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Abstract

Urban green spaces (UGSs) are vital ecological infrastructure supporting climate resili-
ence, public health, and environmental equity. Despite UGS’s importance, the distribution
of UGS in rapidly growing desert cities is wildly disproportionate, as evidenced by a re-
cent study that links UGS availability with road hierarchy using the Road Buffer Frame-
work. Using Landsat 8-derived UGS (overall accuracy = 0.885; Kappa = 0.853), Open-
StreetMap Roads, and WorldPop Population Data, this study found that UGS availability
per capita is very low across all road classifications (0.020-0.033 m?/person) and falls sig-
nificantly short of the World Health Organization’s (WHO) recommendation of 9 m?/per-
son. Primary roads only marginally improved based on distance from roadways (0.026—
0.032 m?/person), and secondary roads are experiencing little to no change (0.025-0.026
m?/person). Further, Tertiary roads show the most significant loss, with only 0.022 m?/per-
son available within the 0-300 m buffers containing the most people. In addition, urban
green spaces are still significantly inequitable, as demonstrated by Gini coefficient results
of >0.80, peaking at 0.895, indicating that UGS availability per capita is substantially below
international benchmarks. Therefore, the findings highlight the need of incorporating
roadside greening, small park areas, and greenways into our transportation planning ef-
forts to support the UN’s Sustainable Development Goals (SDG) 3, 10, 11, and 13.

Keywords: urban green space (UGS); ecological equity; road hierarchy; Lorenz curve and
Gini coefficient; Riyadh

1. Introduction

The importance of urban green spaces (UGSs) as an ecological infrastructure for sus-
tainable urbanization is becoming increasingly acknowledged. UGSs provide ecosystem
services like social welfare and improved public health [1-3]. Rapid urbanization and
road-based development have produced steep slopes in the spatial distribution and sup-
ply of these spaces on a global scale, increasing the vulnerability of vulnerable popula-
tions to pollution, ecological deprivation, and heat stress [4]. Given its direct impact on
urban justice and quality of life, the unequal distribution of green infrastructure has
emerged as a pressing socio-environmental and political concern [5-8]. International
agreements to the Sustainable Development Goals (SDGs) of the UN, specifically SDG 3
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(good health and well-being), SDG 10 (reduced inequality), SDG 11 (sustainable cities and
communities), and SDG 13 (climate action), are violated by restricted access to UGSs. Road
and built-up network expansion exacerbates environmental disparities and hinders the
equitable distribution of urban green spaces, according to current literature from North
America and Europe to the rapidly growing Asian and African conurbations.

These problems are made worse in South Asia and the Global South by the combina-
tion of rapid population growth, inadequate urban planning, disjointed socio-political
structures, and scarce natural resources [9]. Unchecked sprawl, declining per capita green
space, and inadequate integration of green infrastructure into transit corridors are prob-
lems in Delhi, Dhaka, Karachi, and Kathmandu. Ecological inequality is exacerbated by
poor governance, water stress, and rising urban poverty, which leads to situations where
marginalized groups typically live in congested, poorly maintained road corridors with
little green space [10]. Research conducted in the area shows that environmental injustice,
health pressures, and social exclusion are getting worse, and per capita UGS is signifi-
cantly below WHO standards, i.e., 9 m? per capita [11,12]. Despite growing recognition of
the importance of ecological equity, research and planning in South Asia and other third-
world regions are fragmented and frequently overlook the direct interactions between
population density and transportation infrastructure and the distribution of green space
[13-15].

In light of this, Riyadh, the rapidly growing desert city of Saudi Arabia, provides an
important case study. The city’s urban growth, driven by road-based development, rapid
metropolitan expansion, and an extreme climate, has led to a notable disparity in the
amount of green space available per capita [16-18]. Despite supporting millions of people,
the surrounding road buffer is ecologically stressed and offers almost no green cover be-
cause primary, secondary, and tertiary road concentrations house the majority of popula-
tion agglomerations [19]. Urban modernity and transportation connectivity are empha-
sized in Riyadh'’s planning reports, but the incorporation of green infrastructure into mo-
bility corridors is not given enough attention. The extent of vegetation in the city has been
mapped by studies, but none have examined the ways in which road hierarchies, popula-
tion clustering, and the distribution of green spaces interact to produce ecological injus-
tices [20]. This is a major knowledge gap, especially when considering a dry city setting
with limited ecological provisioning. Riyadh is subject to a number of significant con-
straints preventing its residents from benefiting from urban green space compared to their
counterparts in temperate or humid cities; not only do planning priorities dictate urban
green space placement in Riyadh, but factors related to severe hydro-climatic conditions
exacerbate these constraints [21,22]. Specifically, extremely high summer temperatures,
extreme evapotranspiration rates, and very low levels of annual rainfall place extreme
demands on water and energy to create and sustain vegetation in Riyadh [23]. Therefore,
urban vegetation in Riyadh will rely almost entirely on desalinated freshwater for its cre-
ation and maintenance. In addition, the oil-driven economy of Riyadh has spurred auto-
mobile-centered urban expansion practices, causing the development of very wide roads,
low-density sprawl, and a focus on “road-led” urbanism [24], resulting in a focus on mo-
bility and infrastructure rather than on ecological provision. This condition has resulted
in fragmented, unevenly distributed green space across the city of Riyadh, particularly
along transportation corridors, which are the sites of the highest exposure of residents to
pollution and other environmental impacts. Although these conditions are unique to Ri-
yadh, the vast majority of existing studies of urban green space have employed general-
ized quantitative metrics developed in European and Asian contexts, not taking into ac-
count that the transportation corridors serve as major focal points for concentrated eco-
logical stress, thereby causing a failure of many existing urban green space studies to fully
capture the structural determinants of ecological disparity in cities like Riyadh, which are
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characterized by arid environments, automobile-centered development, and road-domi-
nant urban forms [25,26]. As a result, there is a need to develop context-relevant, hierar-
chically structured evaluation frameworks for assessing the impacts of urbanization on
ecological disparities in cities like Riyadh.

Urban green space distribution has been evaluated using a variety of methodological
approaches, including population-weighted measures, network-based proximity models,
accessibility analysis with Euclidean buffers, and simple green space ratios [14,27,28].
Nevertheless, they frequently overlook population pressures and spatial inequality sim-
ultaneously. While Euclidean buffers do not capture real-world connectivity, ratio-based
measures do not take accessibility variances into consideration [29]. Similarly, city-level
measures obscure intra-urban disparities, and unweighted spatial analysis disregards the
significance of population concentration [30,31]. In order to evaluate ecological inequality
in a road-dominated urban environment, three different indicator methods are utilized to
provide a holistic view of the issue. One indicator is the total amount of green space avail-
able to every person living at different distances from the combined road hierarchies. An-
other indicator is the Lorenz curve analysis, which highlights any imbalances in the pat-
tern of population concentration vs. the distribution of available green resources to urban
dwellers. The Gini coefficient gives a single-value summary of the level of access to green
resources to urban dwellers. By using these three measures together, it will be possible to
evaluate more thoroughly than just a coverage estimate; it will allow for an overall assess-
ment of how fairly and evenly green space is distributed among urban residents living in
a road-centric community. The goal of this study is to determine how green spaces are
distributed spatially throughout Riyadh. How easily are these green areas accessible from
the various road network hierarchies? How much green space is available per person in a
city? In terms of statistical measures of equity, how unequal is the distribution of green
space?

2. Materials and Methods
2.1. Study Area

At an elevation of about 600 m above sea level, Riyadh, the capital city of Saudi Ara-
bia, lies near the center of the Arabian Peninsula between 24°30" and 25°00’ N latitude and
46°00" and 47°00" E longitude. The urban form and infrastructure of the city have been
influenced by its continental desert climate with hot summers, cold winters, and limited
rainfall. It lies on the gently rolling desert topography. The core is the area that has been
developed most over time, with areas such as Al-Olaya, Al-Malaz, Al-Murabba, and Al-
Batha serving as commercial and administrative hubs. Development would later expand
to the northern, eastern, and southern residential areas, such as Al-Nafal, Al-Rimal, and
Al-Faisaliah. However, wadi-cut land and heritage landscapes in the western part of the
city, which extends to Diriyah, constrain major development. Aided by a large web of
primary, secondary, and tertiary roads, the spatial form of the city combines dense devel-
opment at the center and more dispersed patterns towards the outskirts. The maps show
how topography, climate, and planning all played roles in Riyadh’s development. It is
most densely populated in the center and decreases gradually outward (Figure 1B), while
scattered and thin green spaces (Figure 1C) are needed for ecological stability, city cooling,
and recreation.
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Figure 1. Study area: (A) primary, secondary, and tertiary road network; (B) population density;
and (C) green space distribution of Riyadh city.

2.2. Data Sources

The accessibility and spatial distribution of green spaces in Riyadh were analyzed by
the study through an integration of demographic, cartographic, and remote sensing data.
Green space mapping was primarily done using imagery from the Thermal Infrared Sen-
sor (NASA Goddard Space Flight Center in Greenbelt, Maryland, USA) and the Landsat
8 Operational Land Imager (Ball Aerospace & Technologies Corporation, Boulder, USA).
In order to perform a Support Vector Machine (SVM) supervised classification and create
a binary map that differentiates between green and non-green areas, these satellite images
were preprocessed, and training samples were gathered. A shapefile for Riyadh
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administrative boundaries was employed to delineate the study area to ensure that all the
spatial layers were within the city. OpenStreetMap (OSM), which provided a comprehen-
sive and up-to-date representation of the transport network of the city, was the source of
the road network data, including primary, secondary, and tertiary roads. These roads
were used as the basis for the creation of several buffer zones (0-300 m, 300-1000 m, and
1000-3000 m) to investigate the accessibility of green spaces by proximity. In order to es-
timate the demographic distribution within each buffer zone and fishnet grid (1 km?),
WorldPop gridded population data were also integrated to obtain population counts at a
fine spatial resolution. Urban and environmental studies use WorldPop Population Data
often; these data are validated and high-resolution estimates of population distribution
that were created using both census-derived data and spatial predictors. Landsat 8
OLI/TIRS imagery has been used to derive urban green space through supervised classi-
fication; the classification’s accuracy has been assessed with respect to both overall accu-
racy and Kappa statistics. The combination of these datasets provides an equivalent and
repeatable foundation for spatial equity analyses within cities. All of the datasets used in
this study are publicly accessible and open-source, including WorldPop Population Data
[https://www.worldpop.org/] (accessed on 01/11/2025), OpenStreetMap road networks
[https://www.openstreetmap.org/#map=11/24.6664/46.8430&layers=P] = (accessed  on
02/11/2025) and Landsat imagery [https://earthexplorer.usgs.gov/] (accessed on
02/11/2025). All steps for data acquisition and further data processing were implemented
in Python 3.10 using NumPy 1.24.4, Pandas 1.5.3, Rasterio 1.3.9, GeoPandas 0.14.2,
Shapely 2.0.2, PyProj 3.6.1, Scikit-learn 1.3.2, Matplotlib 3.7.3, and SciPy 1.11.4 libraries

2.3. Methodology
2.3.1. Data Preparation and Green Space Classification

We combined datasets from multiple sources to describe the distribution of green
space in Riyadh. The researchers defined urban green space by determining all vegetated
land cover available from Landsat satellite imagery, including urban parks, public lawns,
roadside vegetation, institutional green spaces, agricultural areas located within the urban
boundary, and sparse shrub/grass-filled areas [32-34]. Built-up land forms, bare soil areas,
paved surfaces, and desert sand are all considered “non-green” spaces through this
study’s definition. Although the above definition of urban green space does not differen-
tiate between accessible (to the public) or inaccessible (not available to the public), it de-
picts the ecological service capacity and value of all vegetation present in urban green
spaces in regard to environmental equity assessments in arid climate urban contexts. The
main dataset used to determine vegetation cover was Landsat 8 Operational Land Im-
ager/Thermal Infrared Sensor (OLI/TIRS) imagery, and the study’s boundaries were
drawn using the Riyadh administrative boundary shapefile. High-resolution estimates of
population distribution were provided by WorldPop gridded population data, while
OpenStreetMap (OSM) data offered comprehensive road network layers, including pri-
mary, secondary, and tertiary roads. To guarantee spatial consistency, the preprocessed
Landsat imagery was then clipped to the Riyadh border. A Support Vector Machine
(SVM) supervised classification was carried out using training and testing samples (at an
80:20 ratio) that represented the green and non-green classes. The overall accuracy was
0.8847 with a Kappa coefficient value of 0.853. A binary land-cover map that distinguished
between green and non-green areas was produced using this method, and further it was
reclassified as single class green space image, which served as the foundation for further
statistical and spatial analyses. To minimize spatial bias and ensure the representation of
different types of urban land cover, sample data for training and validation were collected
from all areas of research, including areas in the center, along the edges, and along the
roads.
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2.3.2. Road Network Buffering for Accessibility Analysis

OpenStreetMap (OSM), which offers comprehensive and up-to-date data on primary,
secondary, and tertiary roads, was used to extract the road network of Riyadh in order to
assess the accessibility of green spaces. In this study, road hierarchy was defined follow-
ing the OpenStreetMap (OSM) highway classification scheme. Primary roads represent
major arterial routes designed to support long-distance urban and inter-urban traffic and
to carry high volumes of people and goods, often functioning as the principal connectors
between major urban centers. Secondary roads comprise highways that are not part of the
primary arterial network but nevertheless form an integral component of the national and
urban route system; within cities, these roads typically serve as arterial links connecting
residential, commercial, and institutional areas to primary roads. Tertiary roads represent
lower-order connectors that link smaller settlements and local centers and, within large
urban areas, provide connections between neighborhood streets and higher-order roads.
This functional hierarchy closely corresponds to the OSM road classification framework
and has been widely adopted in urban spatial analysis, transportation planning, and ac-
cessibility-related studies. To guarantee topological consistency, the road layers were san-
itized and arranged in accordance with their functional hierarchy. Concentric buffer zones
were subsequently generated from each road category at intervals of 0-300 m, 300-1000
m, and 1000-3000 m. To capture both pedestrian and motorized connectivity across the
urban layout, these buffer intervals correspond to short, medium, and long-range thresh-
olds of accessibility. The 0-300 m buffer represents the area immediately surrounding an
individual’s home where they would have easy access to daily pedestrian activity and the
greatest environmental impact from roadways. The area accessible to pedestrian traffic
from residences to a local neighborhood park or green space is represented by the buffer
distances of 300 to 1000 m. Areas greater than 1000 m but less than 3000 m in length usu-
ally capture larger areas of urban accessibility that are impacted by the design of a major
road, as well as the resulting impacts that this has on the dispersion of the resident popu-
lation in the city. The use of multiple buffer distances allows for the evaluation of distance-
decay effects for green space availability and population exposure at different hierarchy
levels in highway systems. A framework for evaluating how proximity to various road
hierarchies affects population-level access to urban greenery was made possible by the
buffering process, which allowed the integration of transportation infrastructure with
spatial green space distribution.

2.3.3. Spatial Aggregation Through Fishnet and Zonal Statistics

Using a projected coordinate system appropriate for area-based computations, a
standard fishnet grid measuring 1 km by 1 km was superimposed on each of the buffer
areas of each of the road hierarchies to aid in spatial analysis. This consistent spatial frame-
work made it possible to aggregate environmental and demographic characteristics
throughout the city at a similar resolution. The total green area in each cell was calculated
by intersecting the fishnet with the classified green space raster, and population counts
were estimated by superimposing WorldPop gridded population data. These layers were
combined using zonal statistics to create a spatially explicit dataset that connected the
distribution of green space, population count, and accessibility to road infrastructure. This
dataset served as the foundation for analyses of equity and per capita green space distri-
bution.

2.3.4. Per Capita Green Space Estimation

By combining geographically separated green space areas with matching population
counts, the amount of green space available per person was determined. Using zonal sta-
tistics, the total area of classified green space was calculated for each 1 km? fishnet cell.
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Input datasets

The estimated population within the same spatial unit, which was derived from
WorldPop gridded population data, was then divided by these values. A spatially explicit
measure of the amount of green space available per person was produced by this process
using the following Equation (1):

Total Green Space Areaper fishpet

Green Space Per Capita,., f; = - 1
p Pt-per rishnet = poea] Population Countye, fisnpet (1)
This made it possible to evaluate the absolute availability of green spaces as well as
their relative accessibility to inhabitants at different distances from the urban transporta-

tion system.

2.3.5. Road Buffer Wise Green Space Equity Analysis

To assess the fairness of green space distribution, per capita green space availability
was analyzed using inequality measures. First, per capita values were ranked in ascend-
ing order across the spatial units, and cumulative proportions of population and corre-
sponding green space were computed. These values were subsequently plotted to form
the Lorenz Curve, which visually depicts departures from ideal equality in green space
distribution. Next, the Gini coefficient was defined as a statistical measure of inequality,
on a scale of 0 (perfect equality of access to green space for all residents) to 1 (perfect
inequality, with green space held by a small proportion of the population). This dual strat-
egy delivers both qualitative and quantitative observation of green space accessibility spa-
tial inequities in Riyadh, which allows for the measurement of inequity in urban environ-
mental amenities. The detailed methodological framework of the study has been provided
in Figure 2:

Classifiation and Spatial Structuring

Preprocessing

Training Green Space/
Image - . | Non G
- ) Clipping using sample on Green
Landsat 8 Riyadh preprocessing: Riyadh collection Space map
OLI/ TIRS Bdministrativ 1. Radiometric boundary
Imagery boundary correction SVM Reclassification:
shapefile 2.Masking supervised Single class
+ classification Green Space
. Map
Road network extraction by
OpenStreetMap WorIdP‘op hierarchy
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2.Secondary Road raster Road Buffer generation
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Figure 2. Methodological framework for the study.
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3. Results
3.1. Population and Green Space Distribution Across Road Hierarchies in Riyadh

It is important to note that per capita UGS values are provided for each spatial scale
resulting from this study. All of the per capita estimates for the entire urban area are an
aggregate or population-weighted average for the whole city, so they show the level of
availability of urban green space in general or overall. These per capita estimates at the
“buffer” and “grid” levels represent localized conditions within specific distance bands
based on road hierarchy; therefore, the higher per capita estimates may occur in areas
with less than average density and in and through geographic clusters of green space. The
methodological differences between these two types of estimates are evident by virtue of
scale and can be interpreted as such. Patterns of ecological disproportion in urban envi-
ronments are identified through the spatial representations of distribution patterns of
population density, green space distributed and located relative to existing road hierar-
chies (Figure 3). For population density increases around primary roadways, significantly
and consistently, the further away from the road you are, with approximately 0.8 million
residents in the 0-300 m outer buffer zone (0-300 m), approximately 1.3 million in the 300
1000 m mid-buffer zone, and approximately 1.7 million in the outer 1000-3000 m buffer
zone. The amount of green space located in proximity to the roadway exhibits a similar
outward gradient, with green space available being approximately 8.1 million m? in the
0-300 m outer buffer zone and increasing to approximately 21.2 million m? in the 1000-
3000 m outer buffer zone. Correspondingly, the amount of green space available per cap-
ita improves over distance from the roadway in a similar, but modest way, from approx-
imately 10.18 m?/person at the 0-300 m outer buffer zone to approximately 11.70 m?/per-
son at the 300-1000 m mid-buffer zone and 12.27 m?/person at the 1000-3000 m outer
buffer zone. This outer gradient of green space and per capita green space suggests a rel-
atively equal and steady redistribution of green space (ecological resources) through the
development of ecological resources in the vicinity of primary corridors; however, the
relatively modest gains suggest that further efforts are needed to create a greater distribu-
tion of these ecological resources. Around 2.1 million people can be found in a specified
area of approximately 300-1000 m of secondary roads, where there is a large amount of
development. The area between 300 and 1000 m has a greater number of individuals than
either of the two other buffers (1.4 million people for both 0-300 m and 1000-3000 m). As
a result, the competition for available green space has increased. The availability of green
space within the mid-zone is also greater than in both the inner and outer buffers, with
the mid-zone having an available area of 19.9 million m?, the outer buffer having an area
of 18.0 million m?, and the inner buffer having an area of 14.6 million m? of green space.
However, despite this disparity in overall amounts of green space available, per capita
green space amounts remain fairly limited and unevenly allocated, as per capita green
space decreases slightly from the outer buffer (~12.75 m?/person) to the mid-buffer (~9.67
m?/person). This suggests that there are limits to individual access increases because of
the intense population concentration present within this mid-zone of green space; despite
a high supply of green space in the mid-buffer, population concentration limits access
increases due to greater competition for available access. The highest concentrations of
population densities are found along tertiary roads, where the population is concentrated
around the street (approximately 2.2 million people are located within 0-300 m of the
street) and decreases steadily with each increase in distance to approximately 1.7 million
in the 300-1000 m buffer zone, and 1 million-plus further than 1000 m from the road. There
is also a significant amount of open space available in both the inner (18.9 million m?) and
mid (19.3 million m?) buffer zones, but this drops significantly to only 12.6 million m? of
open space in the outer buffer zone. Overall, the spatial misalignment creates a relatively
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low per capita green space value in the immediate buffer (approximately 8.54 m?/person),
increasing to roughly 11.50 m?/person in the mid buffer and reaching its peak of about
12.87 m?/person in the outer buffer. These observations emphasize that high-density set-
tlements combined with limited availability of effective green space access create ecolog-
ical stress along tertiary road corridors.

Green Space Area Per Capita Green Space

71V Z 1. Z1VT 12.5 o 1Z.Z07
w15 207 10.182 =
u . N — .
5 1.3M T 15.6M 10.0
= c 154 S
= ] 2 7.5
Z 1.0 0.8 = g
.8M < 10
S z 10 8.1M T 5.0
< o €
3 0.5 o
o < 57 2.5 A
a
0.0 T T T 0 T T T 0.0 -
om. - 300m.-  1000m. - om. - 300m.-  1000m. - om. - 300m.-  1000m. -
300m. 1000m.  3000m. 300m. 1000m.  3000m. 300m. 1000m.  3000m.
(B) Secondary Road
Population Count Green Space Area Per Capita Green Space
Z 11T 20 N LTI 1270335
2.0 A 18.0M 12.5
2 = | _10.243
215 14m 1.4M £ 15 _14.6M _ 100
= c S
Z S 2 55
c = 8 o
S 1.0 s 107 S
g § NE 5.0 1
§ 0.5 - % 5 254
0.0 T T . 0 T T T 0.0 -
om. - 300m.-  1000m. - om. - 300m.-  1000m. - om. - 300m.-  1000m. -
300m. 1000m.  3000m. 300m. 1000m.  3000m. 300m. 1000m.  3000m.
(C) Tertiary Road
Population Count Green Space Area Per Capita Green Space
22t 20 TS OM 193 125 12870
= 2.0 : 11.504
] —~
5 1.7M E 15 1 - 10.01
= 1.5 c 12.6M o
= ) a
< 2 o 7.51
S 1.0 1.0M s 107 g
,_; g ] NE 5.0 1
§ 0.5 A < 251
0.0 T T r 0 T T T 0.0
om. - 300m.-  1000m. - om. - 300m.-  1000m. - om. - 300m.-  1000m. -
300m. 1000m. 3000m. 300m. 1000m. 3000m. 300m. 1000m. 3000m.

Figure 3. Availability of green space and buffer-based population distribution across road

hierarchies in Riyadh city.

3.2. Road Hierarchy Buffer-Wise per Capita Green Space Distribution

The spatial distribution of per capita green space within primary road buffers (Figure
4A) clearly delineates significant differences between developed and undeveloped areas
close to main roads, and the relationship between ecological accessibility (proximity to
CBD) and the combination of land use intensity and population density. Most sections of
the 0-300 m buffer zone have extremely low values of per capita green space (i.e., red or
yellow categories) because of the density of development and limited vegetation and res-
idential settlement patterns in close proximity to these corridors. As one moves from 300
to 1000 m away from the main road, the 300-1000 m buffer region displays greater heter-
ogeneity in spatial patterns, with relatively small sections of the buffer that contain higher
values of per capita green space (greater than 7.65 m?) as well as fewer sections with low
values (red zones). The 1000-3000 m buffer region displays the greatest overall increase
in the amount of green space available for individual use, with greater amounts of
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contiguous and broader green areas in this region (11.33 m? or higher) especially in areas
located away from the center of the road network, but small areas of green space still exist
in close proximity to areas of high-density development. In general, the analysis shows
that as you move away from the main roads, the population density decreases exponen-
tially because of the distance decay. As you move away from the nearest main road, the
amount of green space an individual has available increases significantly and, in some
cases, surpasses international benchmarks for green space available per person. Therefore,
while the closeness of the main highways promotes increased urban development and
greater connections between areas, it also creates extreme ecological limitations, hence the
need to develop a comprehensive green/blue infrastructure strategy on major highways
and transportation corridors in order to reduce heat stress, pollution exposure, and other
large-scale environmental injustices.
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Figure 4. (A) Per capita green space distribution throughout primary road buffers in Riyadh city.
(B) Per capita green space distribution throughout secondary road buffers in Riyadh city. (C) Per
capita green space distribution throughout tertiary road buffers in Riyadh city.

Spatial patterns related to population saturation along near-road corridors and a con-
siderable difference in ecological accessibility across all road corridors are represented by
the green space and green areas per capita on secondary road buffers (Figure 4B). In the
0-300 m buffers, the vast majority (nearly 95 percent) of all secondary road segments fall
into red (less than or equal to 0.01 m? per person) and yellow (between 0.01 and 7.21 m?
per person) segments, with only limited pockets of green (exceeding 7.21 m? per person).
Thus, secondary road environments (that most closely surround the immediate secondary
road) exhibit very low per capita green space values relative to population concentration
due to a high concentration of inhabitants and limited vegetation cover. Within the range
of 300-1000 m from the center of the road, some degree of stability and fragmentation
begins to improve the situation: where some peripheral portions reach higher green space
values per capita in the range of 8.05 m? per person or more, significant portions of sec-
ondary road corridors remain red (between 0.01 and 4.95 m? per person), suggesting there
remains an imbalance between the distributions of available green space and high density
of population. A clear improvement, however, begins to become apparent in the 1000-
3000 m from the center of the road corridor, where a number of segments on the outer
edges of road corridors begin to demonstrate higher green spaces with values of greater
than 22.97 m? per person; however, these values remain isolated across road corridors due
to significant segments that have low green space values (less than or equal to 0.01-0.06
m? per person) that remain dominant across the central areas of secondary road corridors.
Findings indicate that secondary road buffers are ecologically saturated, which means that
the levels of existing vegetation along these roads cannot be used to mitigate the impact
of growing population pressures. Outer buffer zones benefit disproportionately from
lower population densities and comparatively larger green areas. While some of the outer
buffer zone’s large green space areas represent a small number of outliers with high green
space values, most secondary roads in all three buffers have per capita green space levels
below widely accepted global benchmarks (9 m?/person), illustrating long-standing struc-
tural inequalities. In general, these findings show the vulnerability of secondary roads
both as an ecologically sensitive corridor in urban development and as major contributors
to the development of residential neighborhoods. They also highlight the necessity of in-
tegrating green infrastructure along the secondary road network to facilitate more equi-
table distribution of ecosystem services across urban areas.
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The spatial distribution of urban green resources clearly illustrates the relationship
between the spatial distributions of urban green resources and the per capita green space
distribution for each distance interval, as shown by the tertiary road buffers. The greatest
ecological stress was present near tertiary roads, with small improvements over distance
(Figure 4C). Compared to other sections of tertiary roads located further away, those lo-
cated within the first 300 m are subject to the most significant ecological stress from ex-
tremely high population density and minimal vegetation cover. Therefore, the majority of
these 300 m fall within the vulnerable (0.01 m?/person) and extremely low (0.00 m?/person)
classes of available effective green space access along the roadside zones. While scattered
improvements are evident in specific segments, many lengthy portions (0.00 m?/person)
of the tertiary road segments located in the most populated and urbanized city-center ar-
eas still suffer from a lack of effective green space. Conditions within the next tier of dis-
tance (300-1000 m) slightly improve with a higher density of low-density housing devel-
opment, along with localized per capita green space increases in less populated areas (a
maximum of 11.84 m?/person); however, large stretches of low-density housing continue
to exist in urban areas adjacent to major transit routes (i.e., major road corridors). In se-
lected outer tiers of distance (1000-3000 m), a few areas show significantly higher per cap-
ita green space available to residents +up to 35.45 m?/person in specific districts located
on the outer edges of the urban core), but these areas remain limited in scope and are not
represented proportionately across the urban landscape as a whole, due to the continued
existence of multiple areas adjacent to major roadways that exhibit symptoms consistent
with critical ecological impoverishment (<0.01 m?/person). In general, the data illustrate
that while outer buffers could offer much higher ecological provisioning capability, the
vast majority of tertiary roads (particularly those beyond approximately 1000 m) fall sig-
nificantly below internationally accepted baseline values. There is a clear inequity be-
tween ecological supply and population load along tertiary corridors; this pattern is par-
ticularly pronounced in densely populated communities, which results in a widespread
degree of environmental injustice. Therefore, these data indicate that it is essential to im-
plement immediately at the micro-level new green infrastructure interventions to reduce
exposure to urban heat, decrease the stress associated with urban air pollution, and reduce
the negative impact of both of these variables on community health.

The spatial distribution of per capita green space within primary, secondary, and ter-
tiary road networks provides insights into the ecological inequality associated with these
respective roads. As road order decreases, the ecological inequality becomes more obvi-
ous. Resources available to people also decrease further away from respective road net-
works. For instance, a systematic distance-decay effect can be observed in the location of
primary roads; the ecological resources available become more concentrated away from
and adjacent to primary roadways. The effect of secondary roads, however, has a pro-
nounced effect on the ecological saturation of both inner and mid-buffer areas. Because of
the population densities along secondary roads, population concentrations have over-
whelmed the amount of green space available, and therefore, there are concentrated but
unequal distributions of benefits from the green spaces located near secondary roads.
There are also critical shortages of green space available along tertiary roads, and these
shortages create severe economic disparities because green space improvement along ter-
tiary roads is highly localized, but not network-wide. Overall, evaluating the inequalities
of an ecological landscape has led to the conclusion that the lower-order roadways have
the highest concentration of population activity, while at the same time, they provide less
green infrastructure, and hence, cause and reinforce ongoing systemic environmental dis-
parity. Consequently, to achieve equitable access to green spaces, residents along lower-
order road networks must have opportunities for equitable green space planning through
the use of hierarchy as a planning principle.
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3.3. Inequality Assessment of per Capita Green Space Availability

A solid understanding of the inequality in per capita distribution of green space
among different hierarchies of roads and buffer zones is rendered feasible by the Lorenz
curves and Gini coefficients (Figure 5). The results reveal highly consistent inequality for
primary roads, with Gini coefficients of 0.840 (0-300 m), 0.870 (300-1000 m), and 0.825
(1000-3000 m). Populations in 300-1000 m of main roads are overrepresented due to a lack
of available green space, as evidenced by the highest inequality at the middle buffer
(0.870). The general trend shows a continued concentration of green assets not commen-
surate with population densities on main road corridors, despite decreasing inequality at
farther distances (0.825). A complete understanding of the difference in per capita green
space distribution between different road hierarchies and buffer zones is made available
due to the Lorenz curves and Gini coefficients. The results indicate uniformly high ine-
quality for main roads, with Gini coefficients of 0.840 (0-300 m), 0.870 (300-1000 m), and
0.825 (1000-3000 m). Populations within 300-1000 m of major roads are disproportion-
ately disadvantaged regarding accessible green space, as evident through the highest in-
equality at the intermediate buffer (0.870).

Primary road buffer: 0 - 300m. Primary road buffer: 300 - 1000m. Primary road buffer: 1000 - 3000m.
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Figure 5. Per capita green space accessibility Lorenz curves for primary, secondary, and tertiary
roads under three buffer zones (300 m, 1000 m, and 3000 m) in Riyadh city.

The general pattern shows a persistent concentration of green resources that fail to
keep pace with population densities along major road corridors, even though inequality
declines slightly at further distances (0.825). Tertiary roads have a somewhat more favor-
able trajectory for inequality. Although the Gini is hugely high in the proximity of the
road network (0.883 at 0-300 m), it improves considerably at broader buffers, falling to
0.807 at 300-1000 m and rising to 0.753 at 1000-3000 m. This indicates that even though
there is a significant difference in green space availability in populations directly adjacent
to tertiary roads, the distribution becomes relatively more even as the spatial area in-
creases. Less dense, local-scale street networks can be integrated into more comprehensive
residential spaces in which the distribution of green space, though still unfair, is less
skewed toward a small fraction of the population, as implied by the progressive decline
in inequality among tertiary road buffers. Together, these findings identify a somewhat
hierarchical gradient of inequality in access to green space through urban road systems.
As a result of the spatial prioritization of transportation corridors above ecological provi-
sioning, primary and especially secondary roads worsen inequality. Tertiary roads, how-
ever, show modest improvements to a larger degree; yet overall, all Gini coefficients re-
main above 0.75, affirming severe inequities that are quite far from equality (Gini = 0).
Since secondary and primary roads have the most severe shortages, this highlights the
necessity for urgent urban planning measures, introducing equitable green space provi-
sioning into road network design.

4. Discussion

The results identify dramatic inequalities in per capita provision of green space along
road hierarchies. Immediate buffers (0-300 m) are under the greatest ecological stress with
very low per capita values despite housing the most densely populated areas. Primary
and tertiary roads exhibit moderate improvement at larger distances, while secondary
roads exhibit stagnation, with greater green space area failing to equate to fairer access.
Lorenz curve analysis verifies these inequities, with Gini coefficients well above 0.8 for
most cases, and 0.895 in outer buffers of secondary roads, highlighting structural dispari-
ties between demographic concentration and ecological provision. The vast difference in
the distribution of green space along secondary roads (Gini = 0.895) compared to popula-
tion concentration is due to the way that Riyadh’s urban land use and infrastructure pol-
icies have developed the built and natural environments. Secondary roads serve as the
spine of urban residential and mixed-use corridors with high housing density, commerce,
and service activity for all residential and mixed-use uses. However, the amount of eco-
logical investment in secondary roads was historically minimal in comparison to primary
corridors and larger peripheral developments, where urban planning policies were fo-
cused on maximization of plot use and vehicle access, as well as new real-estate develop-
ment. However, the total amount of green space along secondary roads may be large due
to significant population increases occurring in the same corridor; the ecosystems are now
saturated. Consequently, while the total area available as green space is increasing, the
amount of green space per individual is not significantly increasing. The secondary road
network represents an urban planning gap, whereby mobility develops inequity instead
of reducing it, as compared to primary roads with increased planned landscape design
and tertiary roads in the low-density periphery.

These results concur with international literature that shows how road-fragmented
urban growth has a propensity to harm ecological equity [9]. Asian cities experiencing
rapid urbanization, such as Delhi and Jakarta, have also been reported with the same on-
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road lack of green space with compensatory gains in the periphery, and studies in Western
contexts (e.g., London and Los Angeles) conclude that socio-economic inequalities still
exist in the provision of green infrastructure [8,11,34]. In arid and semi-arid cities, partic-
ularly in the Middle East and North Africa, evidence pointed to the fact that scattered
urban planning and water shortages further contribute to per capita green space disparity
[17,23,25]. Despite the fact that this investigation confines itself to the city of Riyadh, the
analytical framework created for this investigation may be applied more broadly to other
urban areas, particularly those experiencing rapid growth and an automotive orientation,
situated in arid and semi-arid climates. The analytical framework’s four main compo-
nents, i.e., road hierarchy classification, multi-distance buffer analysis for estimating green
space per capita population density, population-weighted analysis of green space per cap-
ita population density, and locational equity assessment through Lorenz curves and Gini
coefficients, do not depend on city-specific datasets and instead depend on global open-
source datasets such as OpenStreetMap, Landsat imagery, and gridded population prod-
ucts. Some of these same methods also have been employed in earlier investigations fo-
cused on assessing green space inequality in other Global South cities, including, but not
limited to, Beijing, Shenzhen, Delhi, and others, where urban ecotype development and
road-led urban expansion with population clustering have contributed to environmental
access inequity [4,24]. Although local calibration of buffer distances, vegetation defini-
tions, and planning definitions will be required to best account for variations in urban
morphology and the structure of local governance, the overall framework of this investi-
gation can act as a universal decision support system to assess ecological inequity across
all urban environments. Table 1 is a systematic comparison of previous studies exploring
urban green spaces and their associated equity. Comparison is made according to defini-
tions of urban green space, spatial frameworks, and inequality metrics. It also indicates
how the current study builds on the body of knowledge by utilizing road hierarchy-based
buffer zones and population-weighted (per capita) assessments conducted in arid climate
urban areas.

Table 1. Comparative analysis of global research connecting road networks and urban green

space.

Study Area

Major Findings Recommendation

Wuhan, China [35]

Shenzhen, China [36] Simpson, Gini indices) that combines

England, Wales. Northern Ireland and be associated with deprivation;
Scotland, UK [37]

Toronto, Canada [38] spaces across city neighborhoods on a

The inclusion of non-park green
spaces (NPGSs) decreased the ine-  Including NPGSs in the design of
quality of UGS accessibility (Gini: green spaces
0.93—0.62)

Created a framework (Ga2SFCA, . . .
Planning for pedestrian-oriented

equality, diversity, and accessibility UGSs using equity metrics

Green space inequality was found to . . e
Give priority to green initiatives in

the areas with the greatest depriva-

greater green space was associated "
on

with fewer avoidable deaths

Found diff i t
ound differences in access to green Neighborhood-specific green space
li ki
spatial, social, and economic level policymaking

Policy-wise, the incorporation of green infrastructure into transport-oriented devel-
opment is an immediate priority. Roadside greening, pocket parks, green walls, and
buffer-specific ecological planning can help reduce inequities, especially along secondary
and tertiary corridors. The research on sustainable development and urban sustainability
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within Saudi Arabia will serve as a model for existing and/or current national and city-
level sustainability programs like the Saudi Green Initiative [39]. The research is in sup-
port of the Saudi Green Initiatives related to urban greening, creating more trees, and in-
creasing resiliency to climate change in arid cities. The research also identifies the defi-
ciency of green space along many secondary and tertiary road corridors, which indicate
areas for possible spatial targeting for the Saudi Green Initiative afforestation and urban
vegetation targets. The research provides a research-based framework for integrating
green performance metrics with existing strategic urban development plans and transpor-
tation-oriented development frameworks in Riyadh. The integration of green perfor-
mance metrics into road and housing projects will ensure that mobility-driven urban de-
velopment contributes to environmental equity rather than continuing the trend of pro-
ducing Environmental Deprivation. Such proactively targeted interventions further sup-
port the Kingdom of Saudi Arabia’s commitments to Sustainable Development Goals 3,
10, 11, and 13 and the Kingdom’s commitment to translating Sustainable Development
Goals into neighborhood-scale outcomes.

This analysis, nonetheless, has limitations. The assessment is based on remotely
sensed proxies of vegetation cover and population distribution that may not adequately
represent green space quality, usability, or cultural significance. WorldPop gridded pop-
ulation data provides modeled population estimates rather than actual census data, which
creates an additional source of uncertainty. The high-resolution, temporally consistent na-
ture of the WorldPop data allows for intra-urban analysis; however, there is still some
uncertainty surrounding how users are able to disaggregate, as well as how different time
periods are compared and how the redistribution of populations occurs in a heterogene-
ous urban landscape. The uncertainty surrounding these estimates could extend to calcu-
lations of green space per capita, especially in areas near roads that are densely populated.
In addition, minor errors in the estimation of populations could create a larger effect when
calculating the green space available per capita. Despite these uncertainties, many studies
on urban equity and exposure utilize WorldPop to allow for consistent, comparative anal-
ysis of road hierarchies and buffer zones. Temporal processes, especially seasonal changes
in vegetation condition, were not included. Additionally, the investigation targets buffer
spatially without taking into account functional access measures like socio-economic de-
terminants of green space usage or walking time. Future research needs to include ground
surveys, socio-demographic evaluations, and weather—climate connections to provide an
integrated vision of urban ecological equity. In addition to the strengths highlighted
above, the proposed framework has several limitations that must be considered when in-
terpreting results from the proposed framework. For example, the proposed framework
uses vegetation cover as a proxy for urban green space based on remote sensing data,
which does not consider the quality of green spaces, such as the accessibility and usability
of the area, maintenance levels (including how well maintained the green space is), and
any cultural significance (the extent to which the green space has personal connection to
the community). Therefore, the amount of functional per capita green space may be
overrepresented by remote sensing technology if the area being evaluated has highly frag-
mented, fenced, or otherwise inaccessible vegetation. The use of grid-based population
data adds uncertainty to highly dense urban environments because it may have smoothed
out population peaks along road corridors, thus underestimating inequalities. A buffer-
based method will capture spatial proximity, but it does not reflect real-life access pat-
terns, including walking routes, barriers, and socio-economic limitations. As a result, in-
equities could be intensified by the use of the buffer-based method. Further, the analysis
is static/free from the influence of seasonal variability in vegetation and long-term urban
development; thus, changes in green space exposure over time were not evaluated. While
these limitations do not detract from the overall conclusion(s) about there being significant
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ecological inequality within road hierarchies throughout the city of Riyadh, they suggest
that the actual degree of inequity in the vicinity of the road may have been underesti-
mated.

5. Conclusions

This research points to significant disparities in per capita green space distribution
along main, secondary, and third-degree road networks, wherein proximal buffers always
suffer the greatest ecological stress from high densities and low vegetation cover, whereas
external buffers exhibit only scattered and localized gains. The study, through the integra-
tion of road hierarchies with buffer-based spatial inequality and distribution measures
like Lorenz curves and Gini coefficients, provides an innovative framework for measuring
the intersection of transport infrastructure, demographic clustering, and ecological acces-
sibility in an arid city context. In contrast to prior research that looked at green cover in
general, this work offers a detailed, road-based view that uncovers how mobility corri-
dors, while important for connectivity and development, widen environmental dispari-
ties. The findings have extensive urban planning and policy implications, calling for the
imperative of integrating green infrastructure through roadside greening, pocket parks,
and ecological corridors into transport-oriented development as a means towards achiev-
ing SDGs with health (SDG 3), inequality (SDG 10), sustainable cities (SDG 11), and cli-
mate action (SDG 13) orientations. Furthermore, the study acknowledges limitations such
as the utilization of remotely sensed data, the lack of temporal dynamics, and the exclu-
sion of socio-economic and cultural determinants of green space use. Follow-up research
needs to bridge these gaps by incorporating season and long-term urban development
trends, linking ecological contrast to public health outcomes, and applying the framework
to other Middle Eastern and desert-zone cities to provide a more complete evidence base
for environmental justice. In doing so, the research not only advances methodological ad-
vancement but also establishes an important foundation for integrating mobility and ecol-
ogy into urban resilience planning.
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