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Abstract

Conventional urban models are not always effective for addressing the unique spatial features.
More recent remote sensing approaches also face difficulties in comprehensively generalizing the
asymmetric nature of spatially complex urban—rural continuums (URCs). These areas are increas-
ingly shaped by rapid urbanization and diverse natural conditions, resulting in highly asymmetric
spatial structures. We aim to bridge this gap by comprehensively analyzing the asymmetric spatial
characteristics of 19 cities across nine major Southeast Asian countries, highlighting the similarities
and differences among the varying sized URCs. The proposed approach integrates a novel direc-
tional gradient-based method grounded in reliable land cover data, along with Windrose analy-
sis, spatial statistics, and landscape indices. It quantitatively analyzes the key asymmetric charac-
teristics of diverse URCs while covering only a limited area. Using this approach, we assessed the
spatial asymmetry and variation of landscape diversity, urban density, and spatial morphology
variation across and within these URCs. Results reveal that these URCs exhibit pronounced spa-
tial asymmetry, which is shaped by natural features (e.g. rivers, terrain, coastlines, natural reserves)
and artificial boundaries. The urban—rural fringe consistently shows the highest landscape diver-
sity with an average Shannon Evenness Index of 0.87, much higher than that of urban center (0.32)
or rural area (0.60). Directional asymmetry is further evidenced by the standard deviation (STD)
of urban density by direction, which averages 0.11 across all cities. This asymmetry is particu-

larly pronounced in coastal cities (average STD = 0.14), where coastlines strongly influence land-
scape configuration. Additionally, urban size also influences the degree of spatial asymmetry. The
proposed analytical framework offers reliable data and practical tools for quantitatively analyzing
asymmetry across diverse URCs. More crucially, it provides fundamental insights into urban struc-
ture that directly support urban planning and sustainable development.

1. Introduction

Urban areas have long been defined not only by
their administrative or physical boundaries but also
through the lens of the urban-rural continuums
(URGC:s) that consider urban centers and their neigh-
boring rural areas as a cohesive system (Schneider et al
2015, Zheng et al 2022). The URC has been often
defined as dynamic spaces of socioeconomic inter-
actions and exchanges (Skinner 2002, Cattaneo et al

© 2026 The Author(s). Published by IOP Publishing Ltd

2022). In the literature, URC is also referred to as
the rural-urban continuum or the urban—rural inter-
faces (Pahl 1966, Karlsson 1986). In 1925, Burgess
(1925) proposed the concentric zone model that con-
ceptualizes cities as a series of concentric circles radi-
ating outward from downtown to the suburbs. This
conceptual framework was advanced through view-
ing urban areas as sectors (Hoyt 1939), or as multi-
ple nuclei (Harris and Ullman 1945). While the con-
cept is useful for studying URC, it remains mostly
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abstract amid an increasing number of case studies
(Schwirian 2007, Tian and Chen 2022). The com-
plex spatial characteristics of modern cities, such as
spatial differentiation and isolation problems, pose
pressing challenges to these classical models (Fujii and
Hartshorni 1995, Stokes and Seto 2019). Rapid urban
growth, diverse natural conditions, and massive pop-
ulations, render modern megacities too complex to
be adequately explained through the direct applica-
tion of these models (Schneider et al 2015, Zheng et al
2022).

Since 2000, numerous efforts have been made to
investigate landscape features across URCs in differ-
ent regions. Qi et al (2004) demonstrated the tighten-
ing link between urban centers and their peripheries
during urban expansion. Weng and Lu (2009) applied
a linear spectral unmixing model to analyze urban
landscape structure and its dynamics. In Europe,
Hedlund (2016) introduced a concentric framework
to describe rural landscape typologies in Sweden,
while Wilkosz-Mamcarczyk et al (2020) analyzed how
urban expansion in Krakow, Poland, reshaped the
surrounding URCs. Studies in Latin America sim-
ilarly documented distinct gradients of landscape
change, such as those observed across the URCs of
Quito, Ecuador (Ortiz-Béez et al 2021). These stud-
ies illustrate that URCs are not simple linear tran-
sitions from urban to rural areas, but rather com-
plex interfaces of heterogeneous surfaces (Vizzari et al
2018, Cattaneo et al 2022). Furthermore, various lev-
els of urban development leave distinct footprints on
the landscape across URCs (Hedlund 2016, Cattaneo
et al 2022, Fan et al 2022, Tian and Chen 2022). The
resulting spatial asymmetry in urban areas not only
reshapes community structures but also creates eco-
logical gradients and edge effects that influence the
movement of water, nutrients, and organisms across
the landscape (Cumming et al 2008). It also intensi-
fies thermal variations, contributing to urban heat-
related effects (Zhao et al 2025, Cao et al 2026).

Based on our synthesis of URC studies (table 1),
quantitative analysis of asymmetric landscape struc-
tures remains largely unexplored (Peng et al 2018).
Understanding and quantifying the landscape asym-
metry of cities requires thorough exploration beyond
qualitative or conceptual interpretations (Phiri et al
2020, Li et al 2023). There is an obvious knowledge
gap regarding the differences and similarities in urban
asymmetry across cities of varying sizes (Gluch and
Ridd 2010, Peng et al 2018). It is also unclear how
asymmetry is shaped by different geographic or insti-
tutional factors, such as centralized planning versus
market-driven governance, and intensified develop-
ment versus conservation efforts (Chen et al 2018,
Fan et al 2019).

To address this knowledge gap, this study aims
to examine the asymmetric nature of the 19 cities in
Southeast Asia (SEA) (Nguyen et al 2025, Zhu et al

] Wang et al

2025). Inrecent years, SEA has emerged as a key global
region with robust economic growth far exceeding
the global average (Fan et al 2022, HSBC 2024, IMF
2024). Covering 3.1% of the world’s land, SEA is
home to 8.9% of the global population, or 700 mil-
lion people, of whom 52.8% lives in urban areas
(UN Population Division 2024). Decades of rapid
and continuous urbanization in SEA have driven sig-
nificant environmental changes and reshaping land-
scape structures not only within urban areas but
also across the extended fringes and rural regions
that interface with urban centers (Sarker et al 2024a,
Zhu et al 2025). Since URC has been successfully
applied to analyze complex interfaces shaped by mul-
tiple anthropogenic and natural drivers, we use this
term to define the broader study area of the 19 SEA
cities rather than merely focus on the urban area. We
hypothesize that urban and natural landscapes within
these URCs in SEA exhibit significant, quantifiable
asymmetry that deviates from idealized conventional
urban models. Since gradient analysis can reduce sub-
jectivity and enhance reproducibility in spatial stud-
ies (Vizzari and Sigura 2015, Ortiz-Bdez et al 2021),
we propose an analytical framework based on a direc-
tional gradient to model the asymmetric URCs.

The specific objectives of this study are to: (1)
develop a novel, intuitive, and transformative frame-
work for studying URC asymmetry, taking 19 SEA
cities as our testbed; and (2) synthesize the similarities
and differences among these URCs through quantita-
tive directional gradient analysis. Through this frame-
work, we aim to reveal the asymmetric nature of these
landscapes, deepening the understanding of URCs
with diverse structures and complex environments
while informing urban development and planning.

2. Materials and methods

2.1. Study area
We selected 19 studied cities across nine major SEA
countries (figure 1, table 2). Aimed at capturing
the diversity of urban typologies, the studied cities
include capitals or former capitals, regional economic
centers, and municipalities of varying sizes (Zhu et al
2025). Crucially, these cities provide a balanced repre-
sentation of key geographic conditions: 10 are coastal
while 9 are inland; 13 are situated in Mainland SEA,
and 6 in the Malay Archipelago. This diversity facil-
itates a comprehensive and comparative analysis of
how different natural and administrative contexts
shape landscape structures. Although these 19 URCs
cover only 5.42% of SEA’s terrestrial area, they have a
population of 186.88 million, or 28.61% of the total
in the SEA area.

In this study, the centers of the selected cities
were defined based on the geocoded coordinates of
Google Maps (table 2). These locations typically align
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Table 1. Summary of representative studies and theoretical developments on urban-rural continuum (URC).

Period Key Authors

Approach/model

Contribution/insight

Prior to 1960 Burgess (1925), Hoyt (1939),

and Harris and Ullman (1945)

1960-2000 Pahl (1966), Karlsson (1986),
and Bell (1992)
2000-2015 Qi et al (2004), Weng and Lu

(2009)

2008-Present Cumming et al (2008),
Wilkosz-Mamcarczyk et al
(2020), Zhao et al (2025), Cao

et al (2026)

Hedlund (2016), Vizzari et al
(2018), Fan et al (2019),
Ortiz-Béez et al (2021), Cattaneo
et al (2022), and Tian and Chen

(2022)

2015-Present

Concentric zone, Sector,
and multiple Nuclei
model

Urban—rural
Continuum
(urban-rural
interfaces/rural-urban
continuum)

RS-Based URC study

Spatial landscape study
with socioecological
analysis

Multisource data
integration

Proposed early systematic model
of urban spatial structure.

Conceptualized cities and
surrounding rural areas as
continuous and interacting
systems rather than distinct zones

Quantitatively analyzed urban
landscape structure and its
temporal changes using remote
sensing.

Highlighted URCs as complex
interfaces shaped by multiple
anthropogenic and natural forcing.

Empbhasized the use of advanced
high-resolution and multisource

geospatial data to quantify urban
structure, expansion, and
environmental effects.

with administrative landmarks or historic cores, serv-
ing as standardized, functional starting points for
directional landscape analysis. Compared with math-
ematical centroid methods, the labels of Google Maps
provide a more stable representation of the functional
city centers. A detailed comparison with the alterna-
tive city center determination approaches is provided
in appendix A. To comprehensively study these land-
scapes across the extended fringes and rural areas that
interface with the urban center, URCs were delin-
eated using a 5 km buffer zone of each city’s munic-
ipal administrative boundaries. The population was
estimated based on the 2023 LandScan gridded pop-
ulation dataset (Lebakula et al 2024). The 19 stud-
ied URCs were categorized into three groups based
on the physical extent of their continuous urban
areas. Specifically, URCs with urban areas extending
beyond 20 km were classified as large cities, those
between 10-20 km as medium, and those under
10 km as small (table 2). The urban areas classifica-
tion is directly derived from the directional gradient
analysis in section 3.2.

2.2. Data and pre-processing

We applied the land use/land cover of 2023, derived
from Sentinel-2 image (10 m resolution) by ESRI
using deep learning AI model (ESRI 2024). The
land cover products were adjusted based on the
International Geosphere-Biosphere Programme clas-
sification system consists of nine classes: Forests,
Grasslands, Wetlands, Built-up lands, Croplands,
Barren, Water bodies, Snow & ice, and Clouds
(Loveland and Belward 1997). QuickBird images
(0.6 m), covering limited areas were acquired to

support accuracy assessment and detailed analysis.
The accuracy assessment yielded an overall accuracy
of 81.8% for the nine land cover classes and 85.0% for
the four aggregated landscape categories.

2.3. Methods

A directional gradient analysis was performed to
explore the configuration and diversity of landscape
(figure 2). Specifically, circular zones at 1 km inter-
vals from city center were generated, extending to the
boundaries of the URCs. This approach has proven
effective in gradient analyses from recent urban stud-
ies (Wang et al 2020, Zheng et al 2023, Sarker et al
2024a). Our preliminary assessment further confirms
that 1 km is an appropriate scale for characterizing
urban land surfaces, avoiding oversmoothed patterns
while preserving sensitivity to directional gradient
changes (Barnes et al 2002, Jiao 2015). The gradient
analysis was performed along the grids in eight cardi-
nal and diagonal directions for exploring the asym-
metric nature of the landscapes. The original land
cover classes were aggregated into four landscape cat-
egories: Urban area (built-up lands), Semi-natural
surface (cropland, barren, and grasslands), Natural
surface (forests, wetlands, and the others), and Water
bodies, with reference to previous studies (Zorrilla-
Miras et al 2014, Jiao 2015). The dominant landscape
category of each grid was identified. Urban density
was then calculated by determining the proportion of
urban area within each grid.

Sample standard deviation (STD;) of urban
density was calculated for assessing the variability
of urban density with distance and by direction
(table 3). The population standard deviation (STD,)
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Figure 1. Spatial distribution of the 19 study cities in nine countries of Southeast Asia (SEA). The unshaded areas indicate the

was computed for the mean urban densities across
all eight directions to evaluate directional variations
in urban density. This measure captures the extent
of asymmetry in urban development, highlighting
whether certain directions exhibit significantly higher
or lower urban densities compared to others. A
higher STD,, value signifies pronounced directional
variations.

Four quantitative metrics on landscape asymme-
try were calculated (table 3). The Shannon Evenness
Index (SHEI) of landscape categories across each
URC zones (Urban Center, Urban Fringe, and Rural
Area) was calculated to assess the asymmetry of land-
scape structure. SHEI is a key index that measures

LULC diversity based on the number of landscape
classes in an area (Shannon 1948). It is computed
by dividing the Shannon Diversity Index (SHDI) by
the natural logarithm of the number of categories.
Therefore, SHEI is calculated as the fraction of the
observed SHDI to the maximum possible SHDI (Kodl
et al 2024). This normalization remarkably reduces
the influence of the total category count. Unlike
SHDI which does not have a fixed value range, SHEI
ranges from 0 to 1 regardless of category count. An
SHEI value of 1 indicates perfectly even proportions
among landscape categories, while values approach-
ing 0 indicate dominance by a single category (ORNL,
& NASA 2019).




Table 2. Basic information about the 19 study cities and associated urban-rural continuums (URCs) in Southeast Asia (SEA). References: Google Maps and LandScan Silver Edition (https://doi.org/10.48690/1531770).

Type of city  Name Country City center City center coordinates Urban extent (km)  URC area (km?)  Population (2023)  Description
Large Ho Chi Minh City ~ Vietnam Giac Lam Buddhist Temple 10°49.39’ N, 106°37.78' E 81 35905 24.63 m Vietnam’s most populous city and economic
center, a centrally controlled municipality.
Hanoi Vietnam Temple of literature 21°1.67' N, 105°50.05" E 65 29 569 22.68 m Capital and second most populous city of
Vietnam.
Bangkok Thailand Democracy Monument 13°45.38’ N, 100°30.11' E 35 9919 17.23 m Capital and most populous city of Thailand.
Jakarta Indonesia Selamat Datang Monument 6°11.67’ S, 106°49.38' E 39 9000 34.68 m Capital and most populous city of Indonesia.
Manila Philippines  Quiapo church 14°35.97' N, 120°59.05" E 26 10943 31.05m Capital and most populous city of
Philippines.
Kuala Lumpur Malaysia Independence square 3°8.97' N, 101°41.67' E 29 10 981 10.14 m Capital and most populous city of Malaysia.
Medium Bandung Indonesia Kebon Pisang district 6°55.05" S, 107°37.15 E 17 6985 11.52m Capital of West Java province; fourth most
populous city in Indonesia.
Yangon Myanmar Center Wai Za Yan Tar Rd 16°50.46’ N, 96°10.41" E 14 12223 8.86 m Most populous city and former capital of
Myanmar.
Chiang Mai Thailand Wat Chai Phrakiat temple 18°47.30" N, 98°59.12" E 19 31 862 2.14m Capital of Chiang Mai Province, second
most populous city in Thailand.
Phnom Penh Cambodia  Independence Monument 11°33.38' N, 104°55.69’ E 14 5820 4.33m Capital and most populous city of
Cambodia.
Vientiane Laos Thatluang grounds 17°58.54' N, 102°37.99" E 17 5392 1.2l m Capital and most populous city of Laos.
Singapore Singapore CapitaGreen tower 1°16.87' N, 103°51.02" E 17 1594 6.16 m Island city-state and economic center of SEA.
Small Denpasar Indonesia Dauh Puri Klod Commercial district ~ 8°40.23’ S, 115°12.77' E 8 1514 1.93m Capital of Bali province.
Johor Bahru Malaysia Plaza Pelangi 1°28.79' N, 103°45.86' E 10 1703 1.96 m Capital of Johor state; adjacent to Singapore.
Siem Reap Cambodia  Sokha Angkor resort 13°21.80" N, 103°51.38' E 6 13 104 1.22m Second most populous city of Cambodia;
gateway to Angkor Wat.
Chiang Rai Thailand King Mangrai Monument 19°54.63' N, 99°50.43' E 7 13 821 1.38 m Capital of Chiang Rai Province, near Laos
and Myanmar borders.
Iloilo Philippines ~ SM Hypermarket Iloilo 10°43.21" N, 122°33.73' E 6 9353 3.10m Capital of Iloilo Province, Philippines.
Pakse Laos Champasack Stadium 15°7.03' N, 105°48.95' E 3 18 982 0.96 m Capital of Champasak Province; the
confluence of the Mekong and Xe Don rivers.
Naypyidaw Myanmar Wunna Theikdi stadium 19°45.80’ N, 96°4.71' E 3 12017 1.70 m Current capital and third most populous city

of Myanmar.
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Figure 2. Illustrations of extracting landscape features from city centers to rural areas at 1 km intervals in 8 directions for explor-
ing the asymmetry of urban—rural continuums (URCs). Jakarta (left) represents a large city, while Singapore and Johor Bahru
(right) represent medium and small cities, respectively. The detected secondary urban centers of Jakarta (e.g. Tangerang, Bekasi,
Bogor) are labeled. The land use/land cover maps of 2023 derived from the Sentinel-2 images (10 m resolution) by ESRI are used
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Table 3. Four quantitative metrics and their definitions for quantifying the asymmetry among the

8 directional URC:s in 19 study cities in Southeast Asia. Sample standard deviation (STD;) and population
standard deviation (STD,) are used to quantify directional urban density variations within each URC, while
Shannon Diversity Index (SHDI) and Shannon Evenness Index (SHEI) measure landscape heterogeneity.

Spatial index Equation

Variable definitions

Sample standard Deviation
STDs =

d;: urban density in the ith
direction at a given distance (m)
d: mean urban density at a given
distance

Population standard deviation

D;: mean urban density in the ith
direction

D: average urban density among all
directions

Shannon Diversity Index

i=1

m
SHDI = — 5 (Pi*InP;)

P;: the proportion of the landscape
occupied by category i

SHEI = SHD!

Shannon Evenness Index s

m: the number of landscape
categories

3. Results

3.1. Urban landscape and morphology

Directional gradient analysis of landscape categories
reveals that the URCs are asymmetric but differ sub-
stantially from each other (figures 3 and 4). The
Windrose diagrams not only provide city-specific
visualization of directional growth, but also enable
cross-case synthesis of how landscape composition
diverges across urban, semi-natural, and natural
surfaces.

First, larger cities exhibit broader and more con-
tinuous urban petals, reflecting a stronger expanded
pattern. For example, the urban area of Ho Chi Minh
City (HCMC) is approximately ten times larger than
that of Naypyidaw. Second, the degree and orienta-
tion of asymmetry are consistently shaped by physi-
cal geography and political boundaries. While many
cities display a typical concentric pattern from urban
to semi-natural to natural surfaces, others show dis-
tinctive configurations. For instance, Kuala Lumpur,
Singapore, and Johor Bahru have minimal semi-
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Figure 3. Windrose diagrams illustrating the directional characteristics of dominant landscape categories (urban, semi-natural,
and natural) within the URCs of SEA (large and medium cities). Each Windrose is generated based on directional gradient grids
extending from the city center in eight directions (north, northeast, east, southeast, south, southwest, west, northwest). The
length of each petal represents the extent of the dominant landscape category in that direction, providing a visual assessment

of the spatial heterogeneity and asymmetry in landscape composition. Important natural features and artificial boundaries that
influence urban structure are labelled on each Windrose. Abbreviations: Volc. (volcano); Riv. (river).

natural surfaces because natural and artificial barriers
restrict arable land, resulting in an abrupt transition
from urban to natural cover. Conversely, cities like
Bangkok lack substantial natural surfaces, as agricul-
tural land dominates the areas beyond its urban core.
Additionally, coastal cities show more pronounced
asymmetry in their landscape structure, as growth is
truncated in directions facing the sea.

Both physical geography and administrative
boundaries strongly influence the URCs’ asymme-
try. In most cases, urban areas and semi-natural

surfaces are constrained by natural features, as
well as by artificial boundaries such as national
borders. These features produce shorter petals for
urban and semi-natural surfaces in the Windrose
diagrams, while simultaneously directing growth
toward less constrained sectors and creating dis-
tinct asymmetry (figures 3 and 4). For instance,
a major river or mountain range on one side of
a city will halt development there, forcing expan-
sion along other directions. Similarly, for many
URCs adjacent to national borders, large areas

7
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Figure 4. Windrose diagrams illustrating the directional characteristics of landscape features (urban, semi-natural, and natu-
ral) within the URCs of SEA (medium and small cities). Petal lengths indicate the extent of dominant landscape features (urban,
semi-natural, natural) in each of the eight directions, i.e. the asymmetric nature of landscape composition. Selected critical nat-
ural and man-made landmarks for each city are labeled. Abbreviations: N.P. (National Park); Riv. (river);Volc. (volcano); N.C.A.
(National Conservation Area).

of natural surface occupy the space between the Landscape diversity peaks at the urban fringe. The
border and the city center, further contributing diversity and evenness of land cover composition vary
systematically from urban center to rural area, gen-

to the asymmetric landscape composition of the
erally peaking in the intermediate urban fringe. To

URGCs.
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Table 4. Average Shannon Evenness Index (SHEI) in urban centers, urban fringes, and rural areas across the
urban—rural continuums (URCs) of 19 study cities in SEA. High SHEI values approaching 1 indicate
increasingly even proportions among the eight directions of a landscape feature, while values approaching

0 signify increasingly uneven distributions by direction.

City Urban center Urban fringe Rural Total radian area Overall URC
Ho Chi Minh City 0.30 0.87 0.76 0.98 0.97
Hanoi 0.38 0.88 0.56 1.00 0.95
Bangkok 0.24 0.84 0.59 0.93 0.97
Jakarta 0.22 0.85 0.78 0.88 0.99
Manila 0.32 0.96 0.77 0.93 0.81
Kuala Lumpur 0.45 0.72 0.39 0.76 0.71
Bandung 0.27 0.85 0.32 0.96 0.94
Yangon 0.26 0.91 0.68 0.91 0.80
Chiang Mai 0.29 0.82 0.47 0.90 0.71
Phnom Penh 0.33 0.93 0.73 0.97 0.87
Vientiane 0.32 0.93 0.65 1.00 0.90
Singapore 0.37 0.83 0.43 0.76 0.70
Denpasar 0.20 0.95 0.63 0.89 0.90
Johor Bahru 0.36 0.83 0.51 0.91 0.80
Siem Reap 0.20 0.82 0.75 0.85 0.71
Chiang Rai 0.36 0.75 0.48 0.87 0.78
Iloilo 0.28 0.92 0.81 0.83 0.70
Pakse 0.43 0.96 0.53 0.78 0.68
Naypyidaw 0.53 0.86 0.54 0.78 0.74

quantify the gradients, each URC was segmented into
three zones: urban center, urban fringe, and rural
area. Consistent with Peng et al (2018), the segmen-
tation was determined by the proportion of built-
up land within each grid. Based on the thresholds
established in previous studies (Lu and Weng 2006,
Van de Voorde et al 2011), grids with a built-up den-
sity of >80% were classified as urban centers, which
are dominated by continuous commercial and res-
idential areas. Grids with values between 20% and
80% were defined as the urban fringe, character-
ized by medium-intensity industrial or discontinu-
ous residential areas, while those with <20% were
classified as rural areas, mainly consisting of non-
urban surfaces such as extensive vegetation and agri-
cultural lands. Based on the asymmetry quantifica-
tion (table 4), we found that most of the URCs’ urban
fringes had an SHEI value of > 0.8, reflecting a het-
erogeneous mix of different land categories. In con-
trast, the urban centers had the lowest SHEI values,
often <0.4, as they were overwhelmingly dominated
by built-up lands. The SHEI values of rural areas nor-
mally fall between those of the urban centers and
fringes.

Additionally, larger cities tend to have higher
overall SHEI than smaller ones (table 4). HCMC,
Bangkok, and Jakarta show the highest overall SHEI
values, indicating more complex landscape compo-
sition. In contrast, smaller cities often have lower
overall SHEI values of around 0.7-0.8, implying
less heterogeneous landscape categories within their
URC:s. Furthermore, analyses of the radian area yield
results similar to those for the overall URCs, sug-
gesting that the radian areas are effective samples

for comprehensive analysis with significantly reduced
data and computation.

3.2. Asymmetric urban density across URCs

Large cities maintain high urban density extending
far beyond their centers, whereas smaller cities show
sharp declines over shorter distances. Figure 5 sum-
marizes these variations by boxplots of urban density
at 1 km intervals along eight directions, with the solid
line indicating the mean density. Spatially, urban den-
sity across the 19 URCs generally decreases with dis-
tance from the city core. It tends to decline gradually
within the urban center, drop sharply at the transition
to urban fringe, and decrease slowly in rural areas.
As city size increases, both the intensity and spatial
extent of urban density broaden, while the center-
rural gradient becomes more gradual. Still, the differ-
ences among cities are pronounced, highlighting the
inherent asymmetry in urban density patterns. For
most large cities, urban centers with densities exceed-
ing 0.8 typically extend to 10 km from the city core.
However, Bangkok’s urban center reaches beyond
20 km, whereas Manila’s extends to only about 5 km.
The spatial extent of urban fringe areas, character-
ized by densities of 0.2-0.8, also varies considerably
among the large cities. For instance, the urban fringes
of HCMC and Hanoi reach 70-80 km, while in other
large cities urban fringe areas transition to rural land-
scapes at ~40 km. Medium cities experience a rapid
decline in urban density within 10 km of their centers.
Their urban fringe zones often extend up to 20 km.
Small cities typically have limited urban centers and
urban fringes that span no more than 5 km, respec-
tively, and rural areas dominate the areas beyond



10P Publishing

Environ. Res. Lett. 21 (2026) 124040

10 km from the city center. Further analysis based on
the Standard Deviation of urban density across eight
directions confirms that directional differences peak
at the urban fringe, whose size varies at different city
scales (appendices B and C).

All six large cities contain secondary urban centers
within their URCs, while all medium and small cities
maintain monocentric urban structure (figure 5). A
secondary urban center is defined when all three con-
ditions are met: (1) it must be located beyond 20 km
from the primary city-center point (the extent of the
main urban center in large cities); (2) it must include
grids with built-up density greater than 80%, con-
sistent with the threshold for defining a main urban
center; and (3) it must extend continuously at least
5 km, equivalent to the extent of a main center in
small cities. Among all nine detected secondary cen-
ters, seven are located within 30 km of the primary
center. However, located 61 km north of the city cen-
ter of Hanoi, Thai Nguyen represents the farthest sec-
ondary center identified in this study. Thai Nguyen is
itself a first-class provincial city in Vietnam. Jakarta
contains three secondary centers (Tangerang to the
west, Bekasi to the east, and Bogor to the south), the
most among all studied cities. Among them, Bogor is
the farthest, located 38 km from Jakarta’s center.

Coastal cities exhibit pronounced directional
variation of urban density. Ranging from 0.03 to
0.22, the STD, of urban density across different
directions reflects a wide range of spatial variations
from balanced to asymmetric (table 5). The cities
with the highest STD,, values, specifically Singapore,
Johor Bahru, Manila, and Denpasar, are all coastal.
Their coastlines strongly influence urban structures
and constrain development in directions towards
their coasts. For instance, in Singapore urban den-
sity is high toward the north and west (>50%) but
drops sharply toward the east and south due to
the Singapore Strait. Similarly, Manila’s density is
significantly lower in the southwest, where Manila
Bay restricts expansion. In contrast, many inland
cities demonstrate lower directional variation. Small
cities such as Chiang Rai, Pakse, and Naypyidaw all
have STD,, values of <0.05, indicating relatively even
urban development in all directions. The small cities’
urban centers are less developed and have not yet
expanded to reach the major natural barriers within
their URCs, allowing current urban expansion to pro-
ceed more uniformly. Larger inland cities like Hanoi,
Chiang Mai, and Bandung show moderately higher
STD,, values (0.07-0.10), reflecting asymmetry but
still less than the coastal cities. Exceptions do exist
among inland cities such as Vientiane and Phnom
Penh, which display considerable directional vari-
ation (STD, = 0.15), likely shaped by rivers, ter-
rain, national borders, and infrastructure corridors
that guide expansion along preferred axes. These
findings suggest that in addition to coastlines, other
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geographic and infrastructural elements also con-
tribute to landscape asymmetry.

Cities with broad, open plains tend to exhibit
more symmetric spatial patterns. Hanoi, Bangkok,
and Yangon have the lowest STD, among the large
and medium cities, all less than 0.10 (table 5). The
broad alluvial plains characterizing these URCs allow
the urban surface to develop into compact and con-
centric forms, resulting in a spatially uniform struc-
ture across all directions. In addition, Bangkok’s
coastline is comparatively straight, which reduces
directional constraints and contributes to its lower
degree of asymmetry relative to other coastal cities.

National borders also play an important role in
shaping asymmetry. Directions leading from the city
center toward an international border can have the
lowest urban density of all directions. This is evident
in HCMC (westward toward Cambodia), Chiang
Rai (northeastward toward Laos), and Pakse (south-
ward toward Cambodia), as indicated by the under-
lined values in table 5. Interestingly, the opposite
trend also occurs in border cities such as Vientiane,
Singapore, and Johor Bahru, where the directions
toward Thailand, Malaysia, and Singapore, respec-
tively, exhibit the highest urban densities. This seem-
ingly paradoxical phenomenon can be explained
by differences in neighboring countries’ economic
development: urban area can expand toward bor-
ders shared with more developed countries, while it
can also expand away from borders shared with less
developed neighbors. Both ways contribute to the
asymmetric structure of URCs. In addition, popula-
tion density also significantly influences the degree of
directional asymmetry, as detailed in appendix D.

4, Discussion

In this research, we utilized directional gradient grids
to quantify the landscape asymmetry rather than
examine the entire URC area. Dai et al (2018) con-
cluded that gradient analysis effectively captures the
continuous directional changes in landscape hetero-
geneity. A related comparative study of Bangkok,
HCMC, and Manila based on concentric rings shows
that coastal cities like Manila are significantly con-
strained by coastlines, resulting in asymmetric land-
scape structures (Xu et al 2019). These findings
align closely with the results of this study, which
indicate that coastal cities exhibit the highest direc-
tional variability (table 5). This demonstrates that the
directional gradient can quantitatively analyze asym-
metric landscape structures commensurable to full-
extent analysis, but with substantially reduced data
requirements.

Challenges could arise when applying this method
to modern large cities with secondary urban centers.
Intuitively, analysis based on directional gradient
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Figure 5. The boxplots of the changes in urban density from the city center to rural landscapes (i.e. the 19 urban-rural continuums, URCs) at 1 km intervals in 2023. The mean and variation at a given distance are calculated
using data from eight directions (figure 1). Urban density is calculated as the proportion of urban area within each 1 km grid cell to the total land area. Secondary urban centers identified within the URC:s are labeled on the
corresponding plots, indicating their specific distances and urban density values. Note that the maximum distance for small, medium, and large cities was set at 40 km, 50 km and 70 km, respectively.
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Table 5. The average urban density in the eight directions and the corresponding population standard deviation (STD),). The directional
averages highlight the asymmetry of urban density; STD,, indicates the overall degree of variability by direction. Underlined values mark
the directions toward international borders that show either the lowest or highest density for the corresponding city.

Average urban density (%)

E SE S SW w NW STD,

City Type Total area N NE

Ho Chi Minh City Coastal 37.05 40.85 25.00
Hanoi Inland 39.70 47.50 4391
Bangkok Coastal 59.98 66.70 55.57
Jakarta Coastal 61.38 56.21 34.68
Manila Coastal 35.59 50.36 39.11
Kuala Lumpur Coastal 38.66 19.93 41.87
Bandung Inland 37.64 47.69 22.20
Yangon Coastal 24.19 20.10  38.88
Chiang Mai Inland 17.93 18.67  29.76
Phnom Penh Inland 34.20 29.26 18.20
Vientiane Inland 34.48 44.89 21.60
Singapore Coastal 44.64 66.32  56.83
Denpasar Coastal 52.87 40.75 82.55
Johor Bahru Coastal 56.79 44.47 35.17
Siem Reap Inland 14.08 9.11 10.57
Chiang Rai Inland 14.15 19.05 8.97
Ioilo Coastal 15.39 15.23 8.53
Pakse Inland 7.21 8.36 7.56
Naypyidaw Inland 11.59 6.60 14.92

36.24 30.54 55.75 53.97 23.29 35.02 0.11
40.26 49.99 28.63 28.09 28.31 45.73 0.09
69.21 62.41 56.71 60.41 54.30 44.75 0.07
58.73 51.64 81.61 46.31 80.16 55.21 0.15
44.39 20.24 61.98 5.04 37.24 16.50 0.18
33.06 53.04 48.73 56.85 56.18 18.42 0.15
31.76 47.04 27.01 36.61 37.23 52.07 0.10
21.10 25.71 17.15 21.29 27.04 24.45 0.06
32.25 29.06 17.03 14.45 7.13 10.23 0.09
15.44 23.05 25.84 58.02 55.37 41.66 0.15
22.68 66.68 55.79 43.56 45.79 18.38 0.16

8.58 20.62 18.01 19.57 54.32 64.48 0.22
51.22 51.35 44.48 27.33 50.35 75.22 0.17
45.54 80.80 87.47 88.00 55.47 64.76 0.19
15.10 10.64 30.92 23.57 15.98 13.69 0.07
11.17 12.42 16.31 16.50 13.27 13.10 0.03
20.47 15.47 12.11 43.50 15.25 20.86 0.10

7.13 7.07 3.10 6.97 10.03 12.58 0.03
17.16 17.71 12.82 7.15 6.94 5.61 0.05

grids from a single center may be more suitable for
traditional monocentric cities. But our examination
indicates that the directional gradient grid analysis
effectively captures and illustrates the asymmetric
landscape structures of large, multicentric cities such
as HCMC and Bangkok. Figure 6 further shows land
cover maps overlaid with directional gradient grids
for two large cities, HCMC (left) and Bangkok (right),
along with their landscape structures illustrated by
Windrose charts. As regional economic centers, both
cities have multiple urban centers. In HCMC, in addi-
tion to the traditional center area around Giac Lam
Buddhist Temple, which was chosen as the center of
the directional gradient grids, District 7 has emerged
as a dynamic, newly constructed CBD character-
ized by upscale amenities. Located relatively close
to the traditional center, District 7 is precisely cap-
tured by the directional gradient analysis, illustrating
southeastward urban expansion consistent with the
HCMC’s 2010 Master Plan (Downes et al 2024, Prime
Minister of Vietnam 2025). Our analysis also iden-
tifies Thu Dau Mot as a secondary urban center of
HCMC. Like Thai Nguyen, Thu Dau Mot is also one
of Vietnam’s 21 first-class provincial cities and has
experienced rapid economic development. As shown
in figure 6, the urban area extends towards the north
and northwest of HCMC’s URC, along with a series
of southwestern satellite towns, which are also mostly
covered by directional gradient grids. The Windrose-
illustrated asymmetric landscape structure is consis-
tent with the land cover map, indicating that the west-
ern part of HCMC’s URC is dominated by crop areas
in Long An province, and the northeastern part is
dominated by forests in Cat Tien National Park.
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Bangkok is a densely built-up capital city where
transportation systems significantly influence the
landscape structure (Vichiensan et al 2022, Sarker
et al 2024b). However, unlike in HCMC, the direc-
tional gradient grids did not land in major satellite
towns such as Rangsit and Nakhon Pathom (figure 6).
Still, our analysis successfully detected Rangsit as a
secondary urban center within the Bangkok URC
(figures 5 and 6). Situated approximately 30 km north
of the capital at the terminus of the SRT Dark Red
Line, Rangsit facilitates direct connectivity to the tra-
ditional city center for its 100 000 residents (Boongla
etal 2021). As the capital’s northern gateway, this res-
idential, educational, and commercial hub comple-
ments the capital. Although gradient grids did not
land exactly on Rangsit, the Windrose chart never-
theless effectively depicts that urban areas dominate
the north- and northeast-bound grids at ~40 km
from the center. This identified asymmetric landscape
structure in the northeastern part of Bangkok’s URC
aligns closely with the land cover map of the entire
URC. Similarly, though the western-bound gradi-
ent grids do not encompass Nakhon Pathom city, a
historical and cultural center about 50 km west of
Bangkok, the Windrose chart still accurately demon-
strates that urban-dominated landscapes extend to
that range. Furthermore, the land cover map indi-
cates that the northwest part of Bangkok’s URC is
predominantly agricultural, which is corroborated by
the Windrose chart showing that semi-natural sur-
faces dominate the northwest-bound gradient grids
beyond 17 km from the urban center.

Many smaller cities retain a concentric structure,
where urban density is highest at the center and
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Figure 6. Land cover along the URCs from eight directions in Ho Chi Minh City (left) and Bangkok (right). The land use/land
cover map of 2023 derived from Sentinel-2 (10 m resolution) by ESRI is used for illustration purposes. Detected as secondary

urban centers, Thu Dau Mot (Ho Chi Minh City) and Rangsit and Thepharak (Bangkok), are highlighted on the maps. The
relevant Windrose charts on landscape composition are positioned in the upper-left corner of each map.

gradually decreases outward. In contrast, large mul-
ticentric cities often exhibit asymmetric structures
shaped by irregular natural features, administrative
boundaries, and planning policies (Cao et al 2019,
Fan et al 2019, Chen et al 2021). Consequently,
landscape asymmetry in large metropolitan regions
should often be viewed objectively as an adaptive
morphological response to complex factors, rather
than as a negative deviation from the idealized sym-
metric structure.

The proposed analytical framework provides
planners with a spatially explicit and effective
approach for monitoring urban structure and iden-
tifying emerging secondary centers. Beyond method-
ological merits, this study also offers several implica-
tions for urban planning and policy in rapidly devel-
oping SEA cities. First, urban fringes typically exhibit
a more heterogeneous and balanced mix of land-
scape classes compared to urban centers and rural
areas, which are often dominated by a certain cate-
gory. This dominance can signal reduced resilience
and adaptability due to limited land-use diversity.
The degree of heterogeneity in urban fringes should
be carefully considered and leveraged to accommo-
date expansion while protecting ecological functions.
Second, the logarithmic relationship between popula-
tion density and directional asymmetry (appendix D)
suggests that cities with lower population densi-
ties are particularly sensitive to small demographic
increase. For these cities, early planning interven-
tions, such as infrastructure investment and reserve
area establishment, can substantially influence the

future spatial configuration of the URC. Third, the
consistent influence of natural features indicates that
asymmetric growth is often structurally inevitable.
Urban planning frameworks should therefore opti-
mize existing asymmetric corridors. Development
zones, transportation networks, and green space con-
servation strategies should be designed to align with
these inherent geographic constraints. As SEA cities
continue to evolve toward polycentric and highly
asymmetric forms, such directional metrics can sup-
port scenario modeling, infrastructure prioritization,
and targeted urban management. Incorporating these
insights into long-term metropolitan planning could
help ensure more resilient, compatible, and equitable
urban development across the multiple URCs.
Though recent studies increasingly incorporate
multi-source geospatial data to examine LULC pat-
terns at local or regional scales, most research remains
case specific. This study uses directional gradient
analysis to comprehensively characterize landscape
structures. This approach provides a quantitative link
between classical urban models and the complex
realities of contemporary cities (Vizzari and Sigura
2015, Ortiz-Baez et al 2021). Methodologically, this
approach offers a substantial advancement in effi-
ciency. In this research, the directional gradient grids
encompass only 13.13% of the total URCs’ area, while
accurately characterizing the landscape structures in
complex multicentric cities. A full-coverage bench-
mark analysis confirms the representativeness of this
sampling scheme, demonstrating a strong linear cor-
relation (R?> = 0.92) with the total urban density
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(appendix E). This effectiveness is attributable to the
model’s focus: grids cover 23.15% of urban areas
compared to 12.21% and 9.48% coverage of semi-
natural and natural surfaces, respectively. The gradi-
ent model naturally emphasizes the areas close to the
city center, where landscape structures dominantly
shape the overall URC.

Despite its overall effectiveness, the single-center
directional gradient approach has inherent limita-
tions when applied to highly complex, polycentric
cities. The reliance on eight directional grids may
overlook or underestimate significant secondary cen-
ters located between these axes. To address this limita-
tion, future research could incorporate overlay anal-
ysis and partitioning adjustments for the concen-
tric rings. Exceptional spatial characteristics may pose
challenges for the effective application of the pro-
posed analytical approach. For example, Naypyidaw,
where urban density remains below 50% even in areas
surrounding the city center, has the highest SHEI
value among all the studied urban centers. Its URC
displays unusual randomness and dispersion which
are difficult to model accurately. Additionally, as an
LULC-based study, the proposed analytical frame-
work primarily captures horizontal landscape pat-
terns and may not differentiate between high-rise dis-
tricts and low-rise sprawl within urban areas. Urban
asymmetry can also be affected by underground space
utilization and 3D morphological variations. It is rec-
ommended that future studies integrate 3D datasets,
such as LiDAR or high-resolution DEM, to address
this issue.

5. Conclusion

This study develops and applies a directional
gradient-based analytical framework to quantita-
tively characterize the asymmetric landscape struc-
tures of the URCs across 19 SEA cities. By integrat-
ing Windrose analysis, spatial statistics, and land-
scape indices, the proposed approach bridges clas-
sical urban theory with multisource geospatial data,
offering a spatially explicit method that captures the
asymmetric nature of the URCs. Methodologically,
this approach demonstrates significant efficiency.
By analyzing less than 15% of the total URCs’ area,
the framework effectively captures the critical asym-
metric nature of the URCs. It offers a scalable and
transferable tool for comparative urban studies in
regions with complex natural conditions and inten-
sified anthropogenic activities. Two specific conclu-
sions can be drawn from this study on the URCs’
asymmetric landscape:

First, landscape asymmetry is a fundamental
and quantifiable property of SEA URCs. Urban
fringes consistently exhibit the highest landscape
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heterogeneity, reflecting dynamic transitions between
urban and non-urban land uses and indicating
zones of elevated ecological and planning sensitiv-
ity. In contrast, urban centers are often dominated
by a single category, signaling reduced resilience and
adaptability.

Second, physical geography and anthropogenic
factors jointly shape the orientation and magnitude
of asymmetry. Natural features and administrative
boundaries generate persistent directional constraints
that influence URCs’” urban structure. These condi-
tions lead to characteristic asymmetric patterns in
coastal cities, demonstrating how SEA cities diverge
from the classic theoretical urban models. Intensified
anthropogenic activities also exert a strong nonlin-
ear influence on URCs’ asymmetry. The identified
logarithmic relationship reveals that population den-
sity has a positive influence on the degree of direc-
tional urban asymmetry, but this influence saturates
in URCs with high population density.

Overall, the proposed analytical framework pro-
vides practical tools and reliable data to quantify
the asymmetry of diverse URCs. These fundamental
insights into urban structure have direct implications
for sustainable planning and development. The find-
ings also underscore the importance of adaptive plan-
ning for waterfront development, flood risk manage-
ment, and guiding future expansion where feasible.

While this study focused primarily on land cover
and urban density, future research could incorporate
a broader range of socioeconomic and environmen-
tal variables. The application of very high-resolution
imagery would further help tease apart the specific
causes of the asymmetric nature observed in URCs
across different global regions. By systematically com-
paring the similarities and differences between SEA
and other regions, more unified and flexible URC
models could be developed to better capture the com-
plexity and diversity of global urban environments.

Acknowledgment

This work was supported by the Land Cover Land
Use Change Program (LCLUC) of the National
Aeronautics and Space Administration (NASA)
(Grant number: 8NSSC24K0920).

Data availability statement

The data that support the findings of this study
are openly available at the following URL/DOI:
https://livingatlas.arcgis.com/landcoverexplorer/
#mapCenter=31.20320%2C29.94069%2C11.
00&mode=step&timeExtent=2017%2C2024&
year=2024 (Karra et al 2026).


https://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=31.20320%252C29.94069%252C11.00%2526mode=step%2526timeExtent=2017%252C2024%2526year=2024
https://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=31.20320%252C29.94069%252C11.00%2526mode=step%2526timeExtent=2017%252C2024%2526year=2024
https://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=31.20320%252C29.94069%252C11.00%2526mode=step%2526timeExtent=2017%252C2024%2526year=2024
https://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=31.20320%252C29.94069%252C11.00%2526mode=step%2526timeExtent=2017%252C2024%2526year=2024

10P Publishing

Environ. Res. Lett. 21 (2026) 124040

] Wang et al

A Population-weighted Centroid

strate spatial deviations from the traditional CBDs.

[] Built-up Land Centroid

Figure Al. Comparison of approaches for determining the city center. The maps illustrate the locations of the population-
weighted centroid, built-up land centroid, and the city name label from Google Maps across URCs of Hanoi, Singapore, Johor
Bahru, and Iloilo. Influenced by asymmetrical urban morphologies and coastal constraints, the mathematical centroids demon-

\ City Center Labeled by Google Maps

Appendix A. Comparative validation of
city center determination approaches

The centers of the 19 selected Urban Regional Cores
(URCs) in this study were defined using geocoded
coordinates from Google Maps (table 2). These labels
represent consensus-based functional city centers,
typically anchored to well-known civic or adminis-
trative landmarks such as city halls, major squares, or
historically recognized cores. To evaluate the robust-
ness of the city center definition adopted in this
study, we conducted a comparative validation across
all the studied URCs using two alternative mathemat-
ical centroid approaches: (1) population-weighted
centroid and (2) built-up land centroid (figure Al).
In addition, nightlight-based centroids were found
to be geographically proximate to the built-up land
centroids.

Across the 19 URCs examined, deviations are
observed between mathematical centroids and the
traditional CBDs. For population-weighted cen-
troids, the minimum, median, and maximum
distances from the traditional CBD are 2.73 km
(Bangkok), 8.04 km (Denpasar), and 24.5 km (Pakse),
respectively. For built-up land centroids, the corre-
sponding distances are 4.56 km (Bandung), 10.28 km
(Yangon), and 26.14 km (HCMC). Figure A1 presents
representative examples illustrating these deviations.
In Hanoi, the population-weighted centroid is located
5.15 km from the traditional CBD and falls within
Long Bien district on the east bank of the Red River.
Long Bien was incorporated as an urban district only
in 2003 and does not represent the traditional or
administrative core of Hanoi, which is historically
situated on the west bank. In Singapore, the built-up
land centroid deviates by 7.99 km from the traditional
center and is positioned within the Singapore Island
Country Club, a recreational green space that does
not function as a central urban node. Even in cases

with mathematical centroids relatively close to the
traditional center, functional city centers are not cap-
tured because of the influence of urban morphology
and spatial configuration.

In some relatively compact and morphologi-
cally regular URCs, such as Johor Bahru, mathe-
matical centroids appear spatially closer to the tra-
ditional center. However, most mathematical cen-
troids exhibit a high degree of randomness across the
diverse geographies of SEA. In contrast, Google Maps
city labels are typically anchored to historically rec-
ognized civic or administrative centers and benefit
from continuous crowdsourced correction, provid-
ing a more stable and functionally grounded refer-
ence point. For the purposes of gradient-based direc-
tional landscape analysis, this functional center def-
inition ensures greater methodological consistency
and cross-city comparability.

Appendix B. Asymmetry quantification
along the Urban—Rural Gradient

Directional differences in urban density peak at the
urban fringe. Directional asymmetry is quantified
using the standard deviation of urban density across
the eight directions at 1 km intervals from the city
center. To quantify a city density’s asymmetric struc-
ture, STD; was applied, and the eight radial direc-
tions at a given distance were used as the sample of
the corresponding circular ring (figure B1). In almost
all cases, STDs are low near the urban center and
low again in the far rural area. It reaches its peak in
the urban—rural fringe where the contrast among dif-
ferent types of landcover is the highest. This implies
that the greatest directional differences of urban den-
sity occur at the transition between the city’s cen-
ter and rural sides: in some sectors the urban influ-
ence extends far outward, while in others it tapers
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Figure B1. Changes in sample standard deviation (STDs) of urban density with distance from the city center to rural landscapes
across 19 study cities in Southeast Asia. STD; at each distance is calculated based on urban density values from eight directions
(figure 1). The smooth lines represent quadratic fits based on the least squares method.

off quickly. To quantitatively model this trend, we
applied a quadratic model fitted via least squares. This
model was selected because it theoretically captures
the expected unimodal form of land heterogeneity
while offering superior statistical performance (mean
R? = 0.47 across all 19 URCs) compared to other
conventional fitting functions, such as linear or loga-
rithmic alternatives. For most studied cities, changes
in STDs with distance are well-approximated by this
function, where the vertex of the quadratic curve
marks the estimated position of the urban fringe.
However, it is worth noting that the quadratic func-
tion does not fit well with a few cases such as Chiang
Rai and Siem Reap. This is because although the peak
at the urban fringe is still present as a general pattern
among these URCs, the decline in STDs beyond the
fringe is much slower than the increase from the cen-
ter to the fringe. This skewed pattern makes it difficult
for a strictly axisymmetric quadratic function to cap-
ture the unimodal curves.

Appendix C. Quadratic fitting
asymmetry—distance relationships across
representative cities

Figure CI illustrates this relationship for four repre-
sentative cities of varying sizes, from the large city of
Ho Chi Minh City to the more compact Johor Bahru.
In this model, y represents the STD; of the urban
density across eight directions, and x is the distance
from the city center. The vertex, the highest point of
the curve, of the quadratic fit marks the character-
istic radius of the urban—rural fringe. The quadratic

curvature, controlled by the second-order coefficient
a, indicates how rapidly the STD; changes. A steeper
curvature (a larger negative value for a, e.g. Johor
Bahru: a = — 0.13) implies a narrow fringe where
urban density drops off quickly. Conversely, a shal-
lower curvature (a smaller negative value for a, e.g. Ho
Chi Minh City: a = — 0.01) suggests a more gradual
transition, often seen in the largest cities.

The quadratic model fits well for most medium
and large cities, revealing distinct regularities among
URGC:s of different scales. First, the distance between
the city center and the peak of asymmetry increases
with city size, indicating that larger cities possess
more extended fringe zones. Second, the curvature
flattens as city size increases, demonstrating that tran-
sitions become more gradual in major metropolitan
regions. Generally, this asymmetry-distance model
suggests that as cities expand, the quadratic curve flat-
tens, pushing the fringe outward and reducing the
sharpness of the urban—rural boundary. Conversely,
some smaller cities do not exhibit a clear peak suit-
able for quadratic fitting, reflecting a simpler and less
varied urban structure across the entire URC.

Appendix D. Relationship between
population density and landscape
asymmetry

The results of this study indicate that directional
asymmetry is strongly influenced by anthropogenic
factors, including population density. By analyzing
the relationship between population density and the
directional asymmetry of urban density (STD, in
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Figure C1. Quadratic model of urban density asymmetry for representative cities, Johor Bahru, Malaysia (small city), Bandung,
Indonesia (medium city), Bangkok, Thailand (large city), and Ho Chi Minh City, Vietnam (large city). STD; at each distance is
calculated based on urban density values from eight directions.
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Figure D1. Scatter plot illustrating the relationship between directional asymmetry estimated by STD,, (table 5) and popula-
tion density for the 19 studied URCs. The logarithmic correlation indicates that URCs with higher population densities tend to
exhibit greater directional asymmetry in their urban spatial structure.

table 5), we identified a distinct logarithmic corre-
lation: y = 0.03In(x) + 0.12, with a high R? of 0.52
(figure D1). Notably, this logarithmic correlation has
a distinct tipping point at around 1600 capita/km?,
indicating that for cities with lower population den-
sities (e.g. Chiang Rai and Pakse), landscape asym-
metry is extremely sensitive to population changes. In
this phase, small increases in density drive rapid dif-
ferentiation in urban structure, likely as early devel-
opment expands along specific corridors (e.g. roads
or rivers) while leaving other sectors undeveloped.
Conversely, for metropolises with high population
density (e.g. Jakarta, Manila, Singapore), the sensi-
tivity of asymmetry to population growth diminishes

significantly. While these cities exhibit the highest
absolute asymmetry values, the rate of increase slows,
suggesting that once a city establishes a mature, highly
asymmetric structure, further densification tends to
consolidate existing patterns rather than create a
remarkably higher level of directional asymmetry.

Appendix E. Validation of sampling
efficiency for the directional gradient
model

To validate the representativeness and efficiency of the
directional gradient sampling scheme, a full-coverage
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benchmark analysis was conducted. We randomly
selected three URCs representing different size cate-
gories: Jakarta (Large), Chiang Mai (Medium), and
Ioilo (Small). To ensure methodological consistency,
the entire area of each URC was partitioned into
eight directional sectors (North, Northeast, East,
Southeast, South, Southwest, West, and Northwest)
to align with the directional structure of the gradient
grids. For each of the 24 sectors (3 cities x 8 direc-
tions), we calculated the urban density using both the
full-coverage URC area (D,) and the directional gra-
dient grids (Dy).

As shown in figure El, the correlation analysis
reveals a strong linear relationship between the gradi-
ent grid-captured urban density and the full-coverage
urban density, with an R? of 0.92. As expected, D,
values are systematically higher than D, because the
directional grids consistently include the urban cen-
ter, where built-up intensity is highest. However,
the stable linear relationship demonstrates that the
proposed sampling framework properly reflects the
directional asymmetry of the whole URC.
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