unevenly distributed across different urban neigh-
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bourhoods. The analysis is conducted at the Statistical Area Level 1 (SA1), a geographic unit commonly used in
neighbourhood-level research (Zhang and Luo, 2024, 2025). Each SA1 typically contains a population ranging
from 200 to 800 individuals, with an average of approximately 400. To minimize potential bias in the calculation
of proportional variables, we excluded SA1s with populations fewer than 20 and those without any street view
sampling points. After this filtering process, 11,328 SAls were retained for analysis.
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Figure 1. The location of Sydney.

As outlined in the research framework (Figure 2), this study first maps the eye-level greenness of neighbour-
hoods in Sydney and subsequently employs a Geographically Weighted Regression (GWR) model to examine its
spatially varying association with neighbourhood socio-economic status.

Figure 2. Research framework.
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3.2 Data

This study draws on two primary data sources. Eye-level greenness was calculated using Google Street View
imagery, while socio-economic variables at the SA1 level were obtained from the 2021 Australian Census re-
leased by the Australian Bureau of Statistics (ABS). The variables used in the analysis were derived from these
sources, with further explanations and descriptive statistics provided in Sections 3.2.1 and 3.2.2, as well as in
Table 1.

3.2.1 Dependent variable: eye-level greenness

As shown in Fig. 2, the calculation of eye-level greenness includes the following steps: First, the road network
data in Sydney was acquired from OpenStreetMap. Second, 199,090 image-generating points with 100 m inter-
vals were created using ArcGlIS. Third, the coordinates of these points were fed into a Python-based crawler to
download four Google Street View (GSV) images per point, with headings of 0°, 90°, 180°, and 270°, each with a
90-degree field of view. After removing points with invalid or missing imagery, we retained 144,850 valid points,
which includes a total of 579,400 street-view images. Fourth, we used the Deeplab_v3 image segmentation
algorithm, trained on the Cityscapes dataset (https://www.cityscapes-dataset.com/), to extract the street view
greenness from each image using Python. Fifth, the ratio of vegetation pixels to the total number of pixels
across the four images for each point was calculated, yielding the Street View Greenness (SVG) indicator for that
location.

(1)

After that, the average SVG of sampling points within each SA1 was calculated as the eye-level greenness of
that SAL.

3.2.2 Independent variables: socio-economic status

Eleven variables that capture neighbourhood socio-economic disadvantages at the SA1 scale were selected as
dependent variables for their potential relevance to green space inequality (@s shown in the literature review):
the proportion of females, the proportion of individuals aged 65 and older, the proportion of individuals without
partners, the proportion of individuals who speak English not well or not at all, the proportion of populations
born abroad, the proportion of indigenous populations, the proportion of low-income (weekly income < AUD
800) households, the proportion of dwellings without cars, the proportion of populations whose educational
levels are below bachelor, the proportion of populations whose occupations are not in the manager, adminis-
trator, and professional categories, and the proportion of unemployed individuals. The VIF values of all the se-
lected independent variables are smaller than 5, indicating no multi-collinearity.

Table 1. Descriptive statistics of dependent and independent variables.

Mean S.D Min. Max.
Dependent
Eye-level greenness 0.282 0.129 0.000 0.840
Independent
female 0.506 0.035 0.000 0.986
age65+ 0.156 0.097 0.000 1.000
noPartner 0.126 0.060 0.000 0.708
nonEnglish 0.061 0.067 0.000 0.642
bornAbroad 0.415 0.170 0.000 1.000
indigenous 0.018 0.028 0.000 0.745
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lowlncome 0.068 0.051 0.000 0.388 =
noCar 0.078 0.082 0.000 1.333 v
belowBachelor 0.458 0.110 0.000 0.950 2
nonMAP 0.733 0.109 0.314 1.000 o
unemploy 0.052 0.039 0.000 0.500 =

3.3 Geographically Weighted Regression (GWR)

To explore the equity issue in urban greenness, we employed the Geographically Weighted Regression (GWR)
model to examine the associations between neighbourhood socio-economic status and eye-level greenness.
Compared to frequently used linear regression models such as the ordinary least squares (OLS) regression
which yields constant coefficients across the whole sample, the GWR model allows the coefficients of explan-
atory variables to vary across geographic locations, thereby capturing the spatial heterogeneity of these rela-
tionships (Kang et al,, 2021). The GWR model is specified as follows:

(2)

Where y. is the eye-level greenness at SAL i; Bo| u,v ) represents the intercept at SA1 j; Bk | u,v ) is the coeffi-
cient (weight) of the kth independent variable estimated for each SA1 i; €; is a random error.

4. Results

4.1 The spatial pattern of neighbourhood eye-level greenness in Sydney

Figure 3 illustrates the spatial pattern of neighbourhood eye-level greenness in Sydney. A general trend is
observed whereby eye-level greenness increases from the central urban area toward the suburban regions.
Specifically, neighbourhoods in the southern and western parts of the city exhibit relatively lower levels of
eye-level greenness compared to those in the north. Notably, the southwestern region of Sydney is recognized
for its concentration of socio-economic disadvantage. Accordingly, it is essential to further investigate the re-
lationship between neighbourhood socio-economic status and eye-level greenness. Such analysis can deepen
the understanding of green space inequality and offer valuable insights for advancing environmental justice
through urban planning and design policies.
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Figure 3. The spatial pattern of neighbourhood eye-level greenness in Sydney.

4.2 Association between neighbourhood socio-economic status and eye-level greenness

Table 2 shows the regression result summary of both the OLS model and the GWR model. The OLS model sug-
gests that the higher proportions of females, individuals without partners, foreign-born, carless, less-educated,
and less-skilled people are significantly associated with insufficient eye-level greenness. The adjusted R? values
of the OLS and the GWR models are 0.206 and 0.465 respectively, indicating that the GWR has better perfor-
mance than the OLS and spatial heterogeneity exists in the association between neighbourhood socio-eco-
nomic status and eye-level greenness.

Table 2. Regression result summary of the OLS and the GWR maodels. (All coefficients are standardized.)

OoLS GWR |

Coef. Sig. g:)ef.(medl- Coef.(mean)
female -0.068 0.000 -0.028 -0.038
age65+ 0.304 0.000 0.148 0.150
noPartner -0.053 0.000 -0.014 -0.013
nonEnglish 0.013 0.409 0.013 -0.055
bornAbroad -0.312 0.000 -0.213 -0.230
indigenous -0.011 0.313 0.025 0.017
lowIncome -0.015 0.209 -0.016 -0.011
noCar -0.095 0.000 -0.026 -0.038
belowBachelor -0.195 0.000 -0.138 -0.112
nonMAP -0.100 0.000 -0.070 -0.075
unemploy 0.068 0.000 0.056 0.062
R? 0.207 0473

Adjusted R? 0.206 0.465
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Since GWR has better performance compared to OLS, we further explain the associations between the selected
socio-economic variables and eye-level greenness based on the results of the GWR model. Figure 4 presents
the results of the GWR model, reflecting the spatially varying relationships between neighbourhood socio-eco-
nomic status and eye-level greenness in Sydney. Neighbourhoods highlighted in red indicate a negative associ-
ation between the examined socio-economic disadvantages and eye-level greenness, whereas those highlight-
ed in blue indicate a positive association.

TRACK 7

Figure 4. Associations between neighbourhood socio-economic status and eye-level greenness. (All coefficients
are standardized)

Female

In areas near the city centre and the western transport corridor, neighbourhoods with a higher proportion of
female residents are associated with greater street-view greenness, whereas those outside these regions ex-
hibit lower eye-level greenness.

Age65+
Neighbourhoods with higher proportions of older adults (65+) in the eastern city centre exhibit lower eye-level
greenness, whereas this association is positive in most other regions of Sydney.

NoPartner

In many eastern and some western regions, neighbourhoods with higher proportions of individuals without
partners tend to have lower eye-level greenness. Conversely, in the eastern city centre as well as some north-
western and southwestern areas, the association is positive.
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NonEnglish

Most northern and southern neighbourhoods show a negative association between higher proportions of
non-English speakers and eye-level greenness. In contrast, neighbourhoods in the eastern centre and some
western suburban areas exhibit a positive association.

BornAbroad
Neighbourhoods with higher proportions of foreign-born residents generally have lower eye-level greenness,
except for some suburban neighbourhoods in the north.

Indigenous

In suburban Sydney, neighbourhoods with higher proportions of indigenous residents tend to have lower
eye-level greenness, whereas those in the eastern city centre or some western suburbs exhibit higher levels of
human-perceived greenness.

LowIncome

Neighbourhoods with higher proportions of low-income households in eastern regions and some western
fringes are associated with lower eye-level greenness. In contrast, such neighbourhoods in western suburbs
and some northeastern areas show higher levels of greenness.

NoCar

In many suburban and eastern central areas, neighbourhoods with higher proportions of carless households
have lower eye-level greenness. However, in some northwestern and southern areas, the association is posi-
tive.

BelowBachelor

Neighbourhoods with higher proportions of less-educated individuals in eastern and some western regions
display lower eye-level greenness, while those in northwestern and southwestern suburbs show higher green-
ness.

NonMAP

Across suburban regions, neighbourhoods with higher proportions of low-skill workers tend to have lower
eye-level greenness. However, in some areas near the city centre or peripheral zones, these neighbourhoods
exhibit higher greenness.

Unemploy

In most regions of Sydney, neighbourhoods with higher unemployment rates are associated with higher
eye-level greenness. However, some southwestern and northern neighbourhoods with higher employment
rates are characterized by lower levels of greenness.

5. Discussion and policy implications

5.1 Discussion

The case of Sydney demonstrates a decline in eye-level greenness alongside urbanization, with central areas
exhibiting higher eye-level greenness while suburban neighbourhoods are significantly greener. This spatial
pattern aligns with observations in other global cities, such as Shanghai (Wu et al., 2019), New York (Li, 2021), and
London (Pan, Bardhan and Jin, 2021), as urban centres are dominated by built-up areas, with limited space left
for urban greenery.

Green space inequality is evident in less socio-economically advantaged neighbourhoods. In Sydney, older
adults in the eastern central areas are more likely to experience lower eye-level greenness. This negative asso-
ciation can also be observed in other urban contexts, such as in Guangzhou, China (Yang, Yang and Zhou, 2022).
A possible explanation is that those residing in the city centre are long-term residents, and they age alongside
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the densification of urban cores over time. Females, unmarried individuals, non-English speakers, indigenous
people, low-skilled workers, and unemployed individuals face greater insufficiency of greenness outside the
City centre. These populations may concentrate within certain socio-economically disadvantaged suburban
neighbourhoods, wherein green resources are limited. Furthermore, other less-advantaged populations, such
as overseas-born individuals, those with lower incomes, those without car ownership, and those with lower
educational attainment tend to experience lower human-perceived greenness in both central and suburban
areas. These associations are supported by evidence in existing literature (Dai, 2011; Astell-Burt et al., 2014,
Wustemann, Kalisch and Kolbe, 2017; Mushangwe et al.,, 2021).

TRACK 7

5.2 Policy implications

To mitigate green space inequalities across socio-economically stratified neighbourhoods, tailored urban
greening interventions should be differentially implemented according to distinct spatial and demographic
characteristics. In the city centre where urban consolidation limits available space for traditional greening,
vertical greenery, such as green facades on buildings, could enhance eye-level greenness and should be im-
plemented in dense urban environments. In suburban areas where socio-economically disadvantaged groups
(including higher proportions of females, unmarried individuals, non-English speakers, indigenous people,
low-skilled workers, and unemployed individuals) reside, maintaining sufficient tree coverage is crucial. This
requires the local government to scientifically and systematically consider green space planning during sub-
urban development. Furthermore, the institutional coupling of subsidized housing initiatives with green infra-
structure development emerges as a demonstrably effective policy mechanism for advancing environmental
justice, ensuring socioeconomically disadvantaged groups gain equitable access to green urban environments.

6. Conclusion

Guided by the environmental justice discourse, this study examines equity in urban greenery by investigating
the associations between neighbourhood socio-economic status and eye-level greenness in Sydney, Australia.
The findings reveal that older adults residing in the eastern central areas of Sydney are more likely to experi-
ence lower levels of eye-level greenness, while females, unmarried individuals, non-English speakers, indige-
nous people, less-skilled workers, and unemployed individuals tend to encounter insufficient greenness out-
side the city centre. Furthermore, foreign-born, low-income, carless, and less-educated individuals are generally
exposed to less eye-level greenness greenery in both central and suburban areas.

Drawing upon these findings, the study proposes a differentiated urban greening framework that accounts for
distinct spatial contexts. Specifically, implementing green facades in the city centre may help enhance eye-level
greenness. In socio-economically disadvantaged suburban neighbourhoods characterized by higher propor-
tions of the aforementioned vulnerable groups, it is crucial to maintain adequate tree canopy coverage and to
integrate green space planning with the development of affordable housing projects.

A key limitation of this study is its reliance on cross-sectional data, which precludes the identification of causal

relationships between socio-economic status and eye-level greenness. Future research should incorporate lon-
gitudinal data by regularly collecting street-view imagery to facilitate deeper insights into the causal dynamics
of green space inequality.

Despite this limitation, by leveraging street-view imagery, a data source underutilized in Australian green space
research, this study contributes novel insights into spatial inequality in urban greenery. It elucidates how so-
cio-economic disadvantage correlates with eye-level greenness and extends the environmental justice dis-
course with an Australian case study, thereby supporting future international comparative research.
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