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Abstract: Transportation significantly influences economically underdeveloped arid regions, impact-
ing economic growth and social progress. Analyzing Transport Superiority Degree (TSD) and its
implications in such regions is crucial. A new arid region-specific evaluation framework addresses
traditional limitations by considering indicators like route connectivity and desert interference. This
article conducts an empirical study using Southern Xinjiang as a research case. It combines compre-
hensive evaluation methods, spatial autocorrelation methods, spatial Durbin models, and coupling
coordination models to depict Transport Support Capability (TSC), Transport Access Capacity (TAC),
and Transport Guarantee Capacity (TGC) at different scales in Southern Xinjiang from 2000 to 2020.
The study reveals spatial patterns, evolutionary characteristics, economic impacts, and social effects
of TSD at various scales. Key findings include: (1) Rapid expansion of transportation infrastructure
in Southern Xinjiang. The levels of TSD at different scales have gradually increased, and spatial
and temporal pattern differences are evident. At the county level, TSD forms a “core-periphery”
spatial pattern centered around the Southern Xinjiang Railway, with “high-high” agglomeration
areas centered around Kashgar city and “low-low” agglomeration areas centered around Qiemo
County. (2) Prefectural-level TSD improvements have limited impacts on regional development,
while county-level TSC, TAC, TGC, and TSD positively affect economic and social growth but also ex-
hibit competitive effects. (3) TSD is transitioning from non-coordinated to coordinated development
with economic and social progress at different scales. This research informs transportation facility
evaluation in arid regions.

Keywords: transport superiority degree; spatial patterns; economic impact; social effects; scales;
southern Xinjiang

1. Introduction

The comprehensive assessment of regional transportation conditions plays a crucial
role in regional development, serving as a vital tool to ensure coordination between trans-
portation systems and the economy and society. Initially, scholars evaluated transportation
conditions in various regions, including Europe [1], Southeast Asia [2], and France [3],
using accessibility methods. However, these evaluations did not fully capture the breadth
of regional transportation quality. In 2008, Jin et al. introduced a comprehensive evalu-
ation index known as “Transport Superiority Degree” (TSD), which assesses the quality
of regional transportation conditions using three key indicators: road network density,
mainline impact degree, and locational advantage [4]. This index aimed to provide a
holistic depiction of regional transportation conditions. Subsequently, many scholars
applied and further developed TSD assessments in regions with diverse characteristics,
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including provinces [5], counties [6], rural areas [7], and mountainous terrain [8]. Notable
advancements have centered around the following: improved indicator selection: various
indicators have been developed to address specific issues, such as accessibility to different
transportation modes [9], weighted shortest distance [10], road traffic volume [11], and
population density weighting [12]. These indicators aim to capture the nuances of regional
transportation service supply and demand; enhanced calculation accuracy: evaluations
have been refined by considering factors such as airports [9], seaports [5], proximity to
highways and their exits [13], and incorporating terrain correction coefficients or terrain
impact factors [8]. These refinements ensure that assessments better reflect real-world
conditions, particularly in regions with significant terrain variations; and adapting to
transportation trends: the discussion of regional TSD now incorporates considerations of
rapid transportation, especially high-speed rail development [6,13]. The existing research
literature has predominantly focused on the “Quantity, Quality, Superiority” aspects of
TSD, with limited exploration of expanding indicator dimensions based on the concept’s
connotations. TSD, which reflects the quality of regional transportation development con-
ditions, should be constructed based on regional characteristics and development goals. In
light of the proposal for high-quality development and national spatial planning, defining
the connotations of TSD and developing new research methods present fresh challenges
and opportunities [14,15]. The development of transportation infrastructure is now ex-
pected to be more comprehensive, encompassing not only accessibility but also factors like
foresight, resilience, and fairness [16,17]. Consequently, the existing “Quantity, Quality,
Superiority” indicators of TSD may fall short in addressing new development connotations
and evaluation requirements.

Significant TSD often signifies promising development potential and serves as a
fundamental foundation for the spatial layout of regional economic and social activities [18].
However, research on the economic and social effects of TSD remains relatively limited, with
most studies focusing on the spatial coupling between transportation and economic and
social development [19-21]. In reality, the economic and social effects of transportation have
long been a prominent topic in transportation geography and related fields [10,18,22,23].
Previous studies have primarily analyzed the impact of virtual variables or single indicators
of transportation infrastructure, such as density, accessibility, and connectivity, on economic
and social development [13], with limited exploration of comprehensive indicators like
TSD. Moreover, there is a paucity of research exploring the differences in economic and
social effects of TSD across its various dimensions.

Since the implementation of the Western Development Strategy by the Chinese gov-
ernment, Southern Xinjiang’s transportation system has undergone significant changes
over the past two decades. Comprehensive development initiatives have been undertaken
in railways, airports, and high-grade highways connecting towns and townships. However,
existing research on Southern Xinjiang’s transportation development has primarily focused
on transportation volume assessments [24], transportation environmental monitoring [25],
and transportation route safety [26]. These studies have primarily utilized easily accessible
data from highways and railways due to the challenges associated with obtaining data for
county and township roads in Southern Xinjiang. Most research findings are limited to the
period around 2015-2020 [25,26], lacking a long-term perspective on the evolution of trans-
portation development. Additionally, the central part of Southern Xinjiang features China’s
largest mobile desert, covering 31% of the region’s total area. Transportation routes con-
necting oasis towns on the desert’s edge are susceptible to wind and sand disturbances [26],
presenting challenges to their transportation security capabilities. Southern Xinjiang’s
geographical location, situated at the end of China’s economic and social development,
has prompted the government to adopt the policy of “building roads before prosperity”.
Substantial funding has been allocated to transportation construction in Southern Xinjiang,
including the construction of the first Southern Xinjiang railway to Kashgar in 2000 and
the completion of the first Southern Xinjiang highway in October 2015. However, the
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actual impact of government-invested transportation routes on the economic and social
development of Southern Xinjiang has been a subject of continuous scrutiny [27].

In light of these considerations, this paper seeks to broaden the connotations of TSD
by considering Transport Support Capability (TSC), Transport Access Capacity (TAC),
and security capacity. Utilizing Southern Xinjiang as a case study, this research aims to
provide a conceptual framework for TSD, enhance the evaluation system for TSD in the new
era, unveil the economic and social effects of TSD, and better address the evaluation and
application needs of regional transportation facilities in arid regions like Southern Xinjiang.
Furthermore, this paper will establish a long-term database of transportation networks at
various levels, including airports, highways, railways, national roads, provincial roads,
county roads, and township roads for the years 2000, 2010, and 2020. It will consider both
prefectural and county scales to cater to the requirements of different levels of government,
offering more targeted policy recommendations.

2. Material and Methods
2.1. Study Area

Southern Xinjiang encompasses the region located south of the Tianshan Mountains
in the Xinjiang Uygur Autonomous Region, China. This expansive region includes several
administrative divisions, such as Aksu Prefecture, Hotan Prefecture, Kashgar Prefecture,
Kizilsu Kirghiz Autonomous Prefecture, Bayingolin Mongol Autonomous Prefecture, Aksu
City, Tumxuk City, and Kunyu City, comprising a total of five prefectures and 46 county-
level administrative areas (Figure 1). Southern Xinjiang is distinguished by its vastness and
is home to the Taklimakan Desert, the world’s second-largest mobile desert. It covers a land
area of 1.063 million square kilometers, which accounts for 65.135% of Xinjiang's total land
area. Between 2000 and 2020, the Southern Xinjiang region experienced consistent growth
in total economic output, achieving an average annual growth rate of 13.312% (Figure 2a).
By 2020, the GDP had reached CNY 412.712 billion, constituting 29.912% of Xinjiang’s
overall GDP (Xinjiang’s GDP is CNY 13,797.580 billion). Southern Xinjiang supports a
relatively substantial population, with a total of 12.532 million people in 2020, representing
48.387% of Xinjiang's total population. Over the period from 2010 to 2020, the proportion
of the transportation and logistics industry’s output value to Xinjiang’s GDP exhibited an
overall upward trajectory, whereas in Southern Xinjiang, it displayed a continuous decline
(Figure 2c).
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Figure 1. (a) is the location of Southern Xinjiang in Xinjiang, (b) is the scope of Southern Xinjiang.
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Figure 2. The temporal changes in population, GDP, and transportation output value in Southern
Xinjiang and Xinjiang.

2.2. Data Sources

This study focuses on five prefectures and 46 county-level units located south of
the Tianshan Mountains in the Xinjiang Uygur Autonomous Region of China. The
spatial scope of the county-level units for the years 2000, 2010, and 2020 has been
standardized for the research. Data sources, as presented in Table 1, primarily include
administrative data, county seat data, land-use data, transportation data, and socio-
economic data. To investigate the evolving patterns of transportation development in
the Southern Xinjiang region over a 20-year period and its effects on the economy and
society, we utilized transportation data and corresponding socio-economic data for
the years 2000, 2010, and 2020 while taking into consideration the data’s availability
and comparability.

Table 1. Data sources and descriptions.

Data Types

Data Sources Description

Transportation Data

Open Street Map (https://www.openstreetmap.org, accessed

The data involve national highways, provincial
highways, expressways, regular railways, county

on 1 December 2022) roads, airport and township roads
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Table 1. Cont.

Data Types

Data Sources Description

Socio-Economic Data

China County Statistical Yearbook (County and City Volume)

National Population Census Data (2001, 2011, and 2021);
Xinjiang Prefecture Statistical Yearbook (2001, 2011, and 2021);
Xinjiang 50-Year Statistical Yearbook (2001, 2011, and 2021);
Government Economic and Social Development Statistical
Bulletins of Various Prefectures, Counties, and Cities;

The data include indicators such as GDP,
value-added of the primary sector, value-added of
the secondary sector, value-added of the tertiary
sector, urban population, local government general
budget revenue, year-end savings deposits of urban
and rural residents, and total retail sales of social
consumer goods

(2001, 2011, and 2021);
Xinjiang Statistical Yearbook (2001, 2011, and 2021);

Administrative Area Data

County Seat Data

Land Use Data

Chinese Academy of Sciences Resource and Environmental
Science Data Center (http://www.resdc.cn, accessed on

The data are based on 2020 prefecture-level and
county-level unit data

Waterbody and desert land types in the Southern
Xinjiang region were extracted from the land use
data of the Xinjiang Uygur Autonomous Region and
reclassified for regional statistics in various
prefectures and county-level units

1 December 2022)

Terrain Relief Data

(http:/ /www.gscloud.cn, accessed on 1 December 2022)

The digital elevation model (DEM) data for the
Southern Xinjiang region in Xinjiang were extracted
based on GDEMDEM 30 m resolution elevation data,
and after partitioned statistics of pixels, the average

value was taken as the elevation for the region

Geographic Spatial Data Cloud

2.3. Research Methods
2.3.1. Evaluation Method for TSD

In this section, we will construct an index system for TSD based on the traditional TSD
index system, focusing on three dimensions: “support”, “access”, and “guarantee”. Among
these, TSC reflects the quantity and quality of transportation facilities; TAC represents the
radiation opportunities and development potential brought by transportation facilities to
the region, as seen in internal and external accessibility and connectivity; TGC pertains to

the ability of transportation facilities to provide services stably.

Evaluate TSC

The TSC required for regional development is defined as the ability of transportation
facilities to support and accommodate various transportation activities. The development
of this concept and its theoretical foundation can draw on relevant concepts and theories of
carrying capacity [19]. TSC comprehensively assesses the scale and quality of transporta-
tion facilities in the region and consists of two indicators: road network density and the
impact degree of transportation mainlines. These indicators reflect the ability of transporta-
tion facilities in various basic evaluation units to accommodate transportation activities,
corresponding to the “quantity” and “quality” in classical TSD, which reflect the scale and
grade of transportation facilities. It is worth noting that the assessment indicator of the
impact degree of transportation mainlines is not limited to the evaluation object itself but
also includes its adjacent facilities, considering them as a certain degree of accessibility,
similar to the concept of “accessibility” in transportation systems such as accessible stations,
airports, and entry into mainline networks.

(1) Road density (DEN): road density refers to the length of transportation facilities
per unit of land area. A higher road density indicates more densely connected accessibility
in the region [6].

DEN; = L;/5; (1)

In the formula, DEN; represents the road density of region i; L; is the total length of
the transportation road network within region i; S; is the land area of region i minus the
glacier area within region i. Generally speaking, a region with denser road density may
have better development potential for its economy and society.

(2) Transport trunk line influence degree (TID): the transport trunk line influence
degree reflects whether the region has or is adjacent to important transportation facilities
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or mainlines. The significant infrastructure in this paper includes airports, railways, and
roads, including expressways, national highways, provincial highways, county roads, and
township roads. Based on the technical and economic characteristics of transportation
facilities and following the concept of expert scoring (Table 2), the algorithm and weights
are set using classical methods [4].

TID; =Y " Ciwi€ (1,2,3,--- ), me (1,2,3,-- M) )

Table 2. Scores for different types of transportation.

Transport Type Subtype of Transport Score Requirements Score [4]
The expressway passes through urban areas 2
Expressway Within a range of 30 km 15
Within a range of 30—-60 km 1
Highway National The national h{ghway passes 15
highway through built-up areas
Within a range of 30 km 1
Provincial highwa The provincial highway passes 1
ghway through built-up areas
The county road passes
County roads through built-up areas 05
Township roads The township road passes through 0.2
Trai C ional trai Having train stations 15
rain onventional train Within a range of 30 km 1
Having D/E-grade airport 2
D/E-grade airport Within a range of 50 km 15
Airport Within a range of 50-100 km 1
: . Having C-grade airport 15
C-grade airport Within a range of 50 km 1

In the formula, TID; represents the transport trunk line influence degree of county i,
where m refers to transportation modes such as roads, civil aviation, railways, etc., and Cj;,
represents the technical level score corresponding to m types of transportation facilities in
county i.

Evaluate TAC

TSC cannot directly reflect the opportunities and potential brought by the transporta-
tion system to regional development. Therefore, the classic TSD uses “locational advantage”
as the evaluation indicator to assess the “radiation opportunities and development poten-
tial” of a region. With the advancement of data acquisition and calculation technology, this
study proposes the use of TAC to measure the opportunities and potential brought by the
transportation system to regional development. Referring to various existing evaluations
of internal and external transportation within the region [13] and integrating economic
weighting, multiple modes of transportation, etc., it uses internal accessibility and external
accessibility to measure transportation access capacity.

(1) Internal accessibility (IA): internal accessibility reflects the development or service
opportunities that each evaluation unit obtains through the transportation network within
the study area. In this study, with reference to measurement methods from various relevant
literature, each of the 46 counties is taken as an evaluation unit. The evaluation is carried
out using the respective county government seats as starting points and destinations.
It combines the shortest time distance with the potential model approach weighted by
regional quality for assessment.

G

DP;
=g ) ®)
]

1
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where GDP represents the economic scale of the county, indicating regional quality; d;;
is the shortest time distance, and i and j represent the evaluation unit counties and their
respective other destinations (45 counties).

(2) Exterior accessibility (EA): exterior accessibility reflects the extent to which the
region receives radiation and opportunities from other central cities in the region [6].

_ E;'lzl Min (tij)

EA;
! n—1

,(j61,2,3,~~~}’l;i7é]') (4)

In the formula, EA; represents the locational advantage of the evaluated unit i.
Min (t;;) represents the shortest time distance from the evaluated unit i to the key spatial
node j in the region. In this study, based ona 1 km x 1 km grid dataset, the cost-weighted
distance method is used to calculate the values, with time costs assigned to each grid cell
(Tables 3 and 4). n represents the number of key spatial nodes. This research selects four
central cities in the region (Korla, Kashgar, Aksu, and Hotan) as the key spatial nodes, as
these nodes play a crucial role in the macro development pattern of the region, radiating
and driving its development.

Table 3. Transport type and time cost scores.

. National Provincial County Township
Transport Type Railway Expressway Highway Highway Road Roads
Speed (km/h) 120 100 80 60 40 30
Time Cost (min) 5 6 8 10 15 20
Table 4. Terrain slope and time cost scores.
Slope (°) 0-5 5-15 15-25 >25
Time cost (min) 120 180 300 500

Evaluate TGC

Areas with high support or accessibility capacity, if their transportation systems are
extremely vulnerable and unable to withstand various risks, will significantly reduce the
local TSD. If not considered, this may lead to an “overestimation” of the regional transporta-
tion conditions. Therefore, “security capacity” is an important dimension for evaluating
transportation conditions based on realism and regional specificity. The security capacity
of transportation for regional development is a rather complex concept with multiple per-
spectives [28], and it is rarely addressed separately in the classical TSD index system. This
paper believes that the transportation system does not operate in a completely deterministic
environment. TGC aims to reflect whether the regional transportation infrastructure can
provide transportation services stably when disturbed. This ability is particularly impor-
tant for regional security and emergency preparedness. Considering the characteristics of
transportation in Southern Xinjiang, this paper will evaluate it from two aspects: route
connectivity and desert interference.

(1) Traffic route connectivity (RC): traffic route connectivity is aimed at evaluating the
network level of the transportation system, reflecting the inherent network development
status of the transportation system, and its structural capacity to resist the impact of events.
In this paper, spatial syntax-based route connectivity is used to reflect the stability of its
intrinsic structure. The calculation involves averaging the connectivity of all road segments
within region i. A higher numerical value indicates that there are more road segments
connecting various nodes within the region, indicating a better network development
status [26].

RC; = < (5)
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In the formula, RC; represents the route connectivity of assessment unit 7, L stands for
the actual number of connections, and V represents the number of transportation nodes.

(2) Desert Interference Index (DI): most of the transportation routes in Southern Xin-
jlang either encircle or traverse the Taklamakan Desert. These routes are highly susceptible
to desert-related issues, such as roads getting submerged by nearby deserts or obstructed
by sandstorms, leading to reduced road travel speeds and, consequently, affecting the
overall traffic capacity and accessibility over a larger area [26]. In this paper, considering
the distribution of deserts in Southern Xinjiang, we propose the Desert Interference Index

for transportation routes.

X
Dl = 5 (6)

where DI; represents the Desert Interference Index; x is the length of transportation routes
within evaluation unit i that are distributed in the desert, and X is the total length of
transport ation routes within evaluation unit i. Therefore, the specific meaning of this index
is as follows: the more transportation routes distributed in the desert within an evaluation
unit, the greater the impact of the desert, and consequently, the weaker the transportation
security capability.

Evaluate TSD

Based on the above indicators, standardize the results according to the indicator
attributes in Table 5. By integrating the calculations of various indicators, obtain the
TSD Index.

TSD; =Y (SixP1+AixPr+Gixps), (i€1,23, - ,n) 7)

Table 5. The TSD evaluation system based on the three capacity dimensions in Southern Xinjiang.

Dimension of Representation Measurement .
.1 . . Attribute
Capability Connotation Indicators
The capacity to support and accommodate Road Density +
TSC various types of transportation activities Transport trunk line
through transportation facilities influence degree +
Internal
The opportunities and potential brought to Accessibility +
TAC the region’s development by the -
transportation system Exterior "
Accessibility
The inherent level of network development T Connect.1V1t)I7{of +
TGC within the transportation system and its ransportation Routes

ability to resist external influences Desert Interference Index -

TSD,; represents the land TSD index for county i, where S;, A; and G; represent TSC,
TAC, and TGC, respectively. To ensure the comparability of TSD across different years,
similar indicators for different years are also standardized together. p; represents the
weights for the three transportation capacities, and they are all set to 1. The resulting TSD
values range from 0 to 6.

2.3.2. Spatial Autocorrelation Analysis

Spatial autocorrelation analysis refers to the potential mutual dependence between
the attribute data of objects distributed in different spatial locations. Spatial autocorrelation
analysis is a fundamental method for describing spatial distribution, identifying spatial
outliers, and uncovering hidden spatial relationships. It encompasses both global spatial
autocorrelation (Global Moran’s I) and local spatial autocorrelation (Local Moran'’s I)
analysis methods [29].
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Global spatial autocorrelation primarily describes the overall degree of association
among all spatial units within the study area.

nyiiy L Wijxi — ) (x — %)

Global Moran's I =
n

(z;?_l L wl-,) Yy (x — %)
=

, (A7) (®)

Local spatial autocorrelation can reflect specific spatial locations of clustering or anomalies.

Local Moran’s [ = (xisz %) Z;;l Wij(xj — %), (i #]) ©)

In the formula, x; and x; represent the TSD of research units i and j, where i # j;
Wi; represents the spatial location weight matrix; x represents the mean of TSD; S? is the
variance of TSD; n refers to the number of spatial units, which is 4 at the regional level and
46 at the county level. Moran’s I value ranges from —1 to 1. If the value is greater than 0
and statistically significant, it indicates positive spatial autocorrelation, meaning that TSD
in southern Xinjiang exhibits a significant clustering pattern in space.

2.3.3. Analysis of the Economic and Social Effects of TSD

Traffic not only directly impacts economic growth and social progress but also gen-
erates indirect economic and social effects through activities such as driving-related in-
vestments, guiding regional trade, and promoting industrial structure optimization [30].
Spatial econometric models are an important method for estimating both direct and indirect
economic and social effects. If spatial autocorrelation analysis indicates significant spatial
dependence in TSD in southern Xinjiang, it is necessary to use spatial econometric models
to estimate the direct and indirect economic and social effects of TSD. Because the spatial
Durbin model (SDM) allows for examining the impact of explanatory variables in both the
local area and adjacent areas on the dependent variable in the local area simultaneously;,
it aligns well with the research approach of this study. Therefore, this study constructs a
spatial Durbin model [30]:

InY = Bo + B1InX + BoInC + pWinY + cWinX + ¢ (10)

In this context, Y represents the dependent variables, including four economic indi-
cators: GDP, value added in the primary sector (PGDP), value added in the secondary
sector (SGDP), and value added in the tertiary sector (TGDP) and four social indicators:
urban population (UP), general public budget revenue of local finance (BRLF), year-end
savings deposits of urban and rural residents (SAV), and total retail sales of consumer
goods (TSCG). X represents the explanatory variables, which encompass six indicators
measuring TSC, TAC, TGC, and TSD. W represents the spatial weight matrix, reflecting the
spatial relationships among urban entities. g is the constant term, while 81, B2, o, 7, and o
represent regression coefficients, and ¢ denotes the error term. The spatial Durbin model in
this section is primarily implemented through programming in Stata software.

2.3.4. The Coupled Coordination Model

Coupling is a physical concept that refers to the state in which two (or more than
two) systems influence each other under multiple effects of the internal system and other
external systems [31]. This paper studied the coupling coordination relationship between
the TSD and the economic or social level of Southern Xinjiang and obtained the coupling
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degree model of the interaction of the two systems according to the coupling conceptual
model, which can be calculated as follows:

FxyxG
(F<x> X G(y))
2
where C represents the degree of coupling; and 0 < C < 1. F(x) is TSD; G, is the economic
level (using per capita GDP indicators) or social development level (using urbanization
level indicators), and k is the model adjustment coefficient, which is greater than or equal
to 2, typically, k = 2.
The coordination model is expressed as follows:

TZD(XF(X)+ﬁXG(y) (12)

D=vVCxT (13)

where D is the degree of coupling coordination and T reflects the overall effect and level of
the effect or level of TSD and economic or social level. « and § are the weight of the system
to be determined, representing the contributions of TSD and economic or social level of the
Southern Xinjiang to the combined system, respectively. « = § = 0.5 is taken based on the
consideration that TSD and economic or social are equally important in Southern Xinjiang.

Based on the classification standard of coordination type in physics, coupling types
of TSD and economic or social in Southern Xinjiang were divided into 3 types and
8 subtypes. In addition, severely uncoordinated development and medium uncoordinated
development are doubled in the range according to the distribution of the coordination
index value D, as shown in Table 5. When the per capita GDP or urbanization index is
greater than the TSD index, and their difference exceeds the threshold, it indicates that the
development of TSD is lagging behind; and when the TSD index is greater than the per
capita GDP or urbanization index, and their difference exceeds the threshold, it indicates
that the per capita GDP or urbanization development is lagging behind (as shown in
Table 6).

Table 6. TSD and economic or social coupling coordination level classification in Southern Xinjiang.

Comprehensive Coordination

Type Index Subtypes Classification Color
Superiorly
. <
Coordination 0.9<b=1 coordination VI -
development 08<D <09 Ggod. VI
coordination
07<D <08 Intermediate VI
coordination
Primary
. <0. A
Transformation 0.6<D=<07 coordination v
development 05<D <06 BaTely. v
coordination
04<D<05 Primary I
uncoordinated
Uncoordinated 02<D<04 Interme'dlate II
uncoordinated
development Serious]
0<D<02 erousty I
uncoordinated

Note: Different colors represent different coupling coordination classifications.
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3. Results
3.1. The Levels of TSD at Different Scales Gradually Increase, and the Spatiotemporal Patterns
Show Significant Variation

At the prefectural level, TGC, TAC, and TSC have all shown gradual improvements
from 2000 to 2020, but with significant spatial differentiation (Figure 3). TGC exhibited an
east-high and west-low spatial distribution pattern, with the Kizilsu Kirghiz Autonomous
Prefecture consistently having a lower TGC, while Bayingolin Mongol Autonomous Prefec-
ture and Hotan Prefecture showed significant improvements. TAC experienced relatively
minor changes from 2000 to 2010, following a west-high and east-low distribution pattern.
However, by 2020, TAC had generally improved, especially in Bayingolin Mongol Au-
tonomous Prefecture. TSC notably increased over the years, with most prefectures having
values above 1.200 by 2020, indicating significant development in transportation construc-
tion at the prefectural level, particularly from 2010 to 2020. Spatial autocorrelation analysis
revealed that TSD did not exhibit significant spatial autocorrelation at the prefectural level
in Southern Xinjiang in 2000, 2010, and 2020. Regarding spatial patterns, from 2000 to 2020,
there were significant spatial differentiation characteristics of TSD (Figure 4). In 2000, TSD
gradually decreased from west to east, with Kashgar Prefecture having the highest TSD.
By 2020, most prefectures had TSD levels above 3, except for Kizilsu Kirghiz Autonomous
Prefecture, with Bayingolin Mongol Autonomous Prefecture experiencing a significant
increase in TSD. In 2020, only Kashgar Prefecture, Aksu Prefecture, and Bayingolin Mongol
Autonomous Prefecture had TSD levels above 3.600, implying that the basic transportation
welfare levels in Hotan Prefecture and Kizilsu Kirghiz Autonomous Prefecture have not yet
been fully guaranteed. These findings illustrate the changing dynamics of transportation
development in Southern Xinjiang, with improvements in different aspects of TSD across
the prefectural level. The spatial variations in TSD also highlight areas that may require
further infrastructure development.

At the county level, there have been significant spatial variations in TGC, TAC, and
TSC in Southern Xinjiang from 2000 to 2020 (Figure 5). The average TGC at the county
level increased from 0.939 to 1.130, with some counties experiencing declines and central
cities like Hotan City, Kashgar City, Tumxuk City, and Tie Menguan City showing gradual
improvements in transportation security. TAC generally exhibited a pattern of higher
values in the northwest and lower values in the southeast, with higher levels of accessibility
in cities like Kashgar, Aksu, and Tie Menguan. County-level TSC showed a steady increase,
rising from 0.425 in 2000 to 1.021 in 2020, with Kashgar City consistently having a high
TSC. Overall, from 2000 to 2020, the TSD level in different counties and cities of Southern
Xinjiang showed an upward trend, but the spatial distribution was uneven, forming a
“core-periphery” spatial pattern centered around the Southern Xinjiang Railway axis. High-
concentration areas were observed around Kashgar City, while low-concentration areas
were around Qiemo County (Figure 6d—f). In 2000, no county units had high TSD levels
(TSD > 4), but by 2020, 12 such units existed, mainly concentrated in the Kashgar Oasis
and Aksu Oasis regions, indicating a regional advantage due to abundant water resources
and larger oasis areas. Counties in the southeastern part of Southern Xinjiang, such as
Qiemo and Yutian, with limited water resources and smaller oasis areas, showed relatively
lower TSD levels, demonstrating a spatial coupling between the TSD level and the natural
environment. If a TSD level of 3.600 is considered the qualifying threshold, it is estimated
that from 2000 to 2020, approximately 7.359 million people in the county-level units of
Southern Xinjiang lived in areas where the TSD level was below 3.600. This suggests that
the basic transportation welfare level for about 7.359 million people was guaranteed in
the county-level units of Southern Xinjiang during this period. These findings provide
valuable insights into the spatial dynamics of TSD at the county level in Southern Xinjiang
and the associated implications for transportation development and regional welfare.
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Figure 3. Spatial-temporal changes in TGC, TAC, and TSC at the prefectural level.
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Figure 4. Spatial-temporal patterns of TSD at the prefecture level and LISA clustering.
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Figure 5. Spatial-temporal changes in TGC, TAC, and TSC at the county level.
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Figure 6. Spatial-temporal patterns of TSD at the county level and LISA clustering.
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3.2. County-Level TSD Has Significantly Impacted Economic and Social Development

The precondition for using the spatial Durbin model is the presence of significant spa-
tial autocorrelation in the explanatory variables. Through a global spatial autocorrelation
analysis of the economic and social explanatory variables at the prefectural level, it was
found that the indicators representing economic development and social progress from
2000 to 2020 did not exhibit significant spatial autocorrelation. Therefore, the impact of
prefectural-scale TSD on the economy and society in Southern Xinjiang is not statistically
significant. Through a global spatial autocorrelation analysis at the county level, it was
found that there is significant spatial autocorrelation in the eight indicators representing
county-level economic development and social progress. Hence, it is possible to further
analyze the impact of transportation development on the regional economy and society
using the spatial Durbin model.

Based on Equation (8), we estimated the effects of road density, transport trunk line in-
fluence degree, interior accessibility, exterior accessibility, transportation route connectivity,
and desert disturbance on county-level GDP, PGDP, SGDP, TGDP, UPBRLE, SAV, and TSCG
in Southern Xinjiang (Table 7). Overall, the model had a good fit for GDP, PGDP, SGDP,
TGDP, UP, BRLE, SAV, and TSCG, with similar goodness of fit across different partitions.
Due to space constraints, Table 7 only displays the standardized regression coefficients.
Road density, transport trunk line influence degree, interior accessibility, and transportation
route connectivity primarily had positive effects on the economy and society, significantly
promoting SGDP, PGDP, SGDP, and PGDP, respectively. This indicates that increasing road
density, constructing high-grade roads and airports, and improving internal accessibility
and connectivity contribute to the economic and social development of Southern Xinjiang at
the county level, with a particularly significant impact on economic development. Exterior
accessibility and desert disturbance had primarily negative effects on the economy and
society at the county level. Counties farther from other central cities in the region had lower
opportunities for receiving radiation from central cities and experienced reduced economic
and social development. Desert disturbance reduced road accessibility, leading to more
significant hindrances to county-level economic and social development. These findings
highlight the complex interplay between transportation development, geographical factors
(such as desert interference), and economic and social outcomes at the county level in
Southern Xinjiang. It underscores the importance of considering these factors in regional
planning and policymaking.

Table 7. Estimation of sub-dimensional economic effects of transportation dominance.

Economic Effects Social Effects
Variable
LNPGDP LNSGDP LNTGDP LNUP LNBRLF LNSAV LNTSCG
LNDEN —0.401 1.301 * 0.202 * 0.452 ** 0.424 * 0.333 * 0.397 *
LNTID 0.384 ** 0.058 * 0.119* 0.043 * 0.054 * 0.368 * 0.322*
LNEA —0.437 ** —0.633 *** —0.417 *** —0.249 * —0.046 * —0.556 ** —0.427 ***
LNIA 0.041 * 0.083 * 0.032* 0.024 * 0.015* 0.021 ** 0.051 *
LNRC 0.677 ** 0.568 * 0.213 ** 0.085 * 0.71 0.065 * 0.109 *
LNDI —0.149 ** —0.259 ** —0.682 ** —0.815 —0.246 —0.805 —0.146 *

Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.

Table 8 presents the direct and indirect effects of TSC, TAC, TGC, and TSD on economic
development and social progress at the county level in Southern Xinjiang, as reported by
the spatial Durbin model. TSC, TAC, TGC, and TSD all have significant positive direct
effects on economic growth and social development at the county level in Southern Xinjiang.
However, it is noteworthy that the direct contribution of TSD to county-level SGDP, UP,
TSCG, PGDP, TGDP, SAV, GDP, and BRLF successively decreases. Additionally, these
three transportation capacities and TSD also have significant negative indirect effects on
economic and social development. This indicates that in Southern Xinjiang, TSC, TAC,
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TGC, and TSD overall exhibit spatial competitive effects rather than spatial spillover effects.
This implies that county-level economic and social development in Southern Xinjiang is in
the early stage of accelerated development and centripetal concentration. While improved
transportation capacity promotes local development, it also intensifies competition with
neighboring counties.

Table 8. The direct effects and indirect effects of TSC, TAC, TGC, and TSD.

Direct Effects LNGDP LNPGDP LNSGDP LNTGDP LNUP LNBRLF LNSAV LNTSCG
LnTSC 0.416 *** 0.35 *** 0.582 *** 0.302 *** 0.339 *** 0.197 * 0.34 ** 0.422 ***
LnTAC 0.254 *** 0.155* 0.302 * 0.275 *** 0.181 ** 0373 * 0.332 ** 0.297 *
LnTGC 0.116 *** 0.15 *** 0.123 *** 0.813 *** 0.108 ** 0.744 0.103 0.533 *
LnTSD 0.231 *** 0.28* 0.931 * 0.274 *** 0.36 ** 0.16 * 0.26* 0.321*

indirect effects LNGDP LNPGDP LNSGDP LNTGDP LNUP LNBRLF LNSAV LNTSCG
LnTSC —0.714 % 0.277 * —0.145 ** —0.579 * —0.748 * —-0.14* —0.105 ** —0.148 *
LnTAC —0.194 ** 0.711* —0.417 % —0.559 * —0.037 * —0.174 % —0.371*% —0.105 *
LnTGC —0.147 * 0.218 * —0.206 * —-0.476 * -0.18 —-0.74 —0.245 —0.128 **
LnTSD —0.653 ** 0.126 * —0.373 % —0.119 ** —0.862 * —0.158 * —-0.1* —0.189 *

Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.

3.3. The Coupling Coordination Levels between Different Scales of TSD and Economic and Social
Development Have Gradually Improved

Based on Equations (11)—(13), the coupling coordination levels between TSDs at the
prefectural scale in Southern Xinjiang and economic and social development for the years
20002020 were obtained and categorized. The classification results are presented in
Table 9. Overall, the coupling coordination categories between TSDs and economic and
social development in various prefectures in Southern Xinjiang have gradually shifted
from incoordination to coordination from 2000 to 2020. For example, the TSD of Bayingolin
Mongol Autonomous Prefecture has improved from severe imbalance (I) to advanced coor-
dination (VIII). However, the coupling coordination levels for Kizilsu Kirghiz Autonomous
Prefecture and Hotan Prefecture have increased at a slower pace, reaching only a basic
coordination level by 2020.

Table 9. The coupling and coordination types between TSD and economic and social at the prefecture
scale in southern Xinjiang from 2000 to 2020.

The Coordinated Development Type

Economic and TSD Social and TSD
2000 2010 2020 2000 2010 2020

Bayingolin Mongol Autonomous Prefecture [N I

Aksu Prefecture

Kashgar Prefecture

Kizilsu Kirghiz Autonomous Prefecture -

Hotan Prefecture

The coupling coordination levels between TSDs at the county scale in Southern Xin-
jlang and economic and social development for the years 2000-2020 were calculated, and
the results were categorized as shown in Table 10. From 2000 to 2020, the coupling coor-
dination categories between county-scale TSDs and economic and social development in
Southern Xinjiang have generally shifted from incoordination to coordination. Counties
and cities with TSDs that were coupled with economic development coordination cate-
gories of severe imbalance (I) and moderate imbalance (II) decreased from 43 in 2000 to
0 in 2020, indicating a significant decline. Counties and cities in a coordinated develop-
ment category reached 13 by 2020, accounting for 28.261%, indicating that most counties
and cities in Southern Xinjiang are still in the transitional development stage concerning
the coupling coordination of TSDs and economic development. Regional central cities
exhibited higher coupling coordination levels, such as Korla City, Aral City, Tumxuk City,
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Tiemenguan City, and Kunyu City. The coupling coordination categories of these cities
regarding TSDs and economic development were mostly at the intermediate coordination
(VI) and good coordination (VII) levels. Regarding the coupling coordination of TSDs and
social development, counties and cities with coordination categories of severe imbalance (I)
and moderate imbalance (II) decreased from 9 in 2000 to 0 in 2020, indicating a declining
trend. Counties and cities in a coordinated development category reached 25 by 2020,
accounting for 54.348%, indicating that the overall coupling coordination level between
TSDs and social development is relatively high in Southern Xinjiang’s counties and cities.

Table 10. The coupling and coordination types between TSD and economic, social at the county scale
in southern Xinjiang from 2000 to 2020.

Economic and TSD Social and TSD

The Coordinated Development Type

2000 2010 2020 2000 2010 2020

Korla City
Luntai County
Yuli County
Ruogiang County
Qiemo County
Yanqi Hui Autonomous County
Hejing County
Hoxud County
Bohu County
Aksu City
Kuga City
Wensu County
Xayar County
Xinhe County
Baicheng County
Waushi County
Awat County
Kalpin County
Artux City
Akto County
Akqi County
Wugia County
Kashgar City
Shufu County
Shule County
Yengisar County
Zepu County
Shache County
Yecheng County
Makit County
Yopurga County
Jiashi County
Bachu County
Taxkorgan Tajik Autonomous County
Hotan City
Hotan County
Moyu County
Pishan County
Lop County
Qira County
Yutian County
Minfeng County
Aral City
Tumxuk City
Tiemenguan City
Kunyu City
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4. Discussion
4.1. Constructing Evaluation Indicators for TSD

In most existing studies on TSD, it is a common consensus to measure TSD based on
road density, the influence of transportation trunk lines, and locational advantage [10,22].
However, in different regions and at different scales, the measurement of TSD should
be tailored to reflect the actual regional conditions. Classic methods for evaluating TSD
often overlook the ability of the transportation system to resist risks [6]. Regions with
high support or accessibility capabilities may significantly reduce their local TSD if their
transportation system is extremely fragile and unable to withstand various risks. Ignoring
this aspect could lead to an “overestimation” of the transportation situation in the region.
Based on this consideration, this study creatively integrates regional TSD levels from three
aspects: TSC, TAC, and TGC, in addition to the traditional evaluation of TSD. This approach
addresses the limitations of classic TSD evaluation methods.

4.2. Evolution of TSD Patterns at Different Scales and Their Economic and Social Effects

This study reveals the pattern evolution and economic and social effects of different
scales of TSD in Southern Xinjiang from 2000 to 2020. It was found that during this period,
significant progress was made in transportation infrastructure development, with rapid
expansion in the scale of transportation infrastructure. Additionally, regional disparities
in TSD tended to decrease, which is consistent with the findings of Jiang, Sun, and oth-
ers [24,32]. This outcome can be attributed to the historical inheritance of transportation
infrastructure. However, prior studies did not extensively explore the economic and social
effects of different-scale TSDs in Southern Xinjiang. This study not only identified that
the spatial pattern of TSD in Southern Xinjiang is influenced by both natural topography
and socio-economic development but also attempted to analyze the economic and social
effects of TSD at the county level. The analysis showed that road density, the influence
of transportation trunk lines, internal accessibility, and transportation route connectivity
had predominantly positive economic and social effects at the county level in Southern
Xinjiang. This suggests that increasing road density, constructing high-grade highways and
airports, and improving internal accessibility and connectivity contribute significantly to
economic and social development at the county level in Southern Xinjiang. These findings
align with the conclusions of previous studies [24]. On the other hand, external accessibility
and desert interference had mainly negative economic and social effects at the county level
in Southern Xinjiang. This suggests that being farther away from other central cities in the
region reduces the opportunities for receiving radiation from central cities and obtaining
development opportunities. Furthermore, the accessibility of the transportation network
in arid regions is affected by desert interference. As desert interference intensifies, TAC
decreases, which, in turn, affects regional economic and social development. This discovery
is consistent with the research by Liu [26]. TSC, TAC, TGC, and TSD had significant positive
direct effects on economic growth and social development at the county level in Southern
Xinjiang. However, they also had significant negative indirect effects on economic and so-
cial development, indicating that the current stage of county-level development in Southern
Xinjiang involves both promoting its own economic development and social progress while
intensifying economic and social competition with neighboring counties. This finding is
in line with the characteristics of economic and social development in underdeveloped
areas [31].

4.3. The Policy Implications for the Construction of Transportation Infrastructure in
Southern Xinjiang

From the perspective of spatial pattern evolution, the main transportation disadvan-
tages in the Southern Xinjiang prefectures are primarily located in Hotan Prefecture. In
the future, there should be increased investment and development in the transportation
infrastructure of Hotan Prefecture. However, it is worth noting that not all counties and
cities within Hotan Prefecture may require enhanced transportation road construction.
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According to the analysis of county-level TSD in Southern Xinjiang, the focus in Hotan
Prefecture should be on improving transportation in Minfeng County and Yutian County.
Bayingolin Mongol Autonomous Prefecture has a relatively high level of TSD, but its
internal county, Qiemo County, has a lower level of TSD. In the future, transportation in-
frastructure development in Bayingolin should be further directed towards Qiemo County.
It is important to be mindful that improving regional TSD may lead to growth concentra-
tion in a few core counties at the expense of many peripheral counties. Therefore, efforts
should be made to integrate transportation and local industry development organically.
Additionally, the active promotion of the “one Belt and one Road” initiative should be
pursued to break the current single-structured layout of transportation channels, which
primarily follow the periphery of the Tarim Basin. This can involve building cross-desert
highways that accelerate the integration of transportation between prefectures, cities, and
urban-rural areas, strengthen connectivity between transportation axes and key corridors,
and further enhance the TSC, TAC, and TGC of counties, cities, and prefectures in Southern
Xinjiang, thereby promoting regional economic and social development. From 2000 to
2020, both at the prefecture and county levels in Southern Xinjiang, TSD has shown a trend
of transitioning from imbalance to coordination in terms of coupling coordination with
economic and social development. This finding aligns with some of the results from the
research by Du [5]. In the future, attention should continue to be paid to the coordinated re-
lationship between transportation and economic growth as well as social progress to avoid
inadequate transportation development or transportation development that significantly
outpaces regional economic development and social progress.

4.4. Limitations and Future Research Directions

This article has compiled transportation data for Southern Xinjiang in 2000, 2010, and
2020, and based on this, it has analyzed the pattern evolution of TSD at different scales
and its economic and social effects. This has enriched the field of transportation geography
research to some extent. However, there are some limitations that should be addressed
in future research: (D The analysis of the economic and social effects of transportation
could be further developed. Future research should focus on improving econometric
methods to explore the indirect effects and time effects of transportation on economic
growth and social progress more deeply. @ The discussion of transportation improve-
ment strategies is still relatively preliminary. It would be beneficial to conduct in-depth
analyses that take into account the specific circumstances of different counties and regions.
Despite these limitations, the transportation dataset and analytical results established in
this article provide systematic support for integrated modeling of human-environment
systems. They have practical applications in understanding and simulating the evolution
of human-environment systems and the integration of urban and rural areas.

5. Conclusions

In this study, our primary objective was to examine the evolution and economic and
social effects of the spatial and temporal patterns of Transport Superiority Degree (TSD) in
Southern Xinjiang, China, with a particular emphasis on the unique challenges faced by
economically underdeveloped arid regions. To achieve this, we developed a specialized
evaluation framework that overcame traditional limitations by incorporating indicators
such as route connectivity and desert interference. Over the period from 2000 to 2020, we
conducted an empirical investigation using comprehensive evaluation methods, spatial
autocorrelation techniques, spatial Durbin models, and coupling coordination models. Our
methodology allowed us to analyze Transport Support Capability (TSC), Transport Access
Capacity (TAC), and Transport Guarantee Capacity (TGC) at various scales, providing a
nuanced understanding of the region’s transportation dynamics.

The key findings of our study revealed the significant progress in transportation
infrastructure in Southern Xinjiang, characterized by a “core-periphery” spatial pattern
of TSD at the county level. Despite limited impact at the prefectural level, county-level
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analyses demonstrated the positive influence of TSC, TAC, TGC, and TSD on economic
and social growth, albeit with competitive effects. The spatial autocorrelation analysis
emphasized the pronounced impact of TSD at the county scale on economic and social
development. Furthermore, our investigation into the coupling coordination of TSD
with economic and social development demonstrated a transition from uncoordinated
to coordinated development in Southern Xinjiang’s prefectures over the two decades,
providing valuable insights into the region’s evolving dynamics.

In conclusion, our study contributes a novel framework for evaluating transportation
in arid regions, offering a comprehensive analysis of the spatial and temporal patterns
of TSD in Southern Xinjiang. The findings highlight the intricate relationships between
transportation infrastructure, economic development, and social progress, emphasizing
the importance of county-level analyses for a more nuanced understanding. The transition
towards coordinated development observed over the study period underscores the chang-
ing landscape of Southern Xinjiang and provides valuable insights for policymakers and
researchers dealing with similar challenges in arid regions globally.
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