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Abstract: The development of integrated public transportation networks has received widespread
attention in recent years. Especially in global northern cities, improving the substitution of subways
for buses could meet population travel demand during snowstorms, which minimizes the impact of
snowstorms on the public transportation network. Furthermore, the development of rail transit is
conducive to the intensive and efficient use of land resources. Therefore, in this study, we selected a
northern Chinese city, Shenyang, as a case study. For obtaining the population travel demand, we
collected the actual population flow data in the morning and evening peaks during snowstorms.
The network analysis was used to identify the loopholes and key stations in the subway and bus
networks, respectively. A coupling model was built to measure the coupling value of each station
in the subway and bus networks, according to its population travel demand and supply capacity,
which was further used to measure the substitution of subways for buses in the morning and evening
peaks during snowstorms. The results indicate that some subway stations were in a coupling state,
while their surrounding bus stations were in a decoupling state. These subway stations could replace
the bus stations to reduce the impact and damage of snowstorms on public transportation network.
However, some subway stations and the surrounding bus stations were all in a decoupling state,
which were under great pressure to meet the population commuting demand during snowstorms.
This study can provide insight into optimizing public transportation network planning and design in
many northern regions and help to coordinate land and transportation utilization.
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1. Introduction

With the growing development of integrated public transportation networks, they
play an increasing role in people’s daily lives and work [1]. Existing transport infrastructure
influences people’s daily transportation mode choices [2—-4], while daily transportation
changes the urban fabric [5,6]. Local governments have realized that the development
of integrated three-dimensional transportation can make efficient use of land and thus
achieve sustainable development [7]. However, some traditional adverse weather and even
natural disasters seriously impact the normal operation of public transportation systems.
As one example of traditional adverse weather, the snowstorm is a significant cause of
increased traffic accidents and compromised traffic flow in northern Europe and north-
ern America [8]. According to the definition of the China Meteorological Administration
(CMA), snowstorm warning standards are divided into four categories, blue, yellow, or-
ange, and red alert, which correspond to snowfall reaching 4 mm in 12 h, 6 mm in 12 h,
10 mm in 6 h, and 15 mm in 6 h [9]. Between 2015 and 2020, snowstorms in northern
China caused an average of 1085 fatalities, 3800 injuries, and 25% of total traffic accidents
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annually (Traffic Administration Bureau of the Ministry of Public Security of the People’s
Republic of China, 2021). Particularly in the morning and evening peaks, snowstorms con-
tributed to the higher frequency of severe traffic accidents, extreme congestion, and other
cascading impacts which significantly reduced the operating capacity of the entire public
transportation system, especially the above-ground bus system [10,11]. The disruption
of specific stations or links on the bus network can have a significant impact on morning
and evening peak commuting. Some studies have shown that compared to clear days,
commuting travel during snowstorms can be reduced by 10%, while it is impossible to
eliminate it [12]. However, subway travel is extensively viewed to be more convenient
than road-based transport [13-16] and is considered to be the most effective alternative to
surface bus travel during snowstorms. Moreover, optimizing the rail transit station area is
conducive to the intensive, efficient, and sustainable use of land resources [17]. Therefore,
improving the substitution of subways for buses and enhancing subway rail transit would
meet the commuting needs of the population and impact development and land use in
subway station areas [18,19], as well as mitigating the impacts of snowstorms on the public
transportation system.

There have been several substitution studies regarding modes of transportation, such
as replacing other modes of travel with electric bicycles [20-22]. Some studies argued that
understanding the driving factors behind transportation mode substitution is crucial for
managing and comprehending the substitution effects between different modes of public
transport [23]. These studies could help transport authorities shift ridership from buses
to metro rail transit, as in Oslo [24], or conversely, like in London, support people mov-
ing from underground rail to bus networks [25,26]. Researchers estimated the impact of
high-speed rail networks on air transportation by assessing the substitution effects between
these two modes of transportation [27]. Some studies integrated previous research on
transportation mode substitution and conducted meta-analyses to investigate the substitu-
tion effects of electric bicycles in replacing cars, public transportation, traditional bicycles,
and walking [28]. Other studies explored the potential for Bus Rapid Transit (BRT) to
replace bicycles by comparing the distances and travel times for current bicycle and bus
commutes [29]. Some researchers focused on reducing carbon emissions by studying the
increase in bicycle commuting as a substitute for public transportation, from the perspective
of green travel [30]. Furthermore, some researchers investigated the substitutive role of
urban rail transit in replacing cars, with an emphasis on improving air quality [31].

There are also various research methods for studying the substitution between modes
of transportation. Some studies, using Bayesian inference methods, have determined the
substitution probabilities of shared electric bicycles for different original modes of trans-
portation under different travel distances [32]. Researchers have explored the possibility of
Bus Rapid Transit (BRT) replacing bicycles by comparing the estimated distances and travel
times of current bicycle and bus commutes by mode [29]. Amalia introduced a nested logit
model that indicates a significant substitution pattern [33]. Rich conducted research on the
changes in the substitution between trains and airplanes based on a demand model for
long-distance travel among 42 European countries [34].

Furthermore, it has been shown that complete multimodal transport and the relation-
ship between multi-layered networks are essential for a comprehensive understanding of
urban transport systems [35]. Understanding the relationship between urban multimodal
transport development is conducive to coordinating the relationship between traffic and
land use and alleviating urban traffic congestion [36]. Current research on multi-level trans-
portation networks has focused on the relationship between passenger flow distribution
and network characteristics [37], for example, by establishing a simple relationship between
passenger flow and route length as a way to assess the change in passenger flow after
integration between subway and bus systems [38]. Therefore, it is important to understand
the relationships and substitutions between different networks to minimize cascading
failures between systems.
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However, these studies have mainly focused on the structural relationship between
different transportation networks and people’s willingness to choose the modes of travel,
and have not paid attention to the actual population flow data of commuting. Moreover, it
is necessary to determine whether the population flow matches the capacity of the current
public transportation stations, and coupling degree is a statistical concept that is often
used to analyze coordinated development level [39]. The higher the coupling degree, the
greater the tendency for coordinated development between systems; in the converse case,
it tends to be uncoordinated, resulting in adverse effects to the system. Tang studied an
indicator system and developed a method to assess the coupling coordination between
the tourism industry and the environment [40]. Xue assessed the support capacity of the
comprehensive transportation system in Sichuan Province based on the evaluation of cou-
pling coordination [41]. The following studies focused on the coupling model in terms of
transportation mode substitution. Li optimized the routes between the double-layer public
transportation network through the coupling design of urban rail transit and conventional
bus line network, so that the subway network and bus network can substitute each other
and promote the synergistic and integrated development of a subway-bus network [42].
Chen conducted a study based on the double-layer coupling network of subway-bus
network synergistic optimization, preventing large-scale cascade failures in urban public
transportation networks and planning the key defense strategies for cascade failures of
transportation network nodes, so as to improve the network efficiency of the subway-bus
transportation network [43]. These studies indicate that the theory of coupling degree can
determine the development coordination between systems. This concept can be used to
measure the degree of coordinated development between the supply capacity of public
transportation networks and the demands of population flow, allowing for quantitative
analysis of their coupling coordination relationship. Regarding the research on visualiza-
tion methods in the field of transportation, some researchers have extracted data related to
vehicle trajectories, thus helping port traffic participants make more reasonable manage-
ment decisions [44]. Some studies used scientometric methods, social network analysis,
and Stochastic Actor-oriented Model (SAOM) to visualize and analyze the source journals
in order to better understand the current status of spatio-temporal crowd flow prediction
research and global cooperation [45]. One study proposed an end-to-end deep learning
based dual path framework, i.e., Spatial-Temporal Graph Attention Network (STGAT),
for traffic flow forecasting [46]. So, this study collected the actual population flow data
as the entry point to visualize the spatio-temporal distribution of passenger flow at each
subway and bus station in the morning and evening peaks during snowstorms. Moreover,
less research has been done on the ability of subway transportation to better meet people’s
commuting needs in the context of snowstorms compared to bus networks. Therefore, the
first contribution of this study was to build a coupling model to measure the coupling value
of each station in subway and bus networks in the morning and evening peaks during
snowstorms, according to its population commuting need and supply capacity, which al-
lows us to further measure the substitution of subways for buses. Furthermore, improving
the substitution of subways for buses could meet the population commuting need during
snowstorms, which minimizes the impact of snowstorms on the public transportation
network. This could also promote the population’s willingness to commute by public
transportation during snowstorms, reducing land use while also reducing greenhouse gas
emissions, and further achieving low-carbon travel [47]. In addition, most of the previ-
ous studies focused on cities with well-developed integrated public transport networks,
especially those with well-developed subway networks, and provided little help to the
design and planning of integrated public transport networks in developing cities [1,48].
The second contribution of this study was to select a northern Chinese city, Shenyang, as
a case study, in which the integrated public transportation network is building. From a
practical point of view, Shenyang subway has not yet matured and formed a complete
subway network. The location and construction of subway stations will have an impact
on the surrounding land. Therefore, the use of land for subway stations will affect the
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surrounding planning and construction [49]. The network analysis was used to identify
the loopholes and key stations in the subway and bus networks, respectively, which could
provide guidance for developing cities in China and other countries [50].

2. Data and Method
2.1. Data Sources

To investigate whether the impact of snowstorms on urban public transportation can
be reduced by improving the substitution of subways for buses in the morning and evening
peaks, we take Shenyang (the capital city of Liaoning Province, China) as an example, and
select the central area within the Shenyang 1st Ring Road as the study area. Shenyang is
located in Northeast China and is highly susceptible to heavy snowfall. Compared to other
cities in Northeast China, the city’s existing subway development is relatively mature. As
shown in Figure 1, the study area includes five administrative districts (Heping, Shenhe,
Dadong, Huanggu, and Tiexi), with a total area of about 1.48 million square meters, which
is the central area of Shenyang. On 7 November 2021, under the influence of frigid air,
Shenyang ushered in a robust snowstorm condition, which reached a hefty snowfall level
(24 h snowfall > 30 mm), with an average snow depth of 34.1 cm. Therefore, we collected
real-time data on urban public transportation and population density during the morning
and evening peaks in Shenyang on 7 November 2021 to reflect the impact of the snowstorm
on urban public transportation and population commuting. Moreover, we have collected
and compiled the operation data of the bus and subway networks within the Shenyang 1st
Ring Road.
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Figure 1. The center area map of Shenyang.

2.1.1. Population Flow Data

Through Baidu Maps (https://map.baidu.com/, accessed on 7 November 2021), this
study obtained population density maps during the morning peak (6:30-9:30) and evening
peak (16:00-19:00) at the time of the snowstorm on 7 November 2021. As shown in Figure 2,
we divide population density into six levels based on the color of the density map (red
for the highest population density and purple for the lowest population density). By
comparing the color changes of the density map every ten minutes, we obtained the
changes of population flow during the morning peak in each region, which reflected the
demand distribution of population travel. We obtained the vector latitude and longitude
data of 30 subway stations and 571 bus stations by using Taile Map (www.arctiler.com,
accessed on 7 November 2021) and imported them into GIS10.2 software for visualization.
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After that, we matched the population density map of each period during the morning
peak and evening peak with the vector layer. Map matching is the critical process of
compounding a series of bus and subway stations separately to the corresponding roads on
the population density maps. After correcting the vector latitude and longitude data of bus
and subway stations, the error is minimal. These matched maps accurately represented
the spatio-temporal distribution of actual population flow of each bus or subway station
in the morning and evening peaks in Shenyang on 7 November 2021. Next, we marked
the density of each stationas D; (i=1,2,3,...... ,19) at ten-minute intervals, denoting the
density change within ten minutes as D/, then D' = D;,; — D;. The total population density
change during the morning peak is marked as Dy, then Dy = Y D'. In this way, we obtain
data on the change of population traffic at each station during the morning peak. Similarly,
this is carried out for the population density data during the evening peak.

(b)

Figure 2. (a) is the average population density maps at ten-minute intervals during the morning
peaks (6:30-9:30) in Shenyang on 7 November 2021; (b) is the average population density maps at
ten-minute intervals during the evening peaks (16:00-19:00) in Shenyang on 7 November 2021. The
darker the color, the higher the average population density.

2.1.2. Subway and Bus Networks Data

Based on the vector latitude and longitude data of subway and bus stations provided
by Taile Map, this study constructed the subway and bus network of Shenyang. At the



Sustainability 2024, 16, 1486

6 of 19

same time, we identified all the bus lines and subway lines within the Shenyang 1st Ring
Road according to Baidu Map. By identifying the bus lines and subway lines passing
through each station, and based on the departure frequency of each line provided by Baidu
map, we calculated the number of trains passing through the station and marked P;, where
i is the line number passing through the station (e.g., if the departure interval of link No.1
was 9 min, then Py = 6.667 train trips/h). Then, the total number of trains passing through
the station during the 3 h morning peak is Py =3 x }_ P;. If the rated carrying capacity of the
bus is marked as Cy, the total carrying capacity is marked as Cy;, the rated carrying capacity
of the subway is marked as Cs, and the total carrying capacity is marked as Cy, then the
total carrying capacity during the morning peak period is Cy; = Py X Cp, Cst = Py x Cs.
Similarly, we can calculate the total carrying capacity of buses and subways during the
evening peak.

2.2. Building the Subway and Bus Networks

The bus and subway networks were constructed separately using Pajek1.26 software.
The subway network consisted of 4 links and 30 nodes (corresponding to 30 subway sta-
tions), and the bus network consisted of 166 links and 571 nodes (corresponding to 571 bus
stations) (as shown in Figure 3). Both networks were framed by the interaction relationship
between neighboring nodes, and the node relationships determined the connected methods,
interrelationships, and connected changes of the stations in the bus or subway network.
Since the neighboring nodes in bus and subway lines were connected in both directions,
the connected links between stations in the network were also bidirectional. In order to
unify the criteria for easy calculation, the frequency of each link was uniformly calculated
according to unit hours (e.g., if the departure interval of link No.1 was 9 min, the number
of this link passed through a station was 6.667 per hour), which was used to assign the
weight of each link. This study converted the inter-node relationships into a pajek-readable
0-n matrix format. In this multi-value matrix, a “0” indicated no connection between two
nodes and a “n” indicated the number of passed links between them, which was equal to
the total weight of all connected links between two nodes.

@ Busstop

@ Subway station

Figure 3. Cont.
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Pyongyang

(b)

Figure 3. The vector layer. (a) is the composite layer of Shenyang’s geographical location map and
central road network map; (b) is the composite layer of Shenyang’s central road network map and
subway and bus network map.

2.3. Performing the Network Analysis

Through the “network analytical” approach, scholars have contributed notably to
describing and explaining these structural characteristics using such concepts as K-core,
degree centrality, and structural hole [51]. The observation units are a set of objects called
nodes, positions, or actors, and a set of present or absent relations among these objects
referred to as edges, ties, or links [52]. The bus and subway networks were constructed
separately using Pajek software, and several indicators were used to measure their critical
structural features: (1) K-core was defined as a hierarchical set of nodes based on the
number of links and the degree of connections [53,54]. In bus and subway networks, the
k-core determined the connected structure and overall relationship between links. The
influential sub-groups with the maximum k-core value included the significant nodes,
which had well-connected nearest neighbors and shaped the key links in the bus and
subway networks, respectively. (2) Degree centrality answered the question, ‘which nodes
were central in the network?’ [55]. It measured a node’s real connections in the bus and
subway networks, respectively, which could be used to identify nodes with an extensive
collaborative activity. Calculating the number of link a node connected determined how
well-connected this node was. A node connected more links held a more influential position
because it had access to more other nodes. (3) Structural hole was used to identify the
intermediary roles that some nodes play in the bus and subway networks, respectively. A
node with a higher value means that it has a greater chance of becoming a structural hole,
because it has fewer connections to other nodes, or has a more prominent intermediary
position in connecting other nodes, and the other nodes connected to it have a higher
chance of becoming brokers. The reason why we choose these three indicators to study the
structural characteristics of the bus network and subway network is that degree centrality
determines the central position and influence of a station in the whole network. A higher
degree centrality value indicates that the station holds greater influence within the entire
network. The K-core represents the influence of a station in a group, which determines
the importance of a station in the local area of the network. A larger K-core indicates
that the station is in a more critical position in the local area of the network compared
with its connected stations. Through the two indicators of degree centrality and K-core,
we can not only find influential stations from the whole network but also identify key
stations through local areas in the network, so as to make the study more scientific and
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complete. The calculation of structural holes can determine the vulnerable stations in the
entire network, so that we can find the weak stations in the entire network and can make
targeted improvements in the later construction of the public transportation network.

2.4. Building the Coupling Model

The concept of “coupling” was first applied in the practical study of physics, which
referred to the entanglement of two or more things or domains with mutual influence
and effect. In positive coupling, things acted as facilitators and positively influence each
other, thus achieving better-desired results. Negative coupling meant that things were
connected in a way that destroys the coupling and orderliness between them, thus making
the desired effect worse or losing the coupling relationship. For example, Sun pointed
out that in positive coupling, the distribution effect of road transport on railway transport
makes the development relationship between them closer, thus improving the efficiency of
railway transport. At the same time, the improvement of the efficiency of railway transport
will also bring a huge impetus to the development of road transport, thereby improving
the efficiency of road transport. The negative coupling is specifically manifested in the
slow development speed of a certain mode of transport, insufficient transport capacity,
and inability to efficiently cooperate with other modes of transport, thus restricting the
entire channel transport efficiency [56]. The coupling degree is a quantitative indicator
to reflect the magnitude of benign coupling between the components or subsystems in a
complex system. The goodness of the coupling relationship between the components or
subsystems could determine a suitable coupling model. If the station is in a decoupling
state, it indicates that there is a mismatch between the supply side of the station’s carrying
capacity and the demand side of the population, which is likely to cause the following
losses: (1) The population demand is greater than the capacity supply, which means that
the station cannot meet the commuting demand of the population. In fact, it is a loss to
the convenience of population travel. (2) The population demand is less than the capacity
supply, which means that the supply of the station is redundant and will cause a waste of
social resources. In fact, it is a major loss to the economy.

In this study, the coupling model was built to measure the coupling value of each
station in subway and bus networks, according to its population commuting demand and
supply capacity, in the morning and evening peaks on 7 November 2021 in Shenyang,
respectively. The spatio-temporal distribution of actual population flow among subway or
bus stations were defined as the population commuting demand. According to the number
of passed links among subway or bus stations, we collected and calculated the full load
of passengers, which were defined as the supply capacity of each station in subway and
bus networks. According to the “distance-decay effect” and “transit accessibility” [57-59],
a passenger was comfortable walking 400 m on average to access a subway or bus sta-
tion. His/her inclination for taking a subway or bus would decrease when the walking
distance exceeds 400 m [59]. The accessibility of a city can reflect the efficiency of urban
land use and the current status of public transportation development, which can help to
improve the overall development of public transportation [60]. Therefore, we combined
the subway stations with the surrounding bus stations which were within 400 m to verify
whether the subway could effectively substitute the bus in the morning and evening peaks
during snowstorms.

By referring to the coupling model between environmental performance and human
well-being constructed by Han [61], we build a coupling model between demand side and
supply side of traffic stations. The specific calculation possesses were as follows: in the first
step, we calculated the coupling between the supply side and the demand side of public

transportation network stations.
X
O R 2.5 (2 (1)
(Ufs +£4]/2)



Sustainability 2024, 16, 1486 90of 19

In Equation (1), C; was the original coupling value and C; € (0,1); the greater the
coupling degree is, the stronger interaction between the subsystems would be, and vice
versa; fy and fy represent the demand date and supply date, respectively. From Chapter 2,
we know that fy = Df=Y.D’, fy = Cyy = Pt x Cp.

In order to ensure that the value of the fy, fy are between 0 and 1, the data are first
“normalized”, which is calculated as follows:

(b—a) x (X —Xmin)
(XMax - XMin)

_ (b—2a) x (Y = Ymin)
fy -t (YMax - YMin) (3)

In Equations (2) and (3), a = 0.01, b = 0.99, XMax, YMax and Xmin, YMmin denote the
corresponding maximum and minimum values in fx, fy, respectively.

The second step was to modify the original coupling value to avoid the “pseudo-
coordination”, in which the population travel demand and the supply capacity of a station
were both insufficient, while the experimental result incorrectly showed that this station
was in a coupling state. Therefore, the original coupling value was modified as follows:

C,i = v/ Ci X Ti (4)

Ti = O'fx + Tfy (5)

where C'; represents the modified coupling value, C'; € (0, 1); T; refers to comprehensive
development level. fy and f, represent the demand date and supply date, respectively.
o and T were the undetermined coefficients, and ¢ + T = 1, both were equally important.
Therefore, we set ¢ and T as the value of 0.5.

The modified coupling value (C’) was in the interval of (0-1). We finally divided it into
ten levels from (0.0-0.1) to (0.9-1.0). When the modified coupling value (C’) of a station
was in the level of (0.0-0.1), it indicated that this station was in an extremely decoupled
state. When the modified coupling value (C’) of a station was in the level of (0.9-1.0), it
indicated that this station was in the extremely coupled state.

fx:a+ )

3. Results
3.1. Network Analysis of Subway and Bus Networks
3.1.1. Network Analysis of the Subway Network

As shown in Figure 4a, according to different K-core values, three station subgroups
were distinguished by three colors in the subway network. The subgroup with the smallest
K-core value (2-core) had four stations, which were located at the edge of the whole
subway network. These four stations had a minor influence on the subway links, and their
transportation role was relatively small. Therefore, these four stations at the edge of the
subway network did not share the transport pressure of other stations. The subgroup with
the largest K-core value (4-core) involved 25 stations, which were colored in blue. These
stations were more influential, had well-connected near neighbors, and formed the key
links of the subway network. This indicated that these stations have more subgroups in
the local area of the subway network, have more influence, and are important nodes in the
key routes of the subway network. In addition, these stations are all located in the center
of Shenyang city, and most of the K-core values of each station are the same, indicating
that the stations are more closely connected to each other, the connection between the
metro network is more stable, and the planning and construction of the metro network is
more reasonable.
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Figure 4. (a) K-core values of stations in the subway network; (b) degree centrality values of stations
in the subway network; (c) structural hole values of stations in the subway network.

As shown in Figure 4b, this study divided the degree centrality value (X) of stations
into four levels. There was only one station (Youth Street Station) in the highest level of
(0.12 < X < 0.16), which was colored in yellow. This station was located at the intersection
of links No.1 and 2, which was the central area of the subway network. As a critical node,
if this station was affected during snowstorms, this station would be a fatal blow to the
operation of the entire subway network, which would ultimately lead to disruption [62].
Moreover, most stations were in the medium levels of (0.04 < X <0.08) and (0.08 < X <0.12),
which were colored in green (23 stations) and red (4 stations), respectively. Therefore, in
the subway network of Shenyang, most stations were relatively well connected. Only two
stations (Industrial Exhibition Hall Station and Wanlian Station) were in the lowest level of
(0 < X <0.04), which were colored in blue. These two stations which were located at the
edge of the subway network, were the source of the structural and functional vulnerability
of the whole subway network [1]. This showed that most of the subway stations are in the
key position of the whole subway network, each station playing an important role in the
normal operation of the subway network. And the connection between the stations is close,
as there is a high connectivity between the metro lines. In fact, due to the fixed nature of
the subway track lines and the certainty of the subway running direction, the failure of any
one of the subway stations will have a significant impact on the entire subway network,
and may even lead to the paralysis of the entire subway network.

As shown in Figure 4c, this study divided the structural hole value (Y) of stations
into three levels. There were two stations (Industrial Exhibition Hall station and Wanlian
station) in the highest level of (Y = 1.0), which was colored in red. These two stations,
as the most significant structural holes in the subway network, should be targeted to
maintain their normal functions during snowstorms, due to the lack of reliable and stable
collaboration with other stations, which may further cause quick loss of connection with the
entire subway network. Most stations (23 stations) had the medium level of (0.5 <Y < 1.0),
which were colored in green. These results indicate that the stations in this subway network
were closely connected, although there were two structural holes. The remaining five
stations had the lowest level of (0 < Y < 0.5), were located at the intersection of different
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subway links. These results indicate that these five stations played a more critical role in the
connection of subway links. As the transit nodes, these stations should be strengthened to
protect them during snowstorms, which would ensure the normal operation of the subway
network. The structural hole calculation results showed that the entire subway network is
closely linked, but focus is still needed on the stations at the edge of network. These kinds
of stations have a greater competitive advantage and development potential, and should
be emphasized in the later construction of subway network lines.

3.1.2. Network Analysis of the Bus Network

Similarly, as shown in Figure 5a, according to different K-core values, four station
subgroups were distinguished by four colors in the bus network. The subgroup with
the smallest K-core value (0-core) had 20 stations, which were colored in blue. These
20 stations had a minor influence on the bus links, and their transportation role was
relatively small. It is worth mentioning that several stations with the smallest K-core value
(0-core) were located in the central of the bus network. For example, there were too few
bus links passed through Qishan Road Station, Financial Center Station, and City Hall
Plaza Station. Moreover, by observing the spatio-temporal distribution of actual population
flow in these three stations, their supply capacity struggled to meet the correspondingly
population commuting demand. Moreover, the subgroup with the largest K-core value
(6-core) involved 179 stations, which were colored in red and accounted for about 1/3 of
the total stations (N = 571). As the most significant influential nodes, these stations were
more closely connected to other stations and formed the key links in the bus network. The
subgroup with the medium K-core value (4-core) involved 325 stations, which were colored
in purple and accounted for about 1/2 of the total stations (N = 571). The results of the
K-core value calculations showed that despite the complexity of the bus network routes,
the importance of the stations varies due to their regional location, with nearly half of the
bus stations having numerous subgroups that play an important role in the bus network
within their region. These stations with high K-core values are connected to each other to
form the key routes of the bus network. It also proved that the composition of the overall
bus network is more balanced and the layout of the stations is more reasonable.

As shown in Figure 5b, this study divided the degree centrality value (X) of sta-
tions into 11 levels. There were 33 stations in the higher levels of (0.014 < X < 0.016),
(0.016 < X < 0.018), and (0.018 < X < 0.021), which were located in the center of the bus
network. Furthermore, most stations were located in the level of (0.002 < X < 0.014), which
played a more important connecting role for the normal operation of the entire bus network.
The stations in the lower levels of (X = 0.000) and (0.000 < X < 0.002) were mainly located
in the peripheral part of the bus network, which had relatively less impact on the entire
bus network. Based on the results of the degree centrality calculations, we identified key
stations that are at the center of the entire bus network. These stations had a significant
impact on the entire bus network during the snowstorm and played a key role in transit
and connectivity. Therefore, we should focus on these key stations and the bus routes that
pass through them during snowstorms to ensure that the bus network can maximize its
transportation function.

As shown in Figure 5c¢, this study divided the structural hole value (Y) of stations into
ten levels. There were 331 stations in the lowest level of (0.0 < Y < 0.5), which indicated that
these stations located in the central area of Shenyang, were currently more closely connected
to each other, and had smaller structural loopholes. However, there were 60 stations in
the highest level of (Y = 1.0), which contained most stations located at the edge of the bus
network. However, some of these stations were located in the centre of the bus network,
such as Taiyuan Street Station and South Market Station. Therefore, these stations, as the
structural holes, have more competitive advantages and greater development potential
than other stations in the bus network. So, we should focus on planning for these stations
in future bus route development.



Sustainability 2024, 16, 1486

12 of 19

Figure 5. (a) K-core values of stations in the bus network; (b) degree centrality values of stations in
the bus network; (c) structural hole values of stations in the bus network.

3.2. Coupling Analysis of Subway and Bus Networks

In this study, we calculated the modified coupling value (C’) of all stations in the
subway and bus networks. As shown in Figure 6, the results showed that there were
16 subway stations in a coupling state (C' = 0.5-1.0) in the morning peak on 7 November
2021, while the bus stations within 400 m of these subway stations were in a decoupling
state (C' = 0.0-0.4). These subway stations effectively shared the burden of transporting
passengers in the morning peak, when the surrounding bus stations were in a decou-
pling state due to the snowstorm. The most notable station is the Beierlu subway station
(C" = 0.765), in which there were five surrounding bus stations in a decoupling state.

Moreover, it was noteworthy that there were five subway stations in a decoupling
state (C’ = 0.0-0.4) in the morning peak on 7 November 2021, and the bus stations within
400 m of these subway stations were also in a decoupling state (C’ = 0.0-0.4). These results
suggested that both subway and bus networks in these areas were under great pressure to
meet the population commuting demand in the morning peak on 2 November 2021.

Similarly, as shown in Figure 7, there were 14 subway stations in a coupling state
(C" = 0.5-1.0) in the evening peak on 7 November 2021, while the bus stations within 400 m
of these subway stations were in a decoupling state (C' = 0.0-0.4). The results indicate
that the substitution of subways for buses was more prominent in the evening peak on
7 November 2021. Compared with the morning peak, there were more bus stations in the
decoupling state in the evening peak, which were around the subway stations of Beierlu
Station, Tiexi Square Station, Shenyang Station, and Huaiyuanmen Station. Moreover, the
coupling value of these subway stations were higher in the evening peak than that in the
morning peak. Therefore, these subway stations were in a more coupling state to effectively
relieve the pressure on the bus system to meet the population commuting demand when
the surrounding bus stations were in a decoupling state due to the snowstorm.
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Moreover, it is worth noting that there were six subway stations in a decoupling state
(C" = 0.0-0.4) in the evening peak on 7 November 2021, while the bus stations within 400 m
of these subway stations were also in a decoupling state (C' = 0.0-0.4). The most notable
subway station was the Financial Center station (C' = 0.309), in which six surrounding bus
stations were all in a decoupling state. These results indicate that the supply capacity of
these six subway stations were more affected in the evening peak on 7 November 2021.
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4. Discussion and Conclusions

This study employed network analysis to identify key nodes within the subway
and bus networks and utilized a coupling model to calculate the coupling values for
each station. The calculation results showed that there were 90 bus stations with high
K-core values (K-core = 6) but in a decoupled state (colored in green in Figure 8), and
17 bus stations with high degree centrality values (degree centrality value > 0.01) but
in a decoupled state (colored in blue in Figure 8), while 5 subway stations with high
K-core values (K-core = 4) were in a decoupled state (colored in red in Figure 8). This
suggests that during snowstorms, some of the stations within the public transportation
network were unable to meet people’s commuting needs. Since these stations occupy
critical positions within the entire transportation network, they are likely to cause the
entire network to collapse. Furthermore, the calculation results indicate that 45 bus stations
with high structural hole values (structural hole values = 1) were in a decoupled state
(colored in yellow in Figure 8). This implies that these stations, as structural holes, have
a greater competitive advantages and development potential compared to other stations.
Therefore, when planning future bus route development, special attention should be given
to these stations.

Decoupling bus stations with high degree centrality

© Decoupling bus stations with high K-core
() Decoupling bus stations with high structural hole

I Decoupling subway stations with high K-core

Figure 8. Decoupling bus and subway stations with large k-core values or structural hole values.

The detailed findings of our study were as follows: Firstly, by collecting population
density data within the Shenyang 1st Ring Road at ten-minute intervals during the morning
(6:30-9:30) and evening (16:00-19:00) peaks in Shenyang on 7 November 2021, we showed
the spatio-temporal distribution of actual population flow at each subway or bus station,
which provided the population commuting demand more accurately and directly. More-
over, we built the subway and bus networks, respectively, and compiled and calculated
the operating links, the full load of passengers, and the departure frequency of each sub-
way or bus station, which provided the supply capacity. Secondly, network analysis was
used to describe and explain the structural characteristics of subway and bus networks,
respectively. For example, according to the K-core results, the findings indicated that some
subway (25 stations, colored in blue in Figure 4a) and bus (179 stations, colored in red
in Figure 5a) stations, with the largest K-core value, were the most significant influential
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nodes, having well-connected near neighbors and forming the key links. However, some
bus stations (20 stations, colored in blue in Figure 5a), with the smallest K-core value, were
located in the central of the bus network but had a minor influence on the bus links and
their supply capacity struggled to meet the corresponding population commuting demand.
According to the degree centrality results, the findings indicated that some subway (Youth
Street Station, colored in yellow in Figure 4b) and bus (33 stations, colored in pink, blue,
and green, respectively, in Figure 5b) stations with the highest level of degree centrality
were the critical nodes, which played critical roles in link transit and connection and had a
significant influence on the entire subway or bus network during snowstorms. However,
some subway (Industrial Exhibition Hall Station and Wanlian Station, colored in blue
in Figure 4b) stations with the lowest level of degree centrality were the source of the
structural and functional vulnerability of the whole subway network during snowstorms.
According to the structural hole results, the findings indicated that some subway (Industrial
Exhibition Hall station and Wanlian station, colored in red in Figure 4c) and bus (60 stations,
colored in light blue in Figure 5c) stations with the highest level of structural hole value
were the most significant structural holes, which were mainly at the edge of the subway or
bus network, and lacked reliable and stable collaboration with other stations and might
lose connection with the entire subway or bus network quickly. Therefore, more “brokers”
connected with these structural holes should be targeted and planned in the future, which
could fill the loopholes to maintain the normal functions of subway and bus networks
during snowstorms. Thirdly, the coupling model was built to verify the substitution of
each subway station for its surrounding bus stations (within 400 m) in the morning and
evening peaks during snowstorms. According to the modified coupling results, some
subway stations (16 stations in the morning peak, colored in blue in Figure 6; 14 stations
in the evening peak, colored in blue in Figure 7) were in a coupling state, while their
surrounding bus stations were in a decoupling state. These findings indicated that these
subway stations maintained their normal operation during snowstorms, which could share
the corresponding transport pressure to meet population commuting demands when their
surrounding bus stations could not operate normally due to the snowstorm. In contrast,
some subway stations (five stations in the morning peak, colored in pink in Figure 6; six
stations in the evening peak, colored in pink in Figure 7) and their surrounding bus stations
were all in a decoupling state. These findings indicated that these subway stations and
their surrounding bus stations were all significantly impacted by the snowstorm, meaning
they could not fully play their transportation roles.

Through the subway and bus network structural analysis and the substitution study of
the subway network to the bus network, we think that the following measures can mitigate
the impact of the snowstorm on the public transportation network and enhance the trans-
portation capacity of the public transportation network. (1) Focus on key stations as well
as loophole stations in the subway and bus network. Transportation departments should
carry out dynamic monitoring of key stations and central stations during snowstorms.
At the same time, increase the snow clearing efforts on the roads around these stations,
equipped with adequate snow clearing equipment and snow clearing facilities, to ensure
that the stations can operate normally during snowstorms, reducing the chances of failure
of the stations. In the development of new routes, we should focus on planning loophole
stations, connecting them with more stations, exploring their potential advantages, and
improving the integrity of the overall network. (2) Since it is verified that the subway
network has the potential to replace the bus network, people can be guided to choose the
subway during snowstorms. In order to alleviate the pressure of population flow from
the bus network, the subway network should shorten the departure time and increase the
frequency of subway departure according to the dynamic change of population flow, so as
to improve the transportation capacity of the subway network. (3) Add new subway sta-
tions to reduce the impact of snowstorms on the public transportation network. Compared
with buses, subways can operate normally without the impact of snowstorms. In order to
enhance the ability of public transportation network to cope with snowstorms, new subway
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stations can be added in the aggregation area of decoupling bus stations according to the
coupling results to replace the decoupling bus stations within 400 m. This will allow for
the substitution of the entire subway network for the bus network.

Based on the above findings, this study can be used for urban public transport planning
and construction in many northern regions of the world to coordinate traffic and land use,
optimize the location of public transport stops, achieve efficient use of land resources,
and effectively improve the capacity of entire public transportation network to cope with
snowstorms. Firstly, through the network analysis, we identified the most critical stations,
as the “nerve centers”, in the subway and bus networks, respectively. We also identified
some bus and subway stations which quickly lost connection with other stations and were
most prone to failures during snowstorms. Therefore, we recommend adding new lines
for these subway and bus stations to increase the supply capacity of the whole subway
and bus networks. Secondly, through the coupling analysis, we verified the substitution of
some subway stations for their surrounding bus stations in the morning and evening peaks
during snowstorms, indicating that the subway network has the potential to substitute the
bus network. And we identified that some subway stations were also in a decoupling state,
as well as their surrounded bus stations. Therefore, improving the substitution of subways
for buses could be proven as a significantly and effectively way to reduce the impact of
snowstorm on the public transportation network, which could promote the population’s
willingness to commute by public transportation during snowstorms, instead of private
cars, thus further achieving low-carbon travel. Finally, by proving the substitution of
subway stations for bus stations and the effectiveness of subway substitution for bus travel
during snowstorms, this work can provide guidance for the development of the urban
public transportation network, especially the development of the subway network. It is
also possible to add new subway stations in the subsequent study for the uncoupled bus
stations gathering area to meet people’s commuting needs during the snowstorm, and at the
same time to solve the land use and traffic problems in the process of urban development,
which will provide a basis for the subsequent construction of subway stations and the
optimization of the land use of the entire subway network. This study is conducive to the
rational arrangement of the proportion structure and spatial layout of land use types in the
area of metro stations, giving full play to the advantages of land as a core resource in urban
development and construction, coordinating the relationship between public transportation
and land use development, and realizing the sustainable development of land resources.

Despite the comprehensive findings, this research has several limitations. First, due to
the limitations of data accessibility, the population flow data selected in our study were just
focused on several days as the specific scenario. Second, we investigated the efficiency of
the public transportation network by enhancing the substitution of subway for bus, which
could significantly satisfy population commuting demand during snowstorms. However,
previous studies had shown that the higher substitution and coupling state between public
transportation networks make them more vulnerable to be attacked [63,64]. Therefore,
during snowstorms, how to reduce the vulnerability of bus and subway networks with
higher substitution and coupling state will be the focus of our next research.
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