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Abstract

:

Metrorail accessibility is an important indicator that influences urban spatial form. For this article, we created a 3SFCA method to analyze the Metrorail accessibility of Shanghai covering four levels: traffic analysis zones (TAZs), stations, metrorail network, and regions. The floor area ratio (FAR) was used to reflect the urban form, and spatial coordination model was introduced to examine the spatial balance between metrorail accessibility and urban forms. Results revealed that the spatial distribution of metrorail accessibility and urban form are characterized by a monocentric spatial structure, while the values of both variables decrease gradually from urban center to suburban regions, with the regional difference being significantly greater than the other three levels. The results also indicated that the development of metrorail stations has a time lag effect on the urban spatial form, and the catchment area of a metro station shows characteristics of gradually expanding and then shrinking from city center to suburban regions. Finally, the results showed that there is a strong coordination between accessibility and urban form around metro stations, but the coordinate degree varies by regions. Thus, we concluded that station density should be increased within the fourth ring, FAR should be increased between the second and third rings, and rail transit capacity in the urban center area should be increased.
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1. Introduction


Transportation is a direct product forced by spatial decentralization and concentration [1], and is also an effective tool for the spatial development and redevelopment of the urban form [2]. Transport networks serve to increase accessibility between regions and to expand the range of cities by improving time efficiency, which plays a key role in the development of the urban form and urban regeneration [3,4]. However, with the excessive spread of cities, the conflicts between increased population density, frequent social activities, and outdated road traffic planning emerge [5], causing traffic congestion, increased associated carbon emissions, and increased demand for roadway capacity [6]. To address these problems, policy-makers focus on reducing automobility, pushing alternative sources of energy, increasing speed control mechanisms, and encouraging public transport and other management measures [7,8]; however, this involves ignoring the derived demand of the social exchange around destination stations [9,10], which is closely related to the performance of transport network, land use density, urban form, as well as the number of opportunities available near the stations [11].



Metrorail networks provide significant emerging opportunities and link various parts of a city. Metro stations, on the other hand, are regarded as both a major node of the transportation network and physical urban network [12]. So, the majority of commercial and residential facilities choose to be near subway stations so that it is easier for individuals to reach destinations where they can meet their daily needs [11]. Metrorail accessibility focuses on making it easier for individuals to reach destinations [13], taking the benefits from both transportation and land-use decisions into account [14]. For example, mixing and densifying the use of urban land areas could bring functional origins and destinations together [15], leading different neighborhoods, streets, and metro catchment areas to be more accessible by increasing travel-time savings and facilitating longer travel [16]. However, regional transport policy approaches are often focused on congestion and the mobility of private cars, but not on public transport accessibility. These approaches ignore consistency between transport plans and regional land use plans [17]. Therefore, how to analyze the coordination degree between metrorail travel demand, travel capacity, and urban form from the perspective of individuals is the key question for this paper and is particularly important to coordinate the development of an urban rail network and urban form.



Transit-oriented development (TOD) seeks to maximize facility accessibility through mass transit with centrally located rail or bus stations surrounded by relatively high-density commercial and residential developments [18]. TOD has been recognized as the most effective way for urban planners to solve problems such as traffic congestion, air pollution, inefficient use of energy and time, and socially unequal accessibility in metropole cities, generating substantial operating profits in locations like Hong Kong and Singapore [19]. Most rapidly growing cities in mainland China hope to learn from these cities, but unlike Hong Kong’s urban planning regulations, there are too many land areas near these cities’ stations that have been occupied or planned but have not been built-up, and the construction of the stations was not based on the travel demand of the individuals and the transport capacity of the railway systems, but on the need for urban expansion [20]. Therefore, measuring the consistency between land plans of built-up areas with transportation demand plays a significant role in the location of TOD programs and the improvement of urban land-use efficiency.



Current accessibility calculations have too many assumptions; they evaluate the performance of railway services by using a cost-distance tool within a fixed distance or time threshold [21,22]. In general, the catchment area of stations is restricted to 800 m around the station or 40 minutes of total travel time from a place to any target point on the railway network [21]. Even though this measure is efficient to operate, it ignores the differences in individual behaviors and the derived demand for rail transit [9,10]. The calculations only consider the performance of the railway network or the spatial balance of the station’s densities separately, ignoring the connection between the railway network and the roadway network [22]. The following three steps were used to evaluate accessibility for this article. To begin, we computed the supply-to-demand ratio for each station by counting commuters and measuring the carrying capacity. Then, by introducing passenger flow weight indicators, we measured the BTA (By transit accessibility) value for each station. Finally, we used a distance decay method to assess the metrorail accessibility of each TAZ within Shanghai’s third ring. Compared with the current method, this paper uses a large amount of data from the perspective of travel behavior, which not only reflects the accessibility for different stations and Traffic analysis zones (TAZs), but also connects the rail transit system with road systems. This accessibility value could provide distinct recommendations for different regions. Due to the long life of urban structures, the spatial form of a city will have a long-lasting social-economic and environmental impact on accessibility, related emissions, and livability [23]. The improvement of build-up area and urban functions within the catchment of a subway not only reduces traffic demand between units and strengthens the combination between different traffic modes [24], but it is also critical for promoting urban mixed land use and forming a station-centric urban design [25]. In response to these needs and weaknesses, this article primarily addresses the following questions:




	(1)

	
How should the metrorail accessibility of each traffic analysis zone be evaluated from the perspective of transportation integration?




	(2)

	
What are the spatial characteristics of the metrorail transit system and urban spatial form?




	(3)

	
Is the existing metrorail accessibility consistent and coordinated with the urban spatial form?









To address the above three issues, we first created the 3SFCA model from the perspectives of travel behavior and transportation integration to evaluate the accessibility of TAZs near subway stations in Shanghai. Second, based on existing building floor and spatial distributions of building infrastructure in Shanghai, the spatial morphological characteristics of land use around rail transit stations were examined. Finally, we evaluated the degree of spatial coordination between metrorail accessibility and urban spatial form in Shanghai by using the spatial coordination model. Based on the results of the analysis, we aimed to provide policy suggestions to policymakers for realizing the guiding role of the rail transit system in urban development, as well as implementing the TOD programs and improving urban land functions.




2. Literature Review


2.1. Transportation Accessibility


Existing literature considers that accessibility refers to the convenience of participating in various activities and receiving the necessary services from one place. The distribution of opportunities and traffic conditions are the key factors to determining accessibility [26]. Li divides the existing accessibility calculation methods into four categories, namely: revealed accessibility based on geographic access, revealed accessibility based on social statistics, potential accessibility based on geographic access, and potential accessibility based on social statistics [27]. The commonly used methods for calculating accessibility using geospatial methods are: Space-time measures [28,29,30]; A mathematical formulation-based approach [31,32,33]; a gravity-based method [34,35]; and origin-destination measures [36,37]. Meanwhile, social statistical methods for accessibility calculations include: RP/SP survey based statistical analysis [38,39,40]; Activity based analysis [41]; and Social and economic analysis [42].



However, due to the functional differences between public facilities, the selection of accessibility methods differs, and the research unit also differs. The most common accessibility assessment methods are primarily based on supply and demand theory, such as the gravity model or 2-step floating catchment zone (2SFCA) model, which identifies medical accessibility within pre-defined and arbitrary administration [43]. Unlike health care, green service, and other public facilities, the accessibility of public transportation depends not only on the accessibility to the stations, but also on the convenience for individuals to reach a destination through metrorail systems, so its evaluation method is generally divided into two steps, namely “to transit accessibility (TTA)” and “by transit accessibility (BTA)” [44]. TTA is mainly used to assess the ease of reaching stations. The service scale mainly depends on physical factors, such as walking time (distance), the number of other alternative transportation vehicles around a station, physical features of transit facilities (such as its location, size, coverage, etc.), and the number of intersections which should be passed through to get to the transit station [45]. The evaluation method of BTA mainly considers the convenience for individuals to participate in various activities [46]. However, current research always confuses TTA and BTA, or treats one of them as the value of metro accessibility assessment, despite the two concepts being different [47,48]. Generally, the evaluation indicators of TTA are indicated by a station’s catchment area, also known as the buffer area, which constrains accessibility for peripheral citizens [49]. The distance to stations is the TTA evaluation range, and the calculation of BTA generally indicates the performance of the commuting efficiency by calculating commuting costs or the time spent for different distances or time thresholds [50].



Despite this, the following deficiencies still exist. First of all, the BTA calculation method has to adopt the time threshold or distance threshold, which undoubtedly fails to assess the reachability of long-distance activities in the evaluation process. Secondly, in the past, because of the restriction of research data, scholars only analyzed the efficiencies based on pre-defined and arbitrary administrative boundaries, but the frequent interaction of social urban activities has already broken across these boundaries. Lastly, when measuring a station’s commute efficiency, a single accessibility value does not represent the disparity in supply and demand between different stations and TAZs.



To address the limitations of existing research, we modified the traditional 2SFCA model by considering both TTA and BTA measurements. In the calculation of TTA, we treated the traffic analysis zone within 2 km around the stations as the basic analysis zone, and used the distance decay function to calculate the accessibility of each analysis zone. The BTA calculation measured the accessibility of commuters from the station to destination stations without the limitations of time or financial cost. In accordance with the disparity between passenger choice on various routes, the weight index was assigned, which finally balanced the supply of transit service and demand for commuting trips in the different stations.




2.2. Metrorail Accessibility and Urban Spatial Form


According to the theory of urban location, households or firms bid for locations by trading housing and land consumption against commuting costs to the urban center of a city; in addition, while travel behavior is influenced by urban spatial patterns, accessibility determines the value of land [51,52,53]. As a result, the accessibility of urban transportation infrastructure determines how urban land is developed and has an impact on future urban land use decisions [54]. However, the relationship between urban land use and transportation shows variations in different regions.



Due to the prevalence of private cars, road traffic has an enormous economic impact on urban spatial form in developed countries such as the United States, and a large part of the impact comes from the transferred income of road profitability [55], thereby increasing the economic agglomeration effect; however, encouraging infrastructure incomes to be re-supplied to different entities is key to achieving this. In the largest metropolitan areas, however, the transportation and highway network led to low-density suburban and exurban sprawl extending 30–40 miles from the traditional central business districts (CBDs) [56], and the investment in public transport, such as urban railways, does not have a significant impact on suburban economic growth in these cities [57].



In developing countries, particularly countries with a high population density like China and India, if we could coordinate the relationship between transportation and urban form well, then the natural environment will be improved, while the living quality of less affluent citizens and long-term economic prosperity will also be improved [58]. Compared with private transportation, public transportation investment has a significant role in promoting a city’s economic endogenous growth [2]. In addition, the high density of land-use and high-rise buildings would also affect transport, for example (1) by reducing travel costs, (2) facilitating public transport instead of cars, and (3) removing or shortening vehicle traffic by attracting people to convenient destinations for different purposes [59,60].



Accessibility not only takes into account driving conditions of public transportation but also pays attention to people’s access to public mobility facilities [61]. Accessibility-based research extends the possible solutions to transport problems, including improved transportation and more efficient land use patterns, to reduce travel distances [61]. A particularly important approach to solving urban transport issues is to shift patterns of land use through transit-oriented development. TAZ was developed to form hierarchical groups of mutually exclusive subsets on the basis of their similarity with respect to specified characteristics [62]. For building structures and transport networks, the structure and network of TAZs are closely related to the travel behavior and the urban form [63]. Several studies have also shown that land use patterns measured at different geographic resolutions can produce different empirical estimates [64].



The transit-oriented urban development model encourages multiple transportation models, such as walking, bicycling, and buses, which plays an important role in promoting a city’s rational development by forming a high-density, mixed-use, and compact urban development model [2]. However, the impact of rail transit accessibility on urban morphology varies by region. This is primarily due to the close relationship between people’s rail transit travel needs in different regions and the density of opportunities around stations [65]. Therefore, what is the scope of influence of rail transit stations in different regions on the urban spatial form and how to achieve spatial fairness for metrorail accessibility within a region are the main factors that affect future urban development.



But little attention has been paid towards addressing these issues. As fine-grained data about land use and travel activity has become available, this paper proposed to analyze the coordination relationship between urban spatial form and accessibility at TAZs levels by using the spatial coordination development model. To compare the degree of coordination between different regions, we divided the walk distance around a station into five categories: 500 m, 800 m, 1000 m, 1500 m, and 2000 m, and provided suggestions for implementing TOD programs.





3. Data and Study Area


With the degree of urbanization increasing rapidly, the importance of urban rail transit to the development of the city has gradually become prominent. Shanghai, China’s largest metropolis, has taken the lead in improving the country’s railway [2]. Taking Shanghai as a research area to estimate the spatial coordinate degree between rail transit accessibility and land use is important for supporting rail transit planning and urban development in other cities. The urban metrorail network is the most important component of the Shanghai rail transit system, which is the country’s largest by station numbers and the largest by length of the tracks. By the end of 2020, 16 lines with 344 stations were operated and the total length reached 669.5 km, while the average ridership was 10.63 million passengers per day. There are 61 transfer stations in Shanghai, accounting for 15.25% of the total number of stations [66]. We took the ridership from one holiday and two workdays in 2018 as case studies to analyze the daily behavior of passengers in Shanghai.



Because of the large size of the administrative district, it is not possible to reflect the heterogeneity of the coordinate degree between land use and accessibility at the levels of traffic analysis zones (TAZs), stations, and the metrorail network. Therefore, we introduced the concept of traffic analysis zones [67] and divided the area within the Fourth Ring into 16,148 parcels based on Shanghai’s primary and secondary roadway network. The characteristics of land use and rail transit in the same transportation area are homogeneous, and the size of TAZ is small, which are conducive to the adjustment of policy implementation.



Considering that 2 km is the longest distance for a rail transit service in the current literature, we thus treated 2 km as the distance threshold and selected 5270 units around the stations as the final research parcels [22]. The data source description is shown in Table 1. As of 2018, Shanghai has a total of 387 stations. Due to the available data, the passenger flow of 344 stations was evaluated, while the urban spatial form was calculated by using the floor area ratio (FAR).



Based on the differences in the spatial distribution of subways and urban construction, from the first ring to the fourth ring, the proportions of the area covered by stations within 2 km of the total area are 87.68 percent, 76.25 percent, 64.34 percent, and 42.38 percent, respectively, showing a gradually decreasing trend from the city center to the suburbs. In comparison with holidays, the number of passengers on a workday is relatively smaller, while the distribution of passenger flows in inner-city districts are more highly concentrated compared to the suburban areas, shown as short-distance high frequency commuting characteristics (Figure 1). During the holidays, the Shanghai traffic spreads to the suburbs, with long distance and low frequency traffic characteristics. On a holiday there are 933 routes for over 1000 people in a day and 788 routes on workdays. But, on either workdays or holidays, the majority of high-frequency stations are transfer stations, such as the Shanghai train station and Hongqiao train station.




4. Methodology


Our method was based on three methods: The two-step floating catchment area (2SFCA) method, gravity model, and the cumulative opportunity measure [26,34,68]. The major difference between 3SFCA and 2SFCA models is the research unit. The 2SFCA models do not have access to locations outside the catchment area and the research unit of 2SFCA models is based on the rail stations but not the neighborhoods. Current research calculates the accessibility of neighborhoods by using distance decay of the gravity model [69], but this model not consider the supply side of the railway service. Thus, the current research calculated the accessibility of each parcel by the following three steps: (1) Calculate the value of BTA for each station; (2) Calculate the value of TTA for each TAZ; (3) Integrate the above two values by the distance decay model. In general, the 3SFCA approach better calculates the accessibility from each parcel to any destination stations across the city. Finally, we introduced the coupling model to analyze the degree of correlation between the accessibility of metrorail and the urban spatial form in Shanghai.



4.1. SFCA Method for Accessibility Calculation


The 2SFCA method is widely used in key health performance measures, as it calculates the accessibility by a physician-to-population ratio [70]. But the metrorail accessibility is different from that of a healthcare facility, as the metro station is the link between the neighborhood and the destination stations; thus, we needed to consider both the TTA and BTA at the same time. Based on the traditional 2SFCA and related research results [71], this paper proposes a new method for evaluating transit accessibility. This method is the extended 2SFCA model – 3SFCA method, which includes the next three steps.



Step 1: Calculation of the supply-to-demand ratio of a destination station. In this step, the supply of destination station refers to the passenger carrying capacity of all the vehicles passing through this point (the station), The function of metro vehicles scheduled, vehicle sizes [71], and the demand can be calculated by the total number of passenger arrivals in station  j , while the supply-to-demand ratio    R j    for the destination station can be calculated as follows:


   R j  =    S j     D j     



(1)




where:




	
   R j   —Supply-to-demand ratio    R j   ;



	
 j —index of the supply point (destination station);



	
   D j   —the total number of passenger arrivals in station  j ;



	
   S j   —the passenger carrying capacity of  j  station for one day.








Step 2: Calculation of BTA of the departure station. In the traditional 2SFCA method, the accessibility of a neighborhood is the summation of all supply-to-demand ratios from the supply points within its catchment area. However, the catchment area for different stations varies, as the transit capacity for each station and the population density near each station is different, and the 2SFCA method also ignores the long-distance travel demand. Therefore, the weight value    W  k j     used for this research was the ratio of the number of passengers arriving at destination station  j  from departure station  k  to the total number of passengers arriving at station  j . Figure 2 shows the methodology framework for BTA, and the formula for the BTA of the departure station is:


    T k  =   ∑   k j = 1  n   R j  ×  W  k j   =   ∑   k j = 1  n  (    S j     D j        ×      D  k j      D j      ) ,    W  k j       =    D  k j      D j      



(2)




where:




	
 k —index of the demand point (departure station);



	
   W  k j    —the weight value of the demand, calculated by the ridership departure from  k  station to  j  station;



	
   T k   —BTA value of departure station  k ; for this paper, we took this value as the attractiveness of the station. Other notations are the same as in Equation (1);



	
 n —the total number of routes that depart from  k  station.








Steps 3: The core of Cumulative Accessibility is the sum of potential of opportunities for individuals [68]. Also, the gravity model is based on the universal law of gravitation and is the most frequently used model to analyze accessibility. Since different traffic environments surround different traffic analysis zones, passengers can reach rail transit stations via walking, bus, shared bicycles, or other modes of transportation. However, for the current study, the majority of stations’ catchment areas are within 2 km of those stations. As the attractiveness of the departure station is higher and the distance is closer, the metrorail accessibility for the relevant parcels is higher.


   A i  =   ∑  k   T k  f  (   c  i k    )   



(3)








	
   A i   —metrorail accessibility of zone  i ;



	
   T k   —the attractiveness of departure station  k , is same as the Equation (2);



	
  f  (   c  i k    )   —distance decay.








Distance decay can be calculated as the sum of the reciprocal of the distance from each TAZ to all the subway stations, though the negative exponential function is more suitable for small distance on the urban scale than the inverse power function [71]. So, we used the distance as the separation component and took the negative exponential function as the decay function.



Figure 3 shows the methodology framework for metrorail accessibility, and the full formula for metrorail accessibility in TAZ  i  is


    A i  =   ∑  k   T k  f  (   c  i k    )      =   ∑   k = 1  n  (    S j     D j        ×    W  k j   ) ×  l  i k   − 2   )   



(4)







Current research evaluates metrorail accessibility based on the distance-cost or time-cost method within 15 minutes around a metro station from an objective perspective; however, this method has too many assumptions and the scope of analysis is limited to the station level [72]. The 3FCA model’s reliability and robustness are better than the current model’s assumptions, as the dataset for the 3SFCA model is based on actual passenger flow and demand for rail transit. Second, the model incorporates the distance or time limitation in the traditional model, and also includes the possibility of reaching all stations from the starting point. Finally, this model introduces the TAZ as the smallest research unit to evaluate the spatial balance of metrorail accessibility and to make recommendations for rail transit planning and TOD policy from different levels.




4.2. Coordination Model


4.2.1. Data Standardization


To avoid zero values and the extreme value, the MIN-MAX standardization method was adopted to standardize the value of FAR and Metro accessibility. The formula is as follows:


   Z i  =    (   X i  −  X  m i n    )     (   X  m a x   −  X  m i n    )    .  



(5)







In the formula,    Z i    is the standardized value of the ith-index,     X i    is the value of ith-index,    X  m a x     is the maximum value of the ith-index, and    X  m i n     is the minimum value of the ith-index.




4.2.2. Coupling Degree Model


Urban development is mainly divided into two modes of extension expansion and intensive development. In the process of extension expansion, the completeness of amenities stimulates urban growth, while the demand for public facilities gradually increases due to the intensive development [73]. In particular, the positive interaction between the development of public transportation and urban spatial form is clear [74].



The coupling degree is a physics concept [75], which refers to the phenomenon that two or more subsystems affect each other and transfer energy from one side to the other through various interactions [76]. In physics, this is a broad and common concept covering phenomena such as electro-thermal coupling, a fluid-structure, and inductive coupling, [77]. Social scientists used the physical concept of coupling and built the coupling measurement model by using the dispersion formula between multiple systems.



The degree of coupling was used to reflect the intensity of the interaction and influence in the systems [78]. The coupling degree model for the interaction between metrorail accessibility and urban spatial form can be calculated as follows:


  C  ( F A  R i  ,  A i  )   = 2 ×    (  F A  R i  ×  A i   )  /    (  F A  R i  +  A i   )   2    .   



(6)







In Equation (6),  C (  F A  R i  ,  A i  )   is the coupling degree between urban spatial form and metrorail accessibility for parcel  i , the value ranges from 0 to 1,   F A  R i    denotes the floor to area ratio for parcel  i ,    A i    denotes metrorail accessibility and both of the above indicators are dimensionless based on Equation (5).




4.2.3. Coupling Coordination Development Model


The Coordination index refers to the degree of coordination and influence between two or more attributes. In the process of urbanization, in order to realize a coordinated development of urbanization and transportation, we constructed a coordinated development model based on the metrorail accessibility and the index of urban spatial form.



The coupling degree model is only a representation of the strength of the interaction between systems, and cannot effectively reflect the level of coordinated development [76]. To avoid this deficiency, the coordination degree model was introduced [78]:


    H i    = α F A  R i    + β  A i    



(7)






    D i     =  C ( F A  R i  ,  A i  ) ×  H i    



(8)







In Equation (8),    D i    is the degree of coupling coordination for parcel  i ;    H i    is the comprehensive development index of the two systems, obtained by the sum of equal weights of the two systems. It is believed that the importance of metrorail accessibility and urban spatial form are equally important. Therefore, we set the values of α and β as 0.5. In addition, in order to ensure comparability, we normalized two values,   F A  R i    and    A i   , by Equation (5), making   F A  R i    ∈ (0,1), and then controlling    A i    ∈ (0,1).






5. Results and Discussions


5.1. Urban Spatial Form


The floor area ratio can, to some extent, reflect the spatial form of the city because the main elements of the city are different types of buildings. Also, the floor to land ratio is closely related to capital density because it is measured by the ratio of produced building area to the land use area. The lower the capital investment per unit of land, the lower the building density and floor area ratio [79]. Besides that, the floor-to-land ratio is closely related to urban population density and employment density. Since buildings serve humans, places with a high FAR will have a higher population density and employment density, and urban functions will be relatively efficient [80]. With the externalities of rail transit and the government’s encouragement of a TOD policy approach, the population density and employment density around the stations are higher than in other areas far from the stations [81]. However, due to differences in geographic locations and construction costs, the construction density of station in a region will also differ. Therefore, to what extent does the location of a subway station have an effect on the development of the surrounding city will be the main questions explored in this section. We used a maximum distance of 2 km around the station to examine the spatial distribution of the urban form in Shanghai (Figure 4).



In general, the urban development pattern surrounding the Shanghai rail transit station represents a circle with a high central area and a low edge. This spatial pattern is found in many metropolises. In Shanghai, with the Huangpu River as a dividing line, the Puxi area is significantly denser than the Pudong area, owing to the good location advantage of the PuXi Area, high land value, high capital density, and agglomeration of various production departments, which reduces transportation costs. There are some sporadic stations with a high FAR value in the suburbs such as the Hongqiao Terminal and ShuYuan Station; these stations tend to be main intercity transport nodes or parts of the new CBD area. The average floor to area ratio (FAR) in Shanghai is 3.574, while the majority of FAR values are 3–5. The building with the highest floor is located near Shanghai Hongqiao Terminal and has a FAR of 26.125. FAR values greater than 10 are concentrated in the city center and along the west side of the Yangtze River. The Districts of Pudong and Fengx have a low FAR ratio in their suburbs.



To compare the urban spatial forms in different TAZs, we divided the TAZs within 2 km into five sections: 500 m, 800 m, 1000 m, 1500 m, and 2000 m (Table 2). In general, the value of FAR decreases gradually from the city center to the suburbs and shows an inverted U-shaped curve that increases first and then decreases for the TAZs located further away from each station. The area with the highest FAR value from the first to the third ring is concentrated between 800 m and 1000 m, while the FAR value of the fourth ring area is concentrated between 500 m and 800 m.



There are four reasons for the differences between regions and stations. One reason is that different land use types have different traffic requirements. Commercial land is primarily concentrated in the station area, which has a high passenger flow, so it is preferable for this land to be closer to the station. Residential land has relatively low location requirements and is generally distributed around commercial areas. Second, the positive externalities of public transportation, such as convenience, attract a large number of real estate departments to locate there, but there are also negative externalities such as noise, pollution, and traffic volumes surrounding public transportation; thus, the urban form around urban rail transit shows inverted U-shaped distribution characteristics.



Third, the slope of the commercial land price curve in the city center is steeper, and the height of commercial buildings is lower than that of residential land, so areas with higher FAR values are further away from the station than in the suburban area. Finally, due to the earlier development of the city center area and the longer time for building replacement, the building floors in the city center area are higher, while the value of these floors is lower in suburban areas.




5.2. Metrorail Accessibility


Metrorail accessibility not only includes the value of ‘by transit accessibility’, but also contains the value of ‘to transit accessibility’. Based on different distance thresholds, we calculated the opportunities for people to reach railway stations, which showed a strong positive relationship to the thresholds. This chapter analyzes the spatial distribution of accessibility through transit and metrorail accessibility separately.



5.2.1. By Transit Accessibility


The map ‘By transit accessibility’ is shown in Figure 5. Overall, this value shows a pattern of slowly decreasing from the inside to the outside, suggesting that the town center has higher accessibility, while the suburban accessibility is lower. The most popular accessibility stations are the People’s Square, Shanghai Rail Station, Xujiahui, Nanjing East Road, and other areas close to the commercial or transport center. Many of them are situated on the ring road along the Yangtze River. In addition, large interchange stations primarily have high-accessibility values.



Based on the results, the accessibility of transmission stations is 3.75 times that of non-transfer stations and the average accessibility for each additional line is 150 percent higher. Lines 2 and 1 are considered to have the highest average accessibility, i.e., 0.5315 and 0.3578, primarily because lines 2 and 1 began operations in 2000 and 1993, each with a longer operating time and most stations are located in the center urban area, so the scope of service is has a higher density than in other areas.



Lines 16 and 6 have the worst average accessibility, as their main service areas are suburban areas like Nanhui New City and Pudong New Area, and the construction period for these lines was shorter. However, there are still some highly accessible stations in the city suburbs, such as NanXiang and the Pengpu county station. This is mainly because of the densely populated areas located in Pudong and the Baoshan District. The total population in the district of Baoshan is 2.0308 million and the resident population of the new district of Pudong is 5.5284 million, which is a gathering area for migrant workers.



The average accessibility value for workdays is 0.168, the standard deviation is 0.198, while the average accessibility value for holidays is 0.185, and the standard deviation is 0.212. The spatial distribution of more accessible sites is also more dispersed on holidays. For instance, the suburb stations Songjiang University City and Shanghai Circuit station are much more widely used on holidays compared to working days. The difference in BTA between working days and holidays is primarily due to differences in the spatial distribution of urban functions. The increase in passenger flows from the station hub areas and university towns during the holidays contributes significantly to the improvement in BTA in suburban areas. On workdays, the concentration of accessibility in the urban center area is primarily due to the area’s proximity to the core business service area and office area, which appears to be increasing accessibility during workdays.




5.2.2. Metrorail Accessibility


The spatial distribution of rail transit accessibility values appears as a concentric circle distribution, which is consistent with the Shanghai rail transit loop. From Figure 6, the service capabilities of rail transit in different regions show obvious spatial heterogeneity. The majority of the first, second, and third rings are within the 2000-m rail transit service radius, while only half of the fourth ring is within the rail transit service radius. Furthermore, the spatial difference in rail transit accessibility values between regions is much greater than that between stations, indicating that the development of rail transit in Shanghai is primarily influenced by geographical factors, and the density of rail transit stations corresponds to the city’s development stages. As a result, the distribution of metrorail accessibility reflects regional heterogeneity while remaining relatively consistent between stations.



The accessibility value of the first ring of the city center is the highest among regions based on the spatial distribution of the starting point (TAZs), and the accessibility of the station near the Bund is higher than for other parcels. Shanghai’s rail accessibility primarily reflects the distribution trend of a ring-shaped development with a high southwest and low northwest. Outside of the third ring road, station accessibility is relatively low, with the exception of the large public transportation hub area.



Table 3 shows that the accessibility of rail transit around Shanghai’s central urban site experienced a slow decline followed by a rapid decline. The accessibility between 800 and 1000 m has significantly decreased. According to the core-periphery theory [82], the city’s main functional area, as the city’s population resource gathering place, has a high demand for public transportation, and the early stages of subway station construction are primarily determined by population density and demand.



The areas where rail transit stations have the greatest impact are mainly focused in the second and third ring roads. The distance threshold for rail transit accessibility within the second ring is 1000–1500 m, and the distance threshold within the third ring is 1500–2000 m. Because the second and third ring roads are located in the upper transition area, they have a certain economic connection with the downtown area; for this transition area, the population density is increasing while the daily commuting demand is gradually increasing, and it is highly dependent on rail transit. Outside of the city center, the difference in accessibility is relatively small; the highest value is in the 500–800 m interval, primarily because this area is within walking distance of rail transit, which allows people to not only benefit from the positive externalities of rail transit, but also avoid the noise and pollution caused by large crowds.



Furthermore, during holidays, the outer ring’s rail transit accessibility is higher than on weekdays, while the inner ring’s accessibility value is lower, owing to the fact that the central city is a working cluster area, whereas the core function of the outer ring city is business and leisure districts. This shows that the attractiveness of working days and holidays is affected differently by different urban functions.





5.3. Spatial Coordination between Metrorail Accessibility and Urban Spatial Form


The level of spatial coordination between rail transit and urban spatial structure reflects the degree of balance between rail transit and urban spatial development. As illustrated in Figure 7, the degree of spatial coupling between the two demonstrates significant regional heterogeneity. The further away you are from the central business district, the less spatial coupling there is between the two. In urban business districts, the urban spatial development form and urban functions are relatively complete, whereas in the city’s periphery, the degree of matching between accessibility and the urban spatial form is lower.



In urban business districts, the urban spatial development form and urban functions are relatively complete, while the matching degree between the accessibility and urban spatial form are lower in the periphery of the city. The urban business district, due to its geographical location advantages, not only has higher accessibility, but also has the advantage of an agglomeration economy, so the coordination between urban accessibility and FAR value is relatively high. For the periphery areas, though the urban rail transit construction plan is in progress, the overall coupling of the periphery is low due to the time required to complete the plan’s industrial and urban functions.



The degree of spatial coupling between rail transit accessibility and urban morphology is stronger at the regional level but weaker at the station level. The main reason for this is that the rail transit accessibility for various communities at the station level is relatively high within one kilometer, while it shows a significant downward trend beyond one kilometer. Additionally, both the FAR and accessibility show decreases beyond 1 km. Overall, the difference in the degree of coupling between the two on holidays and working days is not obvious. The areas that have obvious changes are Shanghai Hongqiao Airport, Shanghai South Railway Station, and other transportation hub areas, primarily because the rail transit demand at the above stations has increased significantly during holidays and the accessibility has also increased significantly.



We can find the following characteristics in Table 4: (1) Compared to weekdays, metrorail transit accessibility of the second and third ring roads during holidays has improved, while accessibility to other areas remains lower. This is primarily due to the increase in activities near shopping malls along the second and third ring roads during the holidays, as well as the improved accessibility of suburban stations; (2) The spatial coupling between the city and the suburbs gradually declines from the central city to the suburbs, owing to the sequence of rail transit construction between the city and the suburbs. Land development in the central city existed prior to the construction of urban rail transit, and rail station locations are primarily determined by passenger flow demand and construction costs [83]. In contrast, rail transit planning drives the development of urban spatial layout in urban suburbs. As a result, urban rail transit construction comes first, followed by land development and construction. However, there is a time lag between the two in the suburbs due to the time lag of the spillover benefits of urban rail transit. Thus, the level of coordination degree remains low between urban and suburban areas; (3) In terms of service radius, the area between 500 and 800 m in the central urban area has the highest degree of coordination. In the second ring road area, the highest coordination degree area is mainly concentrated at about 800 m to 1000 m. The coordination degree with a higher degree is approximately 500–1000 m in the third ring road area and approximately 800–1000 m in the fourth ring road area. To summarize, the area with the highest coupling degree on both sides in the first ring area is concentrated in the range of 500–800 m, while the coupling degree of the other areas is primarily concentrated in the range of 800–1000 m. By comparing Table 2 and Table 3, the results show that the decrease in the coordination degree is primarily due to the low floor to area ratio in the suburban regions.



The purpose of this paper was to calculate the value of metrorail accessibility in the catchment area of Shanghai stations from the perspective of passenger behavior. In comparison to current research, the method adopted in this paper uses a large amount of data and is able to generate relatively robust calculation results, but it requires a high-quality and large amount of dataset. We analyzed the relationship between metrorail accessibility and urban form using the coupled coordinate model, which is well suited to reflect the spatial local relationship between the two. However, due to the large scope of accessibility spillover effects on land use and the agglomeration effect of urban rail development and urban planning, the spatial coupling coordinate model could not reflect the relationship between accessibility and land use near the local area. This study evaluates the accessibility of metrorail within 2 km from a station, which has some guiding significance for the implementation of TOD policies, though the assessment of the accessibility value over 2 km could not be estimated. In future research, it would be necessary to strengthen the research about the spatial spillover effect of metrorail accessibility on land use from a global perspective, in order to provide guidance on the overall development of Shanghai’s urban planning.





6. Conclusions


In China, integrated transportation and urban spatial forms play a critical role, as rapid growth shifts create new opportunities for connecting transportation and urban developments, such as transit-oriented development (TOD) and urban regeneration programs. The traditional accessibility model measures public service accessibility using a time or distance threshold. However, it ignores the physical needs of the individual. This article first updated metrorail accessibility by combining the TTA and BTA from the perspective of actual travel demand, then calculated urban spatial form using the floor area ratio, and finally examined the degree of coordination between metrorail accessibility and urban spatial form. The main findings are:



Shanghai’s urban development is characterized by a monocentric spatial structure. The FAR value decreases gradually from the central area to the suburbs, and the floor area ratio east and west of the Huangpu River is obviously different. From the station’s perspective, the distance to the station at the highest FAR value varies by region. The highest FAR value is located between 800 and 1000 m from the station on the third ring road, while the highest FAR value is located between 500 and 800 m in the suburbs.



In terms of TTA, the values are higher in areas where the line has operated for a longer period of time, that are densely populated, or that are located in urban centers. As rail transit development has a time lag effect, the construction of rail transit in central urban areas is determined by passenger flow demand, whereas the construction of suburban stations is determined by urban planning. Planning policies are still being implemented in the second and third ring areas. However, accessibility around the fourth ring road stations, particularly in the Pudong area, remains limited. As a result, the introduction of industries and talents in the Pudong area should be enhanced in order to increase the passenger flows at the area’s stations.



The spatial distribution trend of rail transit accessibility is consistent with the urban construction density. From the inner ring to the outer ring, the catchment area of rail transit accessibility shows the characteristics of gradually expanding and then shrinking, while the areas most affected by rail transit are in the second and third ring roads. Because of relatively mature development of the rail transit in this area and the completion of commercial service facilities, these areas have the metrorail transit largest catchment area, as compared to the more congested inner ring area and the incomplete public facilities in the outer ring area.



As presented in Figure 7, there is a strong correlation between rail transit accessibility and urban development in the majority of areas surrounding metro stations. The degree of spatial coordination between the two can not only be used to analyze the spatial balance between rail transit and urban construction from a supply and demand perspective, but can also provide reference suggestions for the next location of the TOD program. From the inner ring area to the outer ring area, the degree of coupling between the two decreases gradually, but the service range of the stations exhibits an inverted U-shaped regional distribution, owing to the low station construction density in the outer ring area, the late planning and construction year for rail transit, as well as the reduced job opportunities in the outer ring area.



As a result, we should implement different policy recommendations for rail transit development in accordance with the development characteristics of various regions. For example, in Shanghai’s suburban area, a reference range of 800 m can be considered to increase station density in the fourth ring area, which should improve urban development and attract industries to areas surrounding the stations. In the area of the second and third ring roads, we should consider increasing the density of land use within 1000 m of stations and establishing TOD stations or comprehensive service centers in areas with high passenger volumes, such as the Xuhui and Changning districts. In the urban center area, the carrying capacity of rail transit should be increased to meet future rail transit demand, and the transportation network connecting Pudong and Puxi should be strengthened to promote rail transit and industry development in Puxi. Meanwhile, to avoid wasting a lot of land resources, we need to adjust land use planning around metrorail stations based on travel demand in different regions. These specific recommendations will serve as a valuable guide for developing integrated land-transportation projects for different stations in various regions.
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	TTA
	To Transit Accessibility
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	By Transit Accessibility



	USF
	Urban Spatial Form



	FAR
	Floor area ratio



	2SFCA
	The two-step floating catchment area
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Figure 1. Metrorail Ridership on a workday in Shanghai. 
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Figure 2. The method used to estimate the BTA at the departure station. 
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Figure 3. The methodology used to evaluate metrorail accessibility for each TAZ. 
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Figure 4. Urban Spatial Form within the catchment area of stations. 
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Figure 5. Distribution of transit accessibility by station. 
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Figure 6. Distribution of metrorail accessibility by the station. 
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Figure 7. Spatial Coordination between metrorail accessibility and urban spatial form. 
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Table 1. Description of data sources.
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Field Name

	
Amount

	
Variables

	
Data Source

	
Year






	
OD

	
M Workday

	
7,245,131

	
Departure station; Departure route; Destination Station; Destination route; Counts

	
shmetro.com

	
2018




	
N Workday

	
7,297,484




	
Holiday

	
8,200,763




	
Shanghai Road Map

	
81,599

	
Road level; Name; Length

	
udparty.com




	
Metro Station

	
344

	
Line Routes; Time Schedule; Station name; Location; Length; Transfer Station name; Average time interval; Capacity;

	
udparty.com




	
Floor to Area ratio

	
618,415

	
Stories; Land Area; Build area; Location

	
udparty.com




	
Parcels

	
5270

	
ID; Land Area

	
udparty.com
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Table 2. Average Floor Area Ratio in various service areas and rings.
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	Average Density
	First Ring
	Second Ring
	Third Ring
	Fourth Ring
	Total





	500 m
	4.9139
	3.6984
	2.6620
	2.0209
	4.0601



	800 m
	5.5402
	4.2620
	3.4625
	2.4513
	4.5140



	1000 m
	7.1026
	5.1184
	4.2177
	2.4140
	3.9509



	1500 m
	5.1725
	4.0148
	3.4159
	1.9911
	3.4713



	2000 m
	3.3991
	3.8013
	3.5071
	1.8967
	2.4030



	Total
	4.5629
	3.9311
	3.5103
	2.0421
	3.8035
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Table 3. Average accessibility of metrorail in various service areas and rings.
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Types

	
Distance Threshold

	
First Ring

	
Second Ring

	
Third Ring

	
Fourth Ring

	
Total






	
Average Workday Accessibility

	
500 m

	
8.4852

	
5.8625

	
4.4607

	
2.7529

	
5.9816




	
800 m

	
8.3847

	
5.8349

	
4.6141

	
2.9553

	
6.3719




	
1000 m

	
7.9968

	
5.8556

	
4.5611

	
2.9231

	
5.7024




	
1500 m

	
7.6818

	
5.6610

	
4.4242

	
2.8126

	
4.9297




	
2000 m

	
6.1111

	
4.9222

	
4.0945

	
2.7119

	
3.4785




	
Total

	
8.1954

	
5.7276

	
4.4414

	
2.8128

	
5.4606




	
Average Holiday Accessibility

	
500 m

	
8.4708

	
5.9996

	
4.6942

	
3.0709

	
6.1108




	
800 m

	
8.3777

	
5.9797

	
4.8368

	
3.2923

	
6.4867




	
1000 m

	
7.9621

	
5.9943

	
4.7771

	
3.2472

	
5.8358




	
1500 m

	
7.6498

	
5.8186

	
4.6372

	
3.1079

	
5.1021




	
2000 m

	
6.2122

	
5.1106

	
4.3221

	
2.9826

	
3.7168




	
Total

	
8.1781

	
5.8764

	
4.6628

	
3.1151

	
5.6109
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Table 4. Average degree of spatial coordination in various service areas and rings.
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Types

	
Distance ThreshOld

	
First Ring

	
Second Ring

	
Third Ring

	
Fourth Ring

	
Total






	
Average Workday Accessibility and Urban Spatial Form

	
500 m

	
0.3082

	
0.2517

	
0.2228

	
0.1246

	
0.2426




	
800 m

	
0.3092

	
0.2521

	
0.2301

	
0.1402

	
0.2587




	
1000 m

	
0.3040

	
0.2530

	
0.2300

	
0.1409

	
0.2433




	
1500 m

	
0.2979

	
0.2491

	
0.2293

	
0.1369

	
0.2225




	
2000 m

	
0.2591

	
0.2346

	
0.2198

	
0.1314

	
0.1740




	
Total

	
0.3056

	
0.2501

	
0.2269

	
0.1346

	
0.2334




	
Average Holiday Accessibility and Urban Spatial Form

	
500 m

	
0.3102

	
0.2550

	
0.2274

	
0.1292

	
0.2459




	
800 m

	
0.3113

	
0.2554

	
0.2345

	
0.1454

	
0.2619




	
1000 m

	
0.3060

	
0.2562

	
0.2343

	
0.1460

	
0.2467




	
1500 m

	
0.3000

	
0.2524

	
0.2336

	
0.1417

	
0.2262




	
2000 m

	
0.2618

	
0.2381

	
0.2243

	
0.1359

	
0.1783




	
Total

	
0.3076

	
0.2534

	
0.2313

	
0.1393

	
0.2369
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