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Abstract: This study used metro smart-card data from Wuhan, China, and explored the impact of
the built environment on the metro ridership and station travel distance of elderly people using
geographically weighted regression (GWR). First, our results show that elderly ridership at transfer
stations is significantly higher than that at non-transfer stations. The building floor area ratio
and the number of commercial facilities positively impact elderly ridership, while the number of
road intersections and general hospitals has the opposite impact, of which factors show significant
heterogeneity. Second, our results show that the average travel distance of terminal stations is
significantly higher than that of non-terminal stations, and the average travel distance of non-transfer
stations is higher than that of transfer stations. The distance of stations from the subcenter and
building volume ratio have a positive effect, while station opening time and betweenness centrality
have a negative effect. Our findings may provide insights for the optimization of land use in the built
environment of age-friendly metros, help in the formulation of relevant policies to enhance elderly
mobility, and provide a reference for other similar cities.
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1. Introduction

Population aging is a widespread concern in both developed and developing countries.
According to the Word Population Prospect 2019, although the global population growth
rate will generally show a slowdown in the coming years, the population aged 65 and
above is the fastest-growing age group as human health levels rise. The global population
aged 65 and older is expected to rise from 11% to 16% by 2050 [1]. Compared with the
young population, the elderly population has greater requirements for travel accessibility,
convenience, safety, and comfort; thus, the rapid growth of the elderly population poses a
great challenge to the organization of urban transportation [2,3]. In the context of an aging
society, the organization of urban transportation systems should address the special and
complex travel patterns of the elderly; however, this has yet to be widely addressed in
existing urban planning [4].

Improving mobility is particularly important for elderly individuals to maintain their
health and quality of life [5-7]. Limited mobility prevents older adults from participating
in social activities, leading to depression and loneliness [5,8,9]. To encourage the elderly to
participate in social activities, many governments offer public transportation discounts. For
example, in Wuhan, seniors over the age of 65 can take the subway for free up to 730 times
per year, with a 10% discount for additional trips. Unlike most Western countries where
elderly people travel mostly by car, public transportation in China is an important mode
of travel for seniors in cities with high-density public transportation. Previous studies of
elderly travel in metro-oriented cities have emphasized the importance of buses, which are
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a vital mode of public transportation because of their convenience and high coverage [8].
With the increasing coverage of metros, their safety, stability, punctuality, and high capacity
make them an important mode of travel for the elderly; however, they have received little
attention in existing studies.

Moreover, many studies have showed that the built environment significantly impacts
people’s metro travel behavior [9-11]. Existing studies have identified that the built environ-
ment primarily influences residents’ metro travel behavior in terms of the five Ds (5Ds), i.e.,
density, diversity, design, destinations, and distance [12]. In addition, station characteristics
such as betweenness centrality can also impact people’s travel behavior [13]. Compared to
the younger population, the elderly population is more vulnerable to the built environment
due to their declining physical function [3]. However, the specific impact of the built
environment is not yet known, and this critical knowledge gap may limit opportunities to
mitigate the reduced mobility of older adults due to the increasing aging opulation.

To address this research gap, the impact of the built environment in station-level
catchment areas on elderly people’s metro travel behavior was explored through a case
study of Wuhan, a typical Asian city with an aging population and rapid metro develop-
ment. By collecting smart-card data and using 5D elements and station characteristics, the
characteristics of elderly people’s metro travel and the impact of the built environment on
metro ridership and travel distance were investigated.

The remainder of the paper is organized as follows. First, the scope of the study, data
sources, preprocessing, and research methodology are described. Then, the results are
presented and potential policy measures are discussed. Finally, the paper presents the
conclusions of the study and suggests future research directions.

2. Literature Review
2.1. Built Environment and Elderly Travel Behavior Associations

The effect of the built environment on elderly people’s travel behavior has been proven
by other researchers. It has been explained mainly by the 5Ds (density, diversity, design,
distance, and distance) [12]. Density (including population and spatial density) is an
important factor affecting the travel behavior of the elderly. Existing studies have shown
that population density around metro stations has a significant positive effect on ridership
at metro stations. In addition, higher densities are usually associated with shorter travel
distances [14], which, together with good infrastructure, help in reducing the likelihood of
driving while promoting walking and metro travel among elderly adults [15,16]. However,
overly high density can increase the insecurity of older adults and thus reduce the possibility
of walking [17]. Diversity is mainly expressed through land use mixture. The higher
levels of land use mixtures are more conducive to elderly people taking walks or public
transportation, as in countries such as Canada, the Netherlands, and China [17-20]. It is
reasonable to assume that a higher land use mixture results in the greater spatial proximity
of public services needed by seniors on a daily basis, which in turn reduces travel distance
and the use of private vehicles while promoting walking and bus and metro trips [21]. In
micro-urban design, micro levels such as street connectivity, safety, and network structure
can impact the travel behavior of older adults [22,23]. Good lighting, non-slip pavements,
and good traffic protection measures help in promoting the possibility of older adults
walking, and continuous sidewalks to bus stops and subway stations help the elderly in
using buses and subways to travel [24-26]. There is also evidence that the presence of
green spaces and stores on both sides of the street is conducive to promoting active travel
among the elderly [15,24]. However, some studies have also found a negative effect of
neighborhood design on residents’ travel patterns [11,27]. Accessibility to destinations
has a greater impact on older adults’ trips than on those of younger adults [2]. Evidence
suggests that the elderly travel more frequently and for longer periods of time if they live
near recreational facilities, such as parks, plazas, and green spaces, and facilities for daily
needs, such as shopping malls, and they are more likely to adopt walking and cycling to
such places [28-31].
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The closer the distance to the metro station, the better it is to increase subway ridership.
In addition, the higher the coverage of metro stations within a reasonable walking range
and the higher the convenience of public transportation connections, the more attractive it
is for the elderly to use metro travel [6,32-34]. Therefore, increasing the number of public
transportation stations can effectively enhance the use of public transportation among
the elderly.

2.2. Effect of Station Characteristics on the Travel Behavior of the Elderly

For metros, the station characteristics of metros also have an impact on residents’ travel
behavior. Q. Shao et al. found that the betweenness centrality of metro stations was the
most important factor influencing ridership and showed a positive impact [13]. Sung et al.
found that the accessibility of metro stations has an impact on metro ridership, with the
number of entrances being one of the most important factors in promoting ridership [35].
Other researchers added the dummy variables of transfer stations and terminals to the
model and found that they could attract more passengers [11,16]. In addition, the efficiency
of the use of barrier-free facilities also plays a particular role in this case study, while long
walks in stations might prevent seniors from using the metro [36-38].

2.3. Research Gap and Contribution

Existing research has confirmed that the built environment can greatly influence
elderly people’s travel behavior [12,28,39]. However, most studies on the travel behavior
of elderly people have mainly focused on aboveground buses [8,40,41], while only a few
have focused on subways. Based on these considerations and with a supporting review of
the literature, this study identified six factors that influence elderly people’s metro travel
behavior: “density”, “diversity”, “design”, “destination”, “distance”, and “metro station
features”. With reference to existing studies [17,42], the area with 800 m radius around
the metro station was set as the station-level catchment area. In addition, elderly people’s
metro travel behavior was measured by the number of passengers at metro stations and
the average travel distance. These constructs are discussed in more detail in Figure 1.
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Figure 1. Research framework.

Having explored the metro travel characteristics of the elderly as a special group and
identified the built environment elements that affect the metro ridership of the elderly
and travel distance, this study contributes to the existing literature in different ways, fills
the existing research gap, and provides a reference for the construction of age-friendly
metro systems.
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3. Research Design
3.1. Study Area

The study took place in Wuhan, the capital of Hubei Province in Central China. Since
2010, the population over 60 years old in Wuhan has been growing at an average rate of
more than 50,000 each year. By the end of 2018, 1,879,400 people aged 60 years or older
accounted for 21.27% of the total population, exceeding the Chinese average by 3.4%, and
had entered the ranks of superaged cities. Divided by the Yangtze River and Hanshui,
Wuhan is a conglomeration of Wuchang, Hankou, and Hanyang. Further, Wuchang
includes Wuchang district, Qingshan district, Hongshan district, and Jiangxia district.
Hankou includes Qiaokou district, Jiang’an district, and Jianghan district, as shown in
Figure 2. The spatial pattern of Wuhan is mainly bounded by the urban development area
and the Third Ring Road, generally divided into suburban areas and core areas. The core
areas have a dense population and the highest travel intensity. The suburban areas of the
city are developing rapidly, and the intensity of travel is growing faster. Wuhan’s unique
“narrow cross-section, strong agglomeration” characteristics determine the popularity of
metros in the city. On October 24, 2018, the cumulative ridership of the Wuhan metro
exceeded 4 billion trips, with an average daily ridership of over 3 million trips. The role of
the metro has been further developed, and it has become one of the most important modes
of daily travel for Wuhan residents.
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Figure 2. Location map of Wuhan.

3.2. Methodology

This study attempted to explore the influence of station-level catchment areas on
elderly people’s metro travel behavior. As metro stations and built environment factors are
spatially clustered and heterogeneous, the built environment has different local effects on
metro ridership and travel distance. A geographically weighted regression (GWR) model
was used for the analysis in this study. GWR was used to explore the spatial variation at
a certain scale and with related drivers by establishing local regression equations at each
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point in the spatial range. It embedded spatial structure into the model, and its regression
coefficients were a function of spatial location. Equation (1) shows the mathematical
expression of the GWR model [43]:

yi = Bio(ui, vi) + Yy, Bik(ui, 01X + €, I=1,2 ..., n ey

where (u;,v;) is the coordinates of station i; Bjo(u;, v;) is the estimated intercept of the
ith site; P is the number of independent variables, which in this study is 142; xj is the
k-th independent variable of the ith site; B (u;,v;) is the regression parameter of the
independent variable x;;; and ¢; is the random error of the ith site.

In this study, the Gaussian function was used to calculate the spatial weighting matrix,
and the expression is Equation (2):

yij:exp{_(dij/b)z}/jzl,z ..., n )

where d;; is the distance between the ith site and the jth site and b is the bandwidth.

Considering that categorical variables can affect the accuracy of analysis, two categori-
cal variables of whether the station was the terminal or a transfer station were taken into
the Mann-Whitney U test to explore their effects on the dependent variable. In addition,
continuous variables may have multicollinearity, so stepwise linear regression was used to
screen them, and then the retained variables with significant effects were brought into the
GWR model for analysis.

3.3. Data Sources and Description

The data used in this study included Wuhan metro smart-card data in March 2018,
Wuhan population data in 2018, point of interest data (POI) of Wuhan in 2018, and Wuhan
land use vector data in 2016.

Among them, the card data were obtained from the Wuhan Transportation Devel-
opment Strategy Institute, which recorded the card holder’s card number, entry number,
and time of entry. The card types included the elderly, disabled, primary and secondary
school students, and general tickets. This study extracted the card data of elderly people
according to the card types. The population data were obtained from the Wuhan Land
Use and Urban Spatial Planning Research Center, which recorded the number of people of
different age groups in each community unit. POI data were obtained from AMAP, which
covers different spatially geographic information (latitude and longitude, detailed address)
as well as specific facility names, major categories, and other attributes. The land use data
were obtained from the Wuhan Planning and Design Institute, which were different from
other data of the related year, but their main use was to calculate the land use mixture
degree. Considering the lag effect of metros on urban land use, the effect of using these data
on the results can be ignored. In addition, the use of official vector data can guarantee the
accuracy of the results compared to the data obtained by other methods, such as satellite
remote sensing. The descriptive statistics of the built environment within the study area
are given in Table 1.

In this study, the dependent variables were elderly ridership and travel distance.
Ridership is mainly concentrated in the Hankou riverside area, Wuchang core area, and
Hanyang riverside area, as shown in Figure 3. Among them, the Hankou riverside area
is the most concentrated area of commercial facilities, medical facilities, and parks in
Wuhan and the most concentrated area for elderly people to travel by metros, while
the Wuchang core area and the Hanyang riverside area are the most concentrated areas
of commercial areas. This indicates that elderly people’s travel is largely influenced by
commercial, medical, and park areas [28,30,31]. In terms of travel distance, according to
previous findings, metro travel for the elderly is dominated by short- and medium-distance
travel. From Figure 4, it can be seen that the percentage of people who traveled 0-10 km
was 70.30%, and the percentage of people who traveled more than 20 km was less than
3% [44,45].
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Category

Table 1. Description of the variables.

Variable

Variable Description

Average Value

Standard Deviation

Density

Elderly population density

The ratio of resident elderly population
to station area (persons/km?) was
calculated by Kriging Interpolation

681.86

287.38

Building Floor area ratio

The Building Floor area ratio of the area
around the metro station was calculated
from the building vector data of Wuhan

0.87

0.65

Diversity

Degree of land use mixture

The degree of land use mixture within
the catchment area of the URT station.

e In(py; .
Landus = %k(pk’), where k is the

number of land use types in the area
around site i and Py; is the proportion of
the area of the k th type of land use in the
area. A larger landuse value indicates a
higher land use mixture, while a smaller
one indicates a lower land use mixture

0.72

0.12

Design

Number of intersections

Number of intersections in the station
area of the metro station, representing the
road complexity

26.58

17.48

Destination

Number of general hospitals

Number of general hospitals in the
station area of the metro station

27.11

27.02

Number of parks

Number of parks in the station area of the
metro station

1.09

Number of commercial facilities

Number of commercial facilities in the
station area of the metro station

203.02

275.37

Distance

Distance from the city center

Euclidean distance between the URT
station and the city center (km)

10.64

6.20

Distance from the sub city center

Euclidean distance between the URT
station and the nearest sub city

center (km)

5.55

Number of bus stops

Number of bus stops in the station area of
the metro station

5.03

Station area road length

Length of road within the station area of
the metro station

11.57

3.69

Metro station features

Betweenness centrality

The betweenness centrality:
Cluy= Y %, where 0y (1) is the
sEUFEL st
number of shortest paths between station
node s and node t and 95 (u) is the
number of shortest paths that pass
through node u

0.41

0.09

Terminal

Dummy variables, where 1 means the
station is the terminal and 0 means the
station is not

Transfer station

Dummy variables, where 1 means the
station is a transfer station and 0 means
the station is not

Exit quantity

Number of exits of the URT station

5.08

3.49

Station opening time

The length of time after the metro station
is put into use (months)

71.85

59.81

Barrier-free facilities and
indication system

Include: whether there is a ramp;
whether the ramp is available; whether
the barrier-free straight stairs are
available; whether there is a barrier-free
indication system, etc. 1 means yes;

0 means no

0.79

0.41
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4. Results

4.1. GWR-Based Analysis of the Factors Influencing the Metro Ridership of the Elderly

The results of the Mann—-Whitney U test on the categorical variables show that transfer
stations make a significant difference in rail traffic for the elderly, with significantly higher
traffic at transfer stations than at non-transfer stations. The results are shown in Table 2,
which are consistent with the results of previous studies on other populations [13,27,46].
Central optimization of transfer stations promotes metro travel for the elderly.

Table 2. Non-parametric test results for the “transfer station”.

Transfer Station Median z P Significance
Yes 101.09 3.670 <0.001 il
No 66.08

Note: *** p < 0.01.

Table 3 shows the results of stepwise regression on continuous variables. It indicates
that the building floor area ratio, number of commercial facilities, number of intersections,
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and number of general hospitals had a significant effect on the ridership of the elderly.
Unlike the findings with other population groups [9-11], the population density of the
elderly did not show a significant correlation with ridership, mostly because the elderly
who traveled by metros were predominantly of a lower age (60-69 years old, still in good
health), and the data limitations prevented a further breakdown of the data, which in turn
may have affected the analysis results. Additionally, the land use mixture did not show
a significant correlation because a higher land use mixture is more conducive to more
diverse services and crowded activities but does not effectively promote the mobility of the
elderly. This is because crowds may lead to psychological discomfort among the elderly
and impact their travel safety [18]. Additionally, accessibility did not show a significant
correlation, probably because all metro stations in Wuhan are already equipped with
accessibility facilities.

Table 3. Significant variables and regression results affecting the metro ridership of the elderly.

Non-Standardized Coefficient Standard

Coefficient L
Variable T-Value p-Value Significance
B Standard
Error
Intercept 104,322.487 23,679.750 4.406 <0.001
Building Floor 154,444,831 32,207.068 0.613 4795 <0.001
area ratio
Number of 380.141 75.534 0.644 5.033 <0.001
commercial facilities
Number of road
e renctione —2997.383 989.389 0322 —3.030 0.003 *
Number of general —2363.382 846.822 —0.393 —2.791 0.006 *

hospitals
Note: **p < 0.01; **p < 0.05.

The above four variables were used to construct regression models using ordinary
least squares (OLS) and GWR, and Table 4 shows the comparison of the fitting results of
the two methods. The fitting results of GWR were optimized by 12% compared with the
results of OLS, the value of AICc was also smaller, implying that simulation accuracy was
significantly improved, so the results of this study using GWR were more appropriate. To
facilitate the comparative study, the effects of each of the above elements on the ridership
of the elderly were spatially visualized.

Table 4. Comparison of fitting results between OLS and GWR.

. . . Adjusted
Model Residual Sum CoefﬁC}ent'of Coefficient of AICc
of Squares Determination .
Determination
OLS 1,153,472,615.0217 0.4663 0.4467 2674.8514
GWR 714,913,944.7844 0.6692 0.5670 2662.9593

(1) In general, building floor area ratio has a significant positive effect with elderly
metro ridership, which is consistent with existing studies that dense development is more
favorable for residents to travel by metro [13,47]. Specifically, its impact shows a spatial
distribution trend of gradually increasing from core urban areas to peripheral urban areas,
as shown in Figure 5a. Among them, the Hankou and Wuchang riverside areas are the
least affected areas. These areas are the areas with the highest concentration of elderly
people in Wuhan, but they are also the areas with the highest housing prices. Based on
previous studies, it is known that residents’ income is an important factor affecting their
travel patterns. The higher the income, the higher the proportion of private car ownership
and the more likely it is that private car trips are taken. The study by Huang et al. [48] also
shows that the construction of the metro will prompt residents to switch from other travel
modes to metro trips, but this has less impact on those who own private cars. Meanwhile,
the above areas are also the areas with the highest density of public transport stations in
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Wuhan, which has a more significant diversion effect on metro ridership. In addition, these
areas are the most concentrated areas of the Wuhan city landscape with various public
service facilities, and some elderly people living in these areas can reach the facilities by
walking. Therefore, the building density in this area has less influence on metro ridership.
However, the building volume ratio outside the Second Ring Road and near the Third
Ring Road in Hankou has a greater impact on the elderly’s metro travel. This is due to
the lower density of the surface road network and more serious traffic congestion in this
area, which makes the metro relatively more attractive to the elderly. This corresponds to
the findings of some previous studies that the higher the density of the roads around the
subway stations, the more favorable it is for residents to travel by rail [49,50].

(2) The number of commercial facilities also shows a significant positive effect on the
ridership of the elderly, which is consistent with the results of many studies [10,47,51,52].
However, from Figure 5b, it can be seen that the impact of commercial facilities on elderly
ridership differs significantly among the three areas of Wuhan. Hankou shows a significant
positive impact overall, while Wuchang and Hanyang show a negative impact overall. The
reason for this result is most likely due to the urban function of Wuhan city. Hankou is the
commercial core of Wuhan, while Wuchang is the political, educational, and cultural center,
and Hanyang is dominated by industry and housing. This is consistent with the findings
of Gan et al. [10] based on Nanjing, where the relative importance of commerce is much
higher than that of industrial and residential land uses in terms of its impact on metro
ridership. In addition, both Wuchang and Hanyang have low metro coverage, resulting
in low network accessibility, corresponding to Peng et al.’s study [53], which showed a
significant positive effect of network accessibility of metro stations and metro ridership.
Therefore, the impact of commercial facilities on elderly metro ridership in the region
shows a negative effect in general. However, there are differences in the reasons for the
low metro coverage; Wuchang is divided by natural lakes, while Hanyang has a backward
construction schedule. Therefore, it is important to accelerate the construction of the metro
line network in the Hanyang area to relieve ground traffic pressure and promote metro
travel for the elderly.

(3) Road intersection density showed a significant negative effect on elderly subway
patronage overall, which is different from the results of studies such as Durning and
Townsend [50] based on all Canadian populations. The reason for this difference may be that
the elderly population places more importance on road safety due to their specific physical
characteristics. From Figure 5c, it can be seen that the areas where road intersections show
a negative impact on elderly ridership are mainly concentrated in the core area within the
Second Ring Road, where motor vehicle traffic is higher and traffic-light waiting time is
longer. It means that elderly people will face more risk and take more time to reach the
stations, so the elderly rail transit station travel flow in this area shows a significant negative
impact. In contrast, outside of the second ring core, the number of roadway intersections
shows an overall positive effect on rail trips for seniors. This is because the higher the
density of intersections, the higher the accessibility to the metro stations. As the motor
vehicle flow is lower and the waiting time for traffic lights is shorter outside the Second
Ring Road, it is more favorable for the elderly to walk to the stations, thus encouraging the
elderly to travel by metro.

(4) Unlike other public service facilities that significantly contribute to metro locations,
the number of general hospitals shows an overall negative impact on ridership among older
adults. Existing studies have suggested that the impediment to metro travel for the elderly
is the built environment, not the cost [2]. In addition, the studies point out that the built
environment is likely to be doubly dangerous for elderly people with illnesses, which in
turn leads them to use other, safer modes of transportation for medical care [54]. However,
as shown in Figure 5d, general hospitals in some areas of Hankou show a positive effect on
elderly ridership. The reason for this phenomenon is that Hankou has the most concentrated
area of medical resources in Wuhan, with several prestigious hospitals—Tongji Hospital,
Xiehe Hospital, and PLA 161st Hospital. Due to the specialties of the hospitals, parking for
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social vehicles is prohibited in some parts of the area. In addition, a metro station is located
at the entrance of the hospitals, which has a significant positive impact on the ridership of
the elderly in this area. In addition, in some areas outside the Second Ring Road and the
Hanyang area, due to the relatively backward construction of medical facilities and low
aboveground bus coverage, the area where the general hospital is concentrated also has a
more significant positive impact on ridership.

N

A A

0 5 km 0 5km
[E— [E—

(a) Building Floor Area Ratio (b) Number of Commercial Facilitie

1 kingi e ) kin ne
(c) Number of Intersections (d) Number of General Hospitals

Figure 5. Spatial variation in the impact of different built environment elements on metro ridership
of the elderly.

4.2. GWR-Based Analysis of the Factors Influencing the Metro Travel Distance of the Elderly

The results of the Mann-Whitney U test (seen in Tables 5 and 6) on the categorical
variables showed that the factors of whether the station was a terminal and whether it was
a transfer station had significant differences in the travel distance of the elderly, with the
average travel distance of terminals significantly higher than that of non-terminals, and
the average travel distance of non-transfer stations being significantly higher than that of
transfer stations [11,17].

Table 5. Non-parametric test results for “terminal”.

Terminal Median z p Significance
Yes 110.60 3.118 0.002 o
No 68.54

Note: **p < 0.05.
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Table 6. Non-parametric test results for “transfer station”.

Transfer Station Median z P Significance
Yes 49.59 —2.717 0.007 **
No 75.52

Note: ** p < 0.05.

The results of stepwise regression on continuous variables (Table 7) show that the
distance of stations from subcenters, station opening time, betweenness centrality, and
building floor area ratio have significant effects on travel distance for the elderly. Unlike
the findings in other cities [55], the distance to urban centers did not have a significant
effect on travel distance for the elderly because Wuhan is divided by natural geography
and has been developed and constructed according to the polycentric model since the
early stage of urban development. Additionally, the number of parks and squares did not
have a significant effect on the travel distance of the elderly, most likely because, since
Wuhan proposed building a garden city in 1998, the city has spent more than twenty years
in achieving the goals of being able to reach community greenways in 5-10 min, urban
greenways in 15-20 min, and urban greenways in 30—45 min. As a result, most elderly
people in urban areas can reach a park by walking.

Table 7. Regression results of significant variables affecting travel distance for the elderly.

Non-Standardized Standard
Coefficient Coefficient Lo
Variable T-Value p-Value Significance
B Standard
Error
Intercept 21,194.236 2467.437 8.590 <0.001 e
Distance from the sub
city center 986.065 79.158 0.728 12.457 <0.001 i
Station opening time —30.541 4.768 —0.243 —6.406 <0.001 e
Betweenness centrality —39,664.354 5673.015 —0.477 —6.992 <0.001 i
Building Floor 4816.496 729.319 0.414 6.604 <0.001 e

area ratio

Note: ***p < 0.01.

Similarly, by using OLS and GWR to build the regression model, it can be seen in
Table 8 that the simulation result of GWR was better than that of OLS. The effects of the
above factors on the travel distance of metros for the elderly were also visualized.

Table 8. Comparison of fitting results between the OLS model and the GWR model.

. . . Adjusted
Model Residual Sum Coefﬁqent.of Coefficient of AICc
of Squares Determination H
Determination
OLS 4,663,807,413.5320 0.0832 0.0495 2873.2332
GWR 1,477,237,421.1811 0.7096 0.6050 2773.4024

(1) The distance of stations from urban subcenters has a significant positive effect on
the distance of metro trips for the elderly in general, which is consistent with most existing
studies [13,14]. This is because in polycentric cities, urban subcenters have abundant
public service facilities and a large number of jobs, making them important destinations
for residents. Therefore, the further the distance from the subcenter, the longer the travel
distance. From Figure 6a, we can see that the positive effect of subway travel distance for
the elderly is most significant outside the Second Ring Road of Hankou, in the southern
part of Wuchang, and in Hanyang. This is because Wuhan is a typical polycentric city due
to its natural geographical barrier. The subcenter in the riverside area of Hankou and the
subcenter in the central part of Wuchang are the two best-developed subcenters in Wuhan,
and the Wangjiadun subcenter in the central part of Hanyang is a key subcenter developed
in recent years. Therefore, the more distant the area is from the above subcenters, the longer
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the average subway travel distance for the elderly. Conversely, there is a shorter average
subway travel distance for the elderly in the areas near the subcenters.

(2) In terms of station opening time, Lines 1, 2, and 4 were mainly connected to the
core area of Wuhan, among which Line 1 is mainly connected to the Hankou riverside
area, Line 2 is connected to the core business area of Hankou and Wuchang, and Line 4
is connected to the Wuhan and Wuchang railway stations. With the opening of Line 4,
Wuhan’s metro line network formed. Since Lines 1, 2, and 4 connect the four subcenters of
Hankou, Xudong, Zhongnan-Hanjie, and Guanggu, the elderly can travel to the subcenters
nearby. Subsequently, metro lines were opened, and a circular radial line network layout
was formed, where the Line 2 extension, Line 11, and other line networks were connected
to the distant urban areas of Wuhan, so the elderly in these regional stations traveled a
relatively long distance.

& }N\
0 5km (4 5km
[E— . [E—

\;,
T tkoe—

(a) Distance from Urban Subcenters

oo

(c) Betweenness Centrality (d) Building Floor Area Ratio

Figure 6. Spatial variation in the impact of different built environment elements on metro travel
distance for the elderly.

(3) Betweenness centrality has a negative impact on the distance traveled by elderly
people on metros. Betweenness centrality measures the extent to which the metro station
is in the “middle” of other stations, reflecting the importance of the station in the rail
network. The higher the betweenness centrality, the more paths the station can connect
with other stations, i.e., the better the accessibility of the network. Among the three areas of
Waubhan, the betweenness centrality of Hankou was the highest, followed by Wuchang, and
Hanyang was the smallest. Thus, it was found that betweenness centrality had a significant
negative effect on the travel distance in Hankou, between positive and negative in the
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Wuchang area, and a positive effect in Hanyang. This indicated that the circulation of
the metro network helps to reduce the distance of metro travel for the elderly. This was
consistent with the findings of Peng et al. [53].

(4) The overall significant positive effect of building floor area ratio and travel distance
for the elderly is inconsistent with most existing studies but is consistent with the results of
Yan et al.’s study based on Wuhan commuters [56]. However, further analysis reveals that
the reasons for this phenomenon may be different from those of Yan et al. The reason for
the results in Yan et al.’s study based on commuters is the influence of the natural pattern
and history of Wuhan [56], which makes many long-distance commutes across the river
in high building floor area ratio areas within the Third Ring Road. Through Figure 6d
we can see that the areas with long-distance metro trips for elderly people in Wuhan are
mainly located outside the Third Ring Road. This is because urban centers and subcenters
have always dominated public services and employment, while the construction of public
service facilities and leisure and recreation facilities in suburban areas outside the Third
Ring Road has lagged, resulting in the concentration of elderly people’s travel destinations
in urban centers and subcenters. This, in turn, leads to longer distances for metro travel.
On the contrary, in the core area of Hankou within the Second Ring Road, as the public
service facilities in this area are more complete, and the effect of building floor area ratio on
the travel distance is consistent with most existing studies, the higher the floor area ratio,
the shorter the subway travel distance. This indicates that the effect of building floor area
ratio on the travel distance of residents is significantly related to the availability of public
services in the area [56,57].

5. Conclusions

This study examined the relationship between the built environment of metro stations
and elderly metro travel characteristics. In the context of global aging, the elderly popula-
tion will increase significantly in the coming decades [4,8]. With the improvement of living
standards and the extension of life expectancy, the willingness of elderly people to travel is
stronger than ever, and the construction of a metro system that is compatible with the travel
needs of the elderly is an important manifestation of sustainable social development and
transportation equity [4,29,58]. Especially in high-density development-oriented countries,
an age-friendly metro system has a positive effect on improving the mobility of the elderly.
However, in this study, the existing metro’s age friendliness was mostly reflected in the
standardized configuration of transportation concessions and accessibility facilities and was
not considered from the humanistic perspective of how the built environment was friendly
to the elderly’s metro travel. In this study, based on smart-card data, the characteristics
of elderly people’s metro travel was explored objectively. A GWR model was established
to analyze the influential built environment elements that affect elderly people’s metro
ridership and travel distance, and the research results can provide an important reference
for constructing age-friendly metros.

In terms of the effect of the built environment on the elderly’s metro ridership, the
building volume ratio and the number of commercial facilities in the station area have
a significant positive effect. This further confirms the findings of previous studies that
compacted development around metro stations helps to increase metro traffic and that
improving commercial facilities around metro stations is particularly important for the
elderly’s metro ridership [13,47]. The spatial heterogeneity of road intersections in the
central city and suburban areas suggests that improving the accessibility and safety of
elderly people walking to metro stations has an important impact on promoting elderly
people’s choice of metro travel. In addition, the ridership of elderly passengers at transfer
stations is significantly higher than that at non-transfer stations, and a focus on optimizing
the built environment of transfer stations may be more conducive to promoting rail travel
among the elderly. One point worth noting is that the number of park squares does not
have a significant effect on the elderly’s travel flow, probably because the coverage of
park squares in Wuhan is high and the elderly can reach neighboring park squares by
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walking; however, this does not mean that park squares do not have a significant effect on
the elderly’s participation in activities.

In terms of the effect of the built environment on the distance of the metro for the
elderly, the distance of the station from the subcenter has a positive effect on the distance of
the metro for the elderly, indicating that the polycentric urban development pattern helps
to reduce the distance of the metro for the elderly. The differential impact of station opening
time and building volume ratio on the travel distance of the elderly in different areas is
due to the different public service facilities in different districts. Therefore, improving the
public service facilities in each district can help to reduce the travel distance of the elderly.
The difference in betweenness centrality among the three areas of Wuhan suggests that
improving the connectivity of the metro network will help to reduce the travel distance
of the elderly. Similarly, transfer stations have a significant effect on the travel distance of
the elderly. In addition, the travel distance of elderly people at the first and last stations
is significantly higher than that at the sub first and last stations, which is due to the
fact that the first and last stations are generally located in areas far from the city center,
where the efficiency and reliability of the metro has obvious advantages compared to
other transportation modes, but the travel distance is longer due to the station location
characteristics. Therefore, in urban planning, planners should value the elderly population
living at the ends of metro lines and focus on the relevant public service facilities in order
to avoid the elderly’s long-distance travel.

This study had certain limitations and is worthy of further study. First, the cross-
sectional data used in this study can only provide evidence for the association between
variables and cannot derive causal relationships. In the future, we encourage the use of
more dynamic time series and multisource big data. Second, the socioeconomic attribute
characteristics of the elderly and the comfort of metro ridership both have an impact on
the travel patterns of the elderly. A questionnaire should be added in future research
to investigate this. Third, the data used in this study were before the current pandemic.
As they are the group most severely affected by pandemics, the elderly will verify the
influence of the built environment on the travel of metros in the background of epidemic
normalization, providing more beneficial views for the construction of age-friendly metros
in the post-pandemic era. In addition, in daily life, elderly people may connect to metro
stations from different influence ranges, which means that the metro ridership of the elderly
may come from outside the influence range set in this paper. Therefore, in the next research
study, we will consider setting multiple circles of the influence range and further compare
the influence of different spatial ranges of the built environment on ridership through
multiscale geographically weighted regression.
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