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A B S T R A C T   

Car-based transportation networks (as in Phoenix) necessitate parking at origin and destination in order to establish a link—but the space devoted to parking lowers 
its ability to provide housing and consumer amenities. Walking and transit networks (as in Manhattan) have no such tradeoff, and a city reliant on them will be able 
to make fuller use of its land for productive purposes like amenities and housing. However, they hinder mobility in other ways: walking does not get you far, and 
using transit requires adhering to the routes and stops the city’s transit agency provides. In this paper, we develop and calibrate a spatial consumer city model to 
study what would happen if Phoenix banned cars, delineating the roles of parking conversion, of the light rail network, and of a last mile option. Together with a last 
mile option, Phoenix’s current light rail line would be able to sustain a meaningful (if smaller) population—but only if Phoenix converts its current parking to other 
uses. We then ask the reverse: what would happen if Manhattan required parking? The model indicates the island would essentially empty, as the declining capacity 
of each block lowers the vibrancy of the city, inducing still more residents to leave. Altogether, these model outcomes tell a story of agglomeration through com
plementarities. The transportation network and incumbent land use must ensure a high degree of access to jobs and amenities in order for enough people to choose to 
live in the city and thereby support those amenities.   

1. Introduction 

Cities across the U.S. have responded to the COVID-19 pandemic by 
encouraging outdoor dining, even converting street and parking space 
into restaurant seating.2 Restaurateurs face a tradeoff when pursuing 
customers: offer safe outdoor dining, or offer parking. Scaled to the city 
as a whole, this question remains salient even outside of pandemics. 
Should a city ensure that parking is readily available or ensure that more 
space is devoted to useful ends like amenities and housing? Manhattan 
has taken the latter choice, with plentiful amenities and dense housing 
throughout its 22.8 square miles. Phoenix, Arizona, has taken the first 
choice. Despite having the same population as Manhattan—1.6 million 
people—Phoenix covers 23 times more territory. It has approximately 50 
square miles—more than two Manhattans—of parking, and another 130 
square miles of roadways (Hoehne et al., 2019). 

This car-oriented lifestyle socially and environmentally devastating. 
Cars kill 40,000 people on the streets (and sidewalks) of America every 

year; the air pollution generated by vehicles kills another 50,000 while 
also generating non-lethal health problems.3 Remediating these 
harms—or, in countries where car use is rising, preventing them—is a 
central challenge for urban planners today. The heart of the challenge is 
the same as that facing restaurants: removing parking can make way for 
more useful activities, but this can only work if sufficient customers can 
visit without driving. In turn, this requires intense residential develop
ment (perhaps on other nearby parking lots), a mass transit option 
serving the area, or both. 

In this paper, we investigate the dual roles of the transportation 
network and the land it uses. Phoenix’s car-based network necessitates 
available parking at the origin and destination in order to establish a link 
between two locations. But setting aside that space for car storage re
quires lowering the capacity of the location to provide residential and 
commercial activity like retail amenities. An additional parking lot in 
Phoenix thus improves mobility, as drivers find it easier to move about 
the city, but diminishes accessibility by sacrificing space that could have 
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2 For example, Los Angeles (https://www.latimes.com/california/story/2020-08-02/dining-al-fresco-coronavirus-los-angeles-long-beach-burbank-pasadena-to 
rrance)and New York (https://www.nytimes.com/2020/09/25/nyregion/nyc-outdoor-dining-restaurants.html).  

3 See https://www.nsc.org/road-safety/safety-topics/fatality-estimates for data on traffic fatalities, Caiazzo et al. (2013) for details on traffic-related pollution 
fatalities, and Kim et al. (2015) for more on the health impacts. Shill (2020) offers a useful overview of the this devestation in the context of the law and policy roots 
of “automobile supremacy”. 
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gone to amenities or housing.4 Manhattan’s train-based network, by 
contrast, requires little parking and thus leaves the land available for 
other uses. The resulting intensive residential and commercial devel
opment makes for easy access to most needs, despite the more-limited 
mobility provided by transit. 

The dramatic divergence between the two city types suggests that the 
land used directly by transportation networks induces a complemen
tarity between transportation mode and the land used by the vehicles for 
moving and for storage. In this paper, we investigate these comple
mentarities and ask whether the space required by automobile parking 
limits the ability of a car-based city to provide a walkable and vibrant 
urban neighborhoods. To address this question, we develop a spatial 
consumer city model and embed a tradeoff: the use of a car-based 
network entails devoting a significant fraction of built-up space to 
parking, rather than to amenities or to residential space. In contrast, the 
use of a transit network entails no parking, but restricts mobility as 
households’ long-distance travel becomes limited in practice to loca
tions with transit stations.5 Once we develop the model, we calibrate it 
to a pair of starkly contrasting geographies: a transit city calibrated to 
Manhattan data, and a driving city calibrated to Phoenix data. 

We use the quantitative version of the model to address the impor
tance of parking to urban vibrancy by jointly manipulating the trans
portation network and parking requirements, and evaluating the 
resulting equilibrium. With the Phoenix model, we begin by removing 
the possibility of car-based travel entirely. Conceptually, this frees up all 
parking-related land for other uses. From there, we change (1) the 
transportation network, (2) the land devoted to parking, or (3) both. 
While this counterfactual has the shape of a policy question, the inquiry 
is conceptual: We aim to bring the space used by cars into direct con
versation with their mobility implications. To that end, we introduce 
scooters as a decentralized last-mile option that mimics the anywhere-to- 
anywhere mobility patterns of cars while requiring a tiny fraction of the 
storage space. Households in the model will leave this open city if its 
quality of life falls, making the new population our main outcome of 
interest in these counterfactuals. 

We show that the mobility offered by the transportation network and 
the land that once went to parking are both essential, indicating a 
fundamental complementarity between transportation and land use. A 
car-free Phoenix will only retain a meaningful population if it retains its 
light rail network, adds a last-mile solution, and fills in its parking with 
new housing and amenities. If any one of those features is absent, the 
city will lose 90–99% of its population, signifying a collapse in the 
ability of the city to provide a meaningful standard of living. 

In the first counterfactual, we investigate complementarities be
tween Phoenix’s existing light rail line and a last-mile option connecting 
light rail stops to surrounding locations.6 This allows us to vary the scale 

of the mobility reduction implied by removal of the car network while 
still making fully available the land once used for parking cars.7 We 
calibrate the last-mile option to the scooter, a low-cost option spreading 
in cities like Phoenix. Under our calibration, the last-mile option is a 
necessity: without it, a car-free Phoenix sees a 99% reduction in its 
population. While necessary, the scooter is insufficient alone. Without 
the existing train, scooters struggle to provide long-distance trips, 
limiting accessibility in all locations and inducing a 94% in population 
relative to the baseline.8 In contrast, a city with trains, scooters, and 
densified parking spaces is able to retain about 300,000 residents, or 
over 20% of the baseline population. The importance of scooters in 
particular is a classic network effect: as new connections are made 
feasible, they serve as both a residential location for new residents as 
well as a new amenity destination for existing residents. 

In the second counterfactual, we turn to the relevance of land 
devoted to parking. We investigate the resulting population if the city 
bans cars, installs scooters, keeps the light rail—but neglects to fill in the 
former parking spaces with residential or amenity uses. In this case, the 
city population plummets to essentially zero. Even with scooters, the 
transit network is incapable of sustaining a meaningful population in 
any location without the densification offered by former parking. This 
suggests that parking, while necessary to support a car-based lifestyle, is 
a tremendous deterrent to urban vibrancy. The exact same trans
portation network—scooters and a single train—is capable of providing 
for a small city, but if and only if the parking can be adapted to other 
uses. 

We then investigate further complementarities embedded within the 
above scenarios. We show that filling in residential parking (but not at 
amenity destinations) is insufficient to provide for a meaningful popu
lation, as is the reverse. Instead, densification must be allowed to occur 
at both ends. Next, we investigate whether the last mile option is 
important for work trips, for amenity trips, or both. Again, the answer is 
both: although work trips are somewhat more important. In both cases 
the combined effect is multiplicative rather than merely additive. These 
multiplicative effects suggest complementary roles where two aspects 
are jointly central to supporting the outcome. 

Finally, we investigate the opposite case: what happens if you require 
parking at residences and amenities in Manhattan? To a first order 
approximation, the city disappears: only 1000 residents are left in our 
calibration.9 We also model the removal of the subway system from 
Manhattan. In this case, about 100,000 residents choose to remain even 
when forced to walk to work and amenities. This somewhat smaller 
decline highlights again the large relative effects of parking provision as 
a loss of useable space. 

Contributions in context of the literature In this paper, we focus 
on parking as a way to understand the land use of transportation 
infrastructure, which we argue is central to a complementarity between 
land use and transport mode. The necessity of parking to facilitate 
mobility via cars introduces a fundamental mobility/access tradeoff in 4 Ride hailing and autonomous vehicles may render the dependence of cars 

on parking moot—someday. But even these car-share options use a much larger 
amount of land than do trains, buses, or scooters—while the vehicle is in mo
tion. In this paper, we do not model car congestion, and so we do not investi
gate the ability of car-share (or other interventions, like toll roads or congestion 
taxes) to reduce the land used by cars.  

5 We embed this tradeoff in an otherwise straightforward urban economic 
spatial model. Households commute to work in the central business district, and 
they value access to a variety of amenities dispersed throughout the city. 
Because households value variety in amenity experiences, they value access to a 
large number of locations. This contrasts with traditional urban models, 
wherein a household’s sole trip is a commute to the same destination. The 
dispersed nature of amenities is thus important for the network analysis. De
velopers construct housing in competitive markets, and households are free to 
live in any location and are also free to leave the city entirely.  

6 Walking is always an option, but it is costly in terms of time taken. 

7 A city with somewhat more light rail and somewhat fewer cars—a more 
viable policy proposal, to be sure—continues to vary both aspects simulta
neously, reducing insight for the sake of realism.  

8 In contrast to scooters, we could have explored introducing more transit 
lines. We pursued the scooter assumption for two reasons. Most fundamentally, 
we contrast Phoenix to Manhattan in this paper because Manhattan is a city 
with the same population built around a massive subway network and thus 
serves as the ultimate transit-oriented counterfactual. Second, the scooter is a 
straightforward way to vary the reduction in mobility while holding fixed the 
ability to re-use parking lots. Our goal is not to evaluate a promising policy 
proposal to ban cars in Phoenix, which would absolutely require investment in 
transit.  

9 Note that we don’t model the introduction of a driving possibility—only the 
introduction of parking spaces—so this is somewhat of a lower bound. That 
said, Manhattan contains approximately 4% of the land area of car-based 
Phoenix, so this estimate may not be too far off. 
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cities organized around driving, in contrast to those organized primarily 
around transit and walking. These features are usually not considered 
simultaneously (e.g., Nelson et al. (2010)). We make this theoretical 
contribution in the context of the urban gravity models gaining popu
larity within economics (e.g., Ahlfeldt et al., 2015; Rossi-Hansberg, 
2005; Tsivanidis, 2018). These models generally focus on commuting 
flows, and firm agglomeration, two features that tend to reflect urban 
spatial structure (Sohn, 2005). Like Allen et al. (2016), we consider trips 
to amenities, for which households value access to many locations(Deng 
& Srinivasan, 2016; Li et al., 2019). 

Our paper builds on a growing literature investigating parking that 
regards parking “not as a residual space of our built world, but as an 
integral part of it” (Ben-Joseph, 2012). In a similar vein Crockett (2018) 
and Brinkman & Lin (2019) both investigate the land used directly by 
transportation infrastructure — in their case highways. Focusing on 
parking, Shoup (2005) finds that the availability of parking and bundled 
parking regulation skews mode choice towards driving, while Manville 
(2020), chap. 13 argues this is true even in dense cities. Parking policies 
are intimately related to retail productivity (Ersoy et al., 2016; Manville, 
2020, chap. 13) as well as urban growth (Zacharias, 2012). Like our 
paper, Chester et al. (2015) suggest that parking infrastructure presents 
an opportunity for redevelopment to more attractive uses, although they 
emphasize the redevelopment option and possibility per se. We focus on 
the ensuing equilibrium after redevelopment, and so do not consider the 
option value of holding a parking lot for the point of optimal return. We 
add to this conversation by embedding parking within a more general 
model of transportation networks that connects parking with trans
portation issues like access to amenities and last mile solutions. 

Existing literature on the relationship between retail firm location 
and transportation infrastructure primarily concerns road networks 
treating proximity to major infrastructure as an exogenous amenity 
(Kawamura, 2001; Nilsson & Smirnov, 2016) or examining the role of 
traffic congestion on location decisions (Hou, 2016). Our model con
siders the impacts of both road and transit systems on household loca
tion decisions. Our focus on the different geographies generated by 
different transportation modes speaks to the effects of patterns of 
development on cost structures beyond the straightforward effects of 
density (Rolheiser & Dai, 2019, pp. 1–27). Our paper also relates to Anas 
and Kim (1996), who model the relationship between consumer ame
nities and the transportation network. They focus on firm decisions and 
their main transportation component is the incorporation of traffic 
congestion, while we focus on the land used by transportation and its 
implications for residential development and resultant amenity 
spillovers.10 

Additionally, we connect to the literature on light rail, transit- 
oriented development (TOD), and parking (e.g. Baum-Snow et al., 
2005, pp. 147–206; Ingvardson & Nielsen, 2018; Knowles & Ferbrache, 
2016; Nilsson & Smirnov, 2016). A central question in this literature has 
been the effects of light rail on mode choice. In terms of traffic, decel
erating increases in congestion have been observed (Bhattacharjee & 
Goetz, 2012; Ingvardson & Nielsen, 2018). The source of the new light 
rail ridership is contentious because it often runs alongside or replaces 
existing bus service (Werner et al., 2016; Lee & Senior, 2013). Lee et al. 
(2017) finds variable effects of light rail on bus ridership, and note that 
longer-term land use changes could sustain or further the observed shifts 

in mode choice. However, Severen (2019) argues that only limited shifts 
have taken place, a fact that bunten (2017) suggests is due to the po
litical power of pre-existing residents. For non-work trip mode choice, 
factors include neighborhood land use and on-site parking supply 
(Cervero & Radisch, 1996; Weinberger, 2012). Kahn (2007) shows that 
park-and-ride stations are valued less than “walk-and-ride” stations. We 
emphasize the shortcomings of small light rail networks in providing 
access to a substantial range of urban amenities. 

Finally, we contribute to an emerging literature on scooters (e.g. 
Aguilera-García et al., 2020; McKenzie, 2019) and the potential of 
shared mobility services to act as last-mile modes (DeMaio, 2009; Yan 
et al., 2019). Unlike cars, shared dockless scooters can readily be parked 
in large quantities at or near transit stations, making them a more space 
efficient last-mile mode choice (Shaheen & Chan, 2016). In contrast to 
most of this nascent literature, we emphasize the follow-on effects on 
land use that could result from the widespread adoption of scooters. 

2. A spatial model of a consumer city 

This section briefly describes our spatial consumer city model.11 

Following such lights as Fujita, Krugman, & Venables, 1999, we assume 
that households prefer to have a wide variety of consumer amenity ex
periences. To access these amenities and fulfill these preferences, and 
thus enjoy the abundance of urban joys, households must travel to a 
variety of locations. This stands in contrast to the classical urban models 
of Alonso (1964), Mills (1967), and Muth (1969). These classics model a 
commuter city: households take a single trip to work at a single central 
business district (CBD), and a single trip home. In these models, the 
“network” can be collapsed to a line segment. While our households also 
travel to work in a CBD, pulling focus from their trips to work onto their 
trips for amenities places the urban network as a network in sharper 
relief. A single transit line will impose strong restrictions on households’ 
ability to access amenities in locations off the line, and lower their 
enjoyment of the city. 

Constructing a model with a fully-fledged network requires speci
fying the network’s different modes, such as cars, mass transit, walking, 
and scooters. These different modes have different requirements in 
terms of the land they use.12 A driving city’s flexible network is entailed 
with parking lots, which diminish the share of land available to ame
nities and to residential use. A transit city’s more rigid and limited 
network, by contrast, enables the full use of land for either amenities or 
residential purposes—but may not reach as many locations. 

Against the transportation network, we model a fairly traditional 
household. We assume households choose where to live, and that they 
have preferences over a basic consumption good, house size, and ame
nities. As with the classics, we model a single central employment dis
trict. Workers commute to the CBD, and they use the income they earn 
for travel (to work and to amenities), for consumption, and to purchase 
housing. Households living close to the CBD will have higher discre
tionary income for consumption, housing, and travel to amenities—and 
in equilibrium, these gains will be offset by higher rents. 

We pursue a similarly straightforward approach to modeling ame
nities in each neighborhood. The amenity level of a location depends on 
three features. First, we assume that locations vary in their baseline 
ability to produce amenities; we use data to inform our calibration of 
these values (described in the next section). Then, we assume that 
amenities are subject to positive spillovers between locations within a 
short distance. Finally, we assume that this spillover relationship is 

10 It would be interesting to incorporate endogenous traffic congestion into 
our model. Indeed, congestion reflects the same complementarity between land 
use and transportation mode: the low threshold for congestibility of automobile 
traffic necessitates a tremendous amount of land being devoted to road
ways—hence Phoenix’s over 100 square miles of roadway. Low population 
density is a necessity for a car-based city not just because of parking, but 
because of congestion. Nevertheless, we view our channel as important and 
worth highlighting in its own right, especially given the theoretic and compu
tation burden of incorporating congestion into the gravity model. 

11 The full model is detailed in the appendix.  
12 Of course, different modes and network structures will also make locations 

differentially attractive to investment, as in the traditional monocentric city 
model. 
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stronger when the neighbouring location has a larger residential 
population.13 

In the next section, we describe our calibration of key model ele
ments: the transportation network itself, and the spatial distribution of 
amenities and construction productivity. We then study the equilibria 
that would emerge if the city modified its transportation network. Our 
focus is on the tradeoff between the ability of the network to provide 
widespread access and the amount of land devoted to transportation 
infrastructure, i.e. parking. 

3. Data and calibration 

The goal of the calibration is to build a quantitative version of the 
model that captures key features of the real world. This requires two 
steps. First, we try to identify as many model parameters either directly 
from the world or indirectly through existing empirical research. The 
former process includes the construction of transportation costs, which 
are directly measured. The latter process includes estimates of the 
housing cost function, which we take from existing research. 

Note that we are unable to identify all model parameters in this 
fashion. Notably, location-specific parameters like construction pro
ductivity, which may vary according to regulatory or geographic factors, 
are unobservable. It is precisely these parameters that we seek to iden
tify using our calibration. To perform the calibration, we identify a set of 
equations corresponding to the model’s equilibrium. These equations 
provide relationships between our unknown parameters and observed 
equilibrium objects (such as population and housing square footage). By 
collecting data for the empirical counterparts of these equilibrium 

objects, we can use the equations to solve for the unknown parameters. 
This is the second step of our calibration process. 

At the end of the process, we will have a quantitative value for every 
parameter in the model, whether by direct observation, by citation, or 
by calibration. We can then set about doing the interesting work: eval
uating how the model equilibrium values change when you alter key 
parameters. In particular, we will investigate the change in population 
density across locations when the transportation network changes. 

Explicit details regarding the data sources used in the construction of 
the travel cost parameters, the methodology used in the construction of 
the transportation networks for Phoenix and Manhattan, the description 
of additional variables required for calibration (population, income, 
housing and land use), and the steps of the calibration itself can be found 
in Appendix A and B. We omit the details here for brevity. 

Using our simplified models of Phoenix and Manhattan, in the next 
section we explore how well the constructed transportation networks for 
each city models actual commuting mode choice and how well the 
residential rent outputted by the calibrated model matches rent 
observed in census data. 

3.1. Model output versus census data 

Beginning with commute mode, Figs. 1 and 2 present visual checks 
for how well the mode choices implied by the constructed travel cost 
matrices represent actual mode choice in Phoenix and Manhattan. 
Commute mode from the 2013–2017 American Community Survey 
based on the relative majority mode choice for each census block group 
is mapped next to least-cost commute mode based on the constructed 
travel cost matrix. 

Phoenix is predominantly a driving city. This is well represented 
within the travel cost matrix. However, under the assumption of a single 
employment location, the travel cost matrix identifies walking as the 

Fig. 1. Phoenix commuting mode choice.  

13 This model feature captures the notion of an amenity- or nightlife-district, 
where the proximity to other consumers makes a place more attractive. 
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least-cost mode choice at the CBD with the train as the mode choice for a 
few locations along the LRT line. From the census data, walking is the 
dominate mode choice for only one block group. This small block group 
is difficult to see in the figure; it is adjacent to the LRT line towards the 
northern end. Of the 40 commuters in this block group, 28 walk and 18 
drive. Block groups with no commuters represent large commercial and 
industrial locations—the Phoenix International Airport, a medical cen
ter, a prison, and a large industrial park. 

The central employment assumption is more applicable to Manhat
tan which has two main employment locations (Midtown and Down
town); Midtown being the larger of the two. We see this clearly 
displayed in the left panel of Fig. 2 with a large cluster of walking 
commuters in Midtown. This pattern is mimicked within the mode 
choices generated by the travel cost matrix. We do not model driving in 
Manhattan although there are a handful of high income block groups 
where driving is the dominant mode within the census data. 

Median monthly gross rent at the block group level from the 

2013–2017 ACS is mapped next to rent outputted by the model in Figs. 3 
and 4.14 Spatial rent patterns produced by the model follow closely with 
an expected rent gradient based on the monocentric city—highest rents 
at the CBD, decreasing towards the periphery. Again, monocentric city 
assumptions fail to capture the true rent pattern observed in Phoenix. 
Namely, higher rents exist in suburban and exurban block groups. 
Proximity to large nature preserves is also associated with higher 
rents.15 

The overall spatial pattern of rent in Manhattan fits the census data 
quite well. However, the range of rents predicted by the model is much 
smaller. The lower rents present in the census are likely associated with 
rent control or subsidized rent. The extremely high rents may be asso
ciated with local amenity features our model is unable to capture. 

At the aggregate level, the model fits the data relatively well. Mean 
gross rent across all block groups from the model output is $899 for 

Fig. 2. Manhattan commuting mode choice.  

14 Grey block groups represent missing rent data within the census. 
15 We do not model proximity to natural amenities given limited data avail

ability with respect to park locations within Phoenix. 
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Phoenix and $1,658 for Manhattan. From the census data it is $1,153 
and $1,977. Taking the ratio of Phoenix to Manhattan rent for both the 
output and the census gives ratios of 0.54 and 0.58. Thus, modelgen
erated rents fairly accurately represent the overall rent differential be
tween the two cities. 

A supplementary investigation of spatial income gradients is 
included in Appendix C. Visual descriptives of the two cities highlight 
the model’s ability to capture complex spatial patterns with respect to 
income net of commuting costs. Unsurprisingly, the gradient is relatively 
flat when driving is allowed in the Phoenix model. For Manhattan, the 
combination of the train network and walking produces a similarly flat 
gradient. Together, these images demonstrate the equitable accessibility 
provided by two very different networks in two very different cities. 
Removing these dominate transportation networks in each city high
lights the difference in land use patterns: Manhattan as a relatively 
walkable compact city, Phoenix as a city with no meaningful alternative 
to driving to traverse it’s expansive area. Specifically, removing driving 
from Phoenix produces a steep and concentrated gradient emanating 
from the light rail network. The gradient is dampened somewhat with 
the inclusion of scooters given their cheap anywhere-to-anywhere ca
pabilities. Removing the train network from Manhattan, the gradient 
remains nearly identical for locations near Midtown at 42nd Street and 
6th Avenue (Bryant Park) where households choose to walk regardless of 
the presence of a train network. Net incomes decline somewhat for those 
living downtown and more so for those living at the fringes of uptown. 

4. Results 

4.1. What happens if Phoenix bans cars? 

In this section, we use the calibrated model to study what would 
happen if Phoenix removed its car-based transportation network and 
simultaneously allowed its parking lots and driveways to be used for 
amenity and residential purposes. To understand their effects, we vary 
each of these elements in turn. 

Unsurprisingly, the city population falls under all scenarios. How
ever, we show that the scale of the drop-off depends on the interplay 

between transportation modes and the land they require. Adding last- 
mile solutions to light rail and converting former parking into residen
tial and amenity uses makes feasible the preservation of a meaningful 
population in the car-free city. Neither is sufficient alone. Instead, we 
find evidence that there are complementarities between transportation 
and land use. The scale of the transit network is insufficient to generate 
enough homes and amenities without converting parking to other uses. 
But densification is insufficient without ensuring that a wide range of 
places are reachable for commuting and shopping opportunities. 
Changes to both the network and the land use of transportation together 
are able to sustain a sizeable urban population in the absence of cars. 

4.1.1. Last-mile problems: complementarities between scooters and light rail 
Fig. 5 shows four maps of population density in Phoenix. The upper 

left panel shows the observed data, derived from a world where most 
people drive for most trips, although walking and light rail do exist. 
Moving to the upper right panel, we show the equilibrium population 
density in an alternative scenario where cars are no longer available, and 
residents rely on the light rail or their feet. Moving to the lower left 
panel, we show density under the scenario of scooters or walking only, 
but no light rail. Finally, the lower right panel introduces both changes: 
light rail and scooters can both be used, either alone or in tandem. In 
each of the three alternative scenarios, residential and amenity uses are 
now more productive: no space must be set aside for parking. 

As noted above, the total city population declines in all cases. 
However, the magnitude of the decline depends on the scale of the 
transportation network. The current light rail alone covers a relatively 
small fraction of the territory of Phoenix, and at relatively low travel 
frequencies—compared to, say, the dense network of Manhattan. 
Relying on this alone, as in the upper right panel, means households 
choose to cluster mostly along the line. Similarly, relying on the scooter 
alone (bottom left panel), provides insufficient coverage to retain 
households throughout most of the city. In both cases, the decline is 
precipitous: a 95–99% decline in the urban population. 

The combination of scooters with the light rail network leads to a 
different outcome (bottom right panel of Fig. 5). On the commuting side, 
scooters serve as a last-mile solution that extends the reach of the light 

Fig. 3. Phoenix median residential rent per unit per month.  
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rail network beyond the extant line. This raises incomes net of 
commuting costs. However, the scooter also has an important effect on 
access to amenities. This is visible in (for instance) the densification of 
neighborhoods that are adjacent to light rail stops. Commuters are not 
taking the scooter there, but they are using it for some fraction of trips to 
amenities in locations that are beyond the reach of the train. Similarly, 
comparing the bottom two panels, densification of areas far from the rail 
road reflects the role the light rail plays in shopping trips even when 
scooters or walking are the commute mode. Altogether, this tells a story 
of agglomeration through complementarities: the transportation 
network must provide scale in job access to ensure scale in amenities. 

4.1.2. Densification: complementarities between the network and land use 
of transportation 

Next, we turn to the role of the land used in transportation. Specif
ically, we investigate conversion into residential and amenity uses of 
space that would have gone to parking in a car-based city. In terms of the 
model, we are varying ψDR from its baseline calibrated value of 0.65 and 
setting it equal to 1 in either residential construction, in amenity pro
vision, or both. 

We show population density under these different scenarios in Fig. 6. 
In all four panels, we use the transportation network with both scooters 
and light rail. The degree of parking conversion is the only variable 
changing across the four panels. In the upper left panel, we show pop
ulation densities in a city where parking spaces are retained at both 
residential and amenity locations—despite the switch to light rail and 
scooters. Under this scenario, the city is effectively empty. In the upper 
right panel, we set ψDR = 1 for residential uses only; in the bottom left 
panel, we set ψDR = 1 for amenities only. In both of these cases, the new 
city population is less than 1% of the baseline scenario. The bottom right 
panel repeats the previous figure: ψDR = 1 for both uses alongside a 
scooter-and-train transportation network. 

Only this final case corresponds to a meaningful population still 
remaining in the city: 348,000. This is an order of magnitude (or more) 
larger than the other three scenarios. This difference is driven not by 
land availability per se, but rather by a positive feedback loop between 

Fig. 4. Manhattan median residential rent per unit per month.  
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land availability, population, and urban amenities.16 The presence of 
more land for population and amenities encourages growth in both. This 
growth increases the attractiveness of the city still more, until eventually 
the costs of construction are sufficiently high to quell the feedback loop. 
This scenario points towards an important complementarity between 
the urban amenities that enable population growth and the land used by 
transportation for parking. 

4.1.3. Complementarities between last-mile solutions for work and for 
amenities 

Next, we investigate whether the role of the last-mile transportation 
solution is important because it brings more locations into feasible 
commuting distance, feasible amenity-shopping distance, or both. In 
line with the previous cases, the answer is a clear both—and both 
together have a greater impact than either alone. These scenarios are 
shown in Fig. 7. 

Starting from the top left, this first panel reproduces the outcome 
with trains (and walking) but no parking provided. There is substantial 
densification around a few light-rail stations, but the overall effect is a 
99% decline in population for the city as a whole. Moving across to the 
top-right panel, we introduce the option of using a scooter as a last-mile 
solution—but only for shopping trips. Moving to the bottom-left panel, 
we can see that the introduction of last-mile options for commuting 
plays a much larger role. In both cases, scooters for one type of trip are 
able to offer a meaningful expansion of population. 

Moving to the bottom right panel, we see repeated the case where 
scooters (and trains) are available for both kinds of trip. This panel 
makes clear there remains a strong role for complementarities between 
last-mile solutions for work and for amenity access. The effect of the 
scooters for shopping and for commuting are much larger than additive. 

4.2. Manhattan 

To further investigate the role of parking, we now consider three 
scenarios with our Manhattan model, calibrated to data from Manhat
tan. First is the baseline scenario. In this model, the baseline includes 
transit and walking options, and no parking is required at either resi
dential or amenity uses. Second, we consider the effects of eliminating 
the subway system, while still allowing walking and requiring no 
parking. Finally, we consider a scenario with the baseline transit 
network, but now with parking requirements: ψA = ψb = 0.65, as in the 
calibrated Phoenix model. In line with the scenarios in Phoenix, this last 

counterfactual highlights the role of parking in reducing the capacity of 
a city block in providing residential and amenity space.17 These sce
narios are shown in Fig. 8. 

The left panel shows the baseline population density observed in the 
world. Of course, densities are quite high in Manhattan.18 The middle 
panel shows the population densities under a no-subway scenario, 
where walking is the only means of transportation for both commuting 
and shopping. In contrast to Phoenix, there are enough blocks within 
close range of Midtown Manhattan—and baseline incomes are high 
enough—that the city still retains a small population. The population is 
clustered around the business district, with essentially zero residents 
remaining in northern Manhattan neighborhoods like Inwood.19 

The right panel shows the final counterfactual: what if residential 
and amenity uses in Manhattan were burdened with the provision of 
parking, as they are in Phoenix? This highlights the key question of this 
paper in a new way: what are the land-use implications of different 
transportation modes? Even retaining the high-quality subway network 
of Manhattan, the devotion of space to parking more than decimates the 
urban population. In this scenario, Manhattan is empty. The provision of 
parking would be so detrimental to life in Manhattan that the lowered 
density would start a vicious cycle of declining amenities and then 
declining population that would only stabilize after most of the popu
lation was elsewhere.20 

5. Conclusions 

The evidence we provide of complementaries hints at open planning 
possibilities. Indeed, planning is necessary: transforming parking into 
homes and shops will reduce mobility—unless transit fills in the gaps. 
Building transit while retaining parking means insufficient use to capi
talize on the investment (see Severen, 2019). 

In our paper, we focus on the outcomes of several counterfactuals 
oriented around a single possibility: banning cars from Phoenix, 
reverting to a transit (and scooter) network, and densification of former 
parking spaces. We pursue this stylized scenario as it places land use/ 
transportation complementarities into stark relief. The counterfactuals 
are not intended as a policy recommendation.21 

And yet. We do not attempt a full accounting of the benefits of a city 

16 Note that the income (net of commuting costs) of each location is identical across all four scenarios.  
17 Of course, parking can also improve access by car-driving households; we do not model this feature in Manhattan.  
18 As before, the grey-colored blocks are those with zero residential population and/or zero residential building square footage. These areas are principally parks or 

business districts.  
19 As of 1790, the walking city of New York—although clustered around downtown, not midtown—had a population of 30,000.  
20 Granted, we don’t figure in the possibility that declining traffic makes it easier to get around by car than by subway. Our finding overstates the decline. However, 

a decline sufficient to bring Phoenix population densities to Manhattan would still leave the population of the island with about 4% of its original inhabitants—a few 
tens of thousands. Although, the limited geography of the city would mean car mobility would not be as attractive as in Phoenix, providing access to only 23 square 
miles of destinations rather than 517; this would push down on the likely population in a car-based counterfactual.  
21 While policies of banning cars (or at least, private automobiles) have been pursued in several major cities (e.g. https://www.businessinsider.com/cities-going-car- 

free-ban-2017-8), these policies generally are accompanied by existing and new interventions supplementing non-car transportation. Abandoning cars without 
building new transit in Phoenix would not be supportive of continued human habitation in the Valley of the Sun. 

16 Note that the income (net of commuting costs) of each location is identical 
across all four scenarios.  
17 Of course, parking can also improve access by car-driving households; we 

do not model this feature in Manhattan.  
18 As before, the grey-colored blocks are those with zero residential population 

and/or zero residential building square footage. These areas are principally 
parks or business districts.  
19 As of 1790, the walking city of New York—although clustered around 

downtown, not midtown—had a population of 30,000. 

20 Granted, we don’t figure in the possibility that declining traffic makes it 
easier to get around by car than by subway. Our finding overstates the decline. 
However, a decline sufficient to bring Phoenix population densities to Man
hattan would still leave the population of the island with about 4% of its 
original inhabitants—a few tens of thousands. Although, the limited geography 
of the city would mean car mobility would not be as attractive as in Phoenix, 
providing access to only 23 square miles of destinations rather than 517; this 
would push down on the likely population in a car-based counterfactual.  
21 While policies of banning cars (or at least, private automobiles) have been 

pursued in several major cities (e.g. https://www.businessinsider.com/cities- 
going-car-free-ban-2017-8), these policies generally are accompanied by exist
ing and new interventions supplementing non-car transportation. Abandoning 
cars without building new transit in Phoenix would not be supportive of 
continued human habitation in the Valley of the Sun. 
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shifting from driving to transit, but some benefits of doing so are quite 
plain. One such dimension is environmental. Glaeser and Kahn (2010), 
among others, provide evidence that denser urban areas, with their 
associated smaller apartments and smaller share of driving trips, enjoy 
lower greenhouse gas emissions that more sprawling suburban areas. 
But the flip side of the spatial concentration of productive land use in car 
cities is that ambient air pollution (PM2.5) is more concentrated (Carozzi 
& Roth, 2018). A good deal of this PM2.5 comes not from cars’ exhaust 
but from their toxic tire and break pad dust (Fang et al., 2017). This dust 
and soot is associated with lower levels of life expectancy, infant 

mortality, and emergency room visits resulting in substantial public 
health costs. 

Densifying a car city is insufficient for local respiratory health: a 
transition towards modes that pollute far less (rather than towards 
electric vehicles, which still use brakes) is necessary. Such a transition 
would also ease the global burdens of climate change. The power of the 
parking lot is to close the loop on this transition: the space wasted on 
parking today can become tomorrow’s homes and shops, filling out the 
missing pieces of our new transit- and walking-accessible 
neighborhoods.  

Fig. 5. Phoenix density under the baseline and counterfactuals. In the baseline case, densities are uniformly above 500 people per square mile. In the other cases, 
densities in outlying areas are essentially zero while densities at the CBD and, in some cases, along the light-rail line are well above 500 people per square mile. 
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Appendix A. Spatial Model of a Consumer City 

This section describes our spatial consumer city model. 
A.1. Geography 

The city consists of N discrete locations given by the set 1, 2,…,N. Each location i ∈ N is endowed with a measure Li of land. Locations are connected 
by transportation networks that can involve walking, driving, and transit. We consider two types of network structures that we call the transit city and 
the driving city. These are described by the travel cost matrices τTr

ij and τD
ij . 

Fig. 6. Phoenix density under counterfactuals. In the upper two panels, densities are essentially zero everywhere. In the lower two panels, densities in outlying areas 
are essentially zero while densities at the CBD and, in some cases, along the light-rail line are well above 500 people per square mile. 
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A.2. Agents and their problems 

A.2.1. Preferences and the household problem 
The model economy contains a measure Ω of households. These households choose which location i ∈ N to live in. Household ω residing in location 

i receives a location-specific endowment yi.22 

Households have preferences over locations, and we use ui to signify the exogenous amenity generated by location i. Households also receive utility 
from housing, and we let hi(ω) denote the housing demand of household ω in location i. The rent they pay is denoted ri. Residents also consume a 
numeraire consumption good, and we use ci(ω) to signify purchases of this good. 

Fig. 7. Phoenix density under counterfactuals. Densities in outlying areas are essentially zero while densities at the CBD and, in some cases, along the light-rail line 
are well above 500 people per square mile. 

22 The location dependence may reflect access to job centers: higher in places with shorter average commuting costs, and vice versa. These effects may be idio
syncratic, as different households may value various job clusters differently from one another. 
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Households gain utility through visiting neighborhoods and experiencing the amenities that are offered. We write as qik(ω) as the number of 
amenities experienced in location k by household ω living in location i. Traveling from i to k for these amenities has a multiplicative cost τik ≥ 1, where 
τii = 1 for all i. Locations vary in the quality of the amenities, which is given by Ak. Households have constant elasticity of substitution (CES) pref
erences over varieties of amenities given by 

Qi(ω)=

(
∑

k∈N
(Ak)qik(ω)

σ− 1
σ

) σ
σ− 1

.

Here, σ > 1 captures the elasticity of substitution. 
Households have Cobb-Douglas preferences over housing, hi(ω), the numeraire good ci(ω), and the aggregate amount of amenity experiences 

Qi(ω). The corresponding exponents are given βh, βc, and βa and we assume βh + βc + βa = 1. The location-specific exogenous amenity ui enters 
multiplicatively, so that utility for household ω locating in i is given 

u(ω)= ui × Qi(ω)βa × ci(ω)
βc × hi(ω)

βh .

Solving the household’s problem We can state the problem of household ω as 

max
i

[

max
Qi(ω),ci(ω),hi(ω)

ui ×Qi(ω)
βa × ci(ω)

βc × hi(ω)βh

]

,

subject to the budget constraint 
∑

k∈N
τikqik(ω)+ ci(ω) + rihi(ω) = yi(ω).

We solve the inside maximization problem—how much to spend on housing, consumption, and amenity experiences—and then the exterior 
problem of where to live. 

Housing expenditure The Cobb-Douglas utility function implies that agents spend a constant fraction of income βa on amenity experiences, a 
fraction βc on numeraire consumption, and a fraction βh on housing. Thus total housing expenditure is given 

rihi = βhyi. (1) 

Amenity experience expenditure Household ω in location i has the following first order condition for amenity experiences in location k, where 
μi(ω) is the Lagrange multiplier on the budget constraint when choosing to live in location i: 

Akqik(ω)
σ− 1

σ − 1
× βauiQi(ω)

1
σ+βa − 1ci(ω)

βc hi(ω)βh = μ(ω)τik.

Next we take the ratio between the first order conditions for window shopping in locations k and k′ , respectively. Simplifying, we have 

Fig. 8. Manhattan density under baseline and counterfactuals. In the baseline case, densities are well above 500 people per square mile everywhere. In the middle 
panel, densities are above 500 near Midtown but below 500 near the top and bottom of the island. In the right panel, densities are essentially zero everywhere. 
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(
qik′ (ω)

qik(ω)

)− 1/σ

=
Akτik′

Ak′ τik
.

We can rearrange this to solve for qik′ (ω): 

qik′ (ω)= qik(ω)

(
Akτik′

Ak′ τik

)− σ

.

Next, we multiply through by τik′ (ω) to get total expenditure on the amenity experiences in k′ : 

τik′ qik′ (ω)= qik(ω)
(

τik

Ak

)σ

(Ak′ )
στ1− σ

ik′ .

Next, we sum over k′ . On the left hand side, this leaves us with total expenditure by household ω on amenity experiences, which we know to be 
βayi(ω). Then, we have: 

βayi(ω)= qik(ω)
(

τik

Ak

)σ∑

k′ ∈N

(Ak′ )
στ1− σ

ik′

It is useful to define location-specific consumer price index: 

P1− σ
i =

∑

k∈N
(Ak)

στ1− σ
ik . (2) 

This price index captures the aggregate value of amenities accessible to a household in location i, weighted by the cost of accessing those amenities. 
To interpret the relationships, recall that σ > 1, implying that changes that increase the magnitude of the right-hand side will lower the price index 
experienced by consumers in a location. A larger Ak—that is, a high-quality amenity experience—will tend to lower the price index in location i. On the 
other hand, a larger travel cost τik will raise the price index in location i. 

With this definition, we can simplify the right-hand side to 

βayi(ω)= qik(ω)
(

τik

Ak

)σ

P1− σ
i .

Rearranging, this gives us expenditure by household ω in location i on travel for amenity experiences in location k: 

τikqik(ω)= βayi(ω)
Aσ

k τ1− σ
ik

P1− σ
i

.

Summing over k, we have 
∑

k∈N
τikqik(ω)=

∑

k∈N
βayi(ω)

Aσ
k τ1− σ

ik
P1− σ

i

= βayi(ω)

∑
k∈N Aσ

k τ1− σ
ik

P1− σ
i

= βayi(ω)
P1− σ

i

P1− σ
i

= βayi(ω).

Thus, each household spends a fraction βa on amenity experiences. 
Indirect utility function Taking the equilibrium spending shares for consumption and housing, plugging them into the utility function, and 

simplifying, we can define indirect utility as 

vi(ω)=B × ui ×
yi(ω)

Pβa
i rβh

i

.

For household ω, the location decision amounts to choosing i to maximize vi(ω). The indirect utility form will be useful in deriving the spatial 
equilibrium where the constant B = ββa

a × ββc
c × ββh

h . 

A.2.2. Construction 
Each location contains a representative real estate firm. These firms are endowed with land Li, and they combine land with building materials Mi to 

produce floor space Hi according to the production function 

Hi =ψbbiLη
i M1− η

i .

Here, bi is the location-specific construction productivity, while ψb ∈ [0,1] captures the square footage available after accounting for parking. As with 
parking for consumer amenities, ψb = 1 implies no floorspace is lost to parking, while ψb < 1 means that some floorspace must be devoted to parking 
and is unavailable for household consumption in other ways. Developers purchase building materials at price s. The cost of producing Hi units of floor 
space is thus 

sMi = s
(

Hi

ψbbi

)1/(1− η)

L− η/(1− η)
i .

Rent received from the household is ri. Their profits are given 
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riHi − s
(

Hi

ψbbi

)1/(1− η)

L− η/(1− η)
i .

They choose the level of output Hi that maximize profits. Rearranging the first order condition of this problem yields gives 

Hi =

(

ri
1 − η

s

)(1− η)/η

(ψbbi)
1/ηLi. (3) 

Firm profits are retained by capitalists outside the model. 

A.2.3. Aggregation 
Income and floor space Denote Ωi as the set of households living in location i. Then, total income Yi of households living in i is given Yi =

∫

ω∈Ωi
yi(ω)dω = yiΩi. Similarly, total housing consumption of households in location i is given HR

i =
∫

ω∈Ωi
hi(ω)dω = hiΩ(i). Given the consumption 

decisions analyzed above we have 

riHR
i = βhYi. (4) 

The floor space market clears when construction sector output Hi is equal to demand: 

Hi = hiΩi. (5) 

Spillovers We allow there to be spatial spillovers affecting the utility terms Ak. This reflects a common feature of locations with amenities: they 
become more fun with others. Realized utility terms Ak are thus the result of the process 

Ak =ψAAk

∑

i∈N
KikΩζ

i . (6)  

Here, Kik is the spillover matrix linking locations i and k, while ζ ∈ [0,1] governs the strength of spillovers.23 The term A captures an underlying 
exogenous amenity of each location. The matrix Kik is strictly diminishing in travel costs τik. Specifically, we set Kik = 1/τ0.5

ik . This implies a 50% 
increase in travel cost decreases the effect of the population size in i on Ak by about 20%. Note that we considered a range of exponents on the τik term 
(0.25–0.75). Results are broadly similar. 

Here, ψA ∈ [0, 1] accounts for the decline in consumer amenity values owing to the necessity of parking. We interpret this as the share of retail space 
devoted to parking. If ψA = 1, no land is lost to parking and the consumer experiences the full amenity value of the location. If ψA < 1, then some 
square footage is devoted to parking and the value of the amenities are diminished correspondingly. 

Spatial Equilibrium In the spatial equilibrium, households receive the outside option at each location: 

W =B × ui ×
yi

Pβa
i rβh

i

. (7)  

A.3. Equilibrium & Calibration 

A.3.1. Definition of Equilibrium 
An equilibrium of the model is a set of populations Ωi, residential space Hi, rents ri, price indices Pi, and endogenous amenities Ak that satisfy (1) the 

household’s utility-maximization problem, (2) the spatial equilibrium condition, (3) the construction firm’s profit-maximization function, (4) the 
definition of the price index, and (5) the amenity spillover equation. 

A.3.2. Constructing an equilibrium 
The following describes an algorithm for calculating the equilibrium, given parameters, data for land area Li & travel times τik, and spillover matrix 

Kik & amenity terms ui and Ak.  

1. Begin with an initial guess for the set of populations Ωi.  
2. Combined with equation (6), the Ωi yield realized amenity quality Ak.  
3. Combined with equation (2), the Ak yield prices Pi.  
4. Combined with equation (7), the Pi yield rents ri.  
5. Combined with equations (4) and (3), this gives hi and Hi.  
6. Dividing Hi/hi gives an updated set of populations Ωi. 

Steps 2–6 define a contraction that will converge to the equilibrium values of the population. Upon convergence, the set of values Ak, Pi, ri, hi, Hi, 
and Ωi constitute the equilibrium of this parameterization of the model. 

A.3.3. Calibrating amenities from the data 
We use data to calibrate the values of the local amenities ui. In particular, we collect data for 

23 Spillovers are increasing in population, but there are diminishing returns associated with congestion. 
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• travel times τik,  
• residential square footage Hi,  
• residential land area Li  
• retail space which is normalized to produce Ak  
• local income (net of commute costs) yi,  
• and local populations Ωi. 

We normalize the outside option W.24 We combine these variables with calibrated parameters and various equilibrium conditions to immediately 
obtain the following:  

• From the definition of total income, we have total income Yi = yiΩi.  
• From equation (4), we have rent ri = βhYi/HR

i .  

• From equation (3), we have real estate productivity bi = (Hi/Li)
η
/

(

ri
1− η

s

)1− η
.  

• From equation (2), we have Pi = (
∑

k∈NAσ
kτ1− σ

ik )
1/(1− σ).  

• From equation (7), we have ui =
WPβa

i rβh
i

Byi
.  

• From equation (6), we have Ak = Ak(ψA
∑

i∈NKikΩζ
i )

− 1
.

A.4. Calibration and model targets 

Table 1 provides details on the parameters chosen for the calibrated model.  

Table 1 
Targets and sources for calibration.  

Household Components 

Parameter Description Value Target/Source 

σ  Elasticity of substitution 3  
βa  Cobb-Douglas 0.40 Shopping share 
βh  Cobb-Douglas 0.35 Housing share 

Transportation & Construction Components 
Parameter Description Value Target/Source 

ζ  Spillover strength 0.02 Allen et al. (2016) 
S Cost of construction materials $150 ProMatcher (2020) 
Н Land share in production 0.2 Albouy and Ehrlich (2018) 

City-Specific Components 
Parameter Description Value Target/Source 

Phoenix Manhattan 

ψA  Non-parking share of amenity space 0.65 1 Hoehne et al. (2019) 
ψB  Non-parking share of residential space 0.65 1 No parking  

Appendix B. Data and Transporation Network Details 

B.1. Travel times 

We start by describing the calibration procedure in terms of the construction of the travel cost matrix τij from observable transportation infor
mation and the selection of key parameters in the model which are derived from observed data for both Manhattan and Phoenix. 

First, we construct the transportation networks for both Phoenix and Manhattan. These networks consist of road, light-rail, and subway networks. 
Centerline road shapefiles are retrieved from NYC Open Data and City of Phoenix Open Data for Manhattan and Phoenix respectively (City of Phoenix 
Open Data, 2020; NYC Open Data, 2020). General Transit Feed Specification (GTFS) data for both Manhattan and Phoenix are used to construct the 
transit networks (OpenMobilityData, 2020a,b). GTFS data contains data pertaining to the transit schedule, fares, geographical transit information, 
arrival predictions, vehicle positions, and service advisories. The format of these data are consistent across transit agencies which allows for ease of use 
in geographic software. 

We combine the road and transit data within ArcGIS to create a Network Dataset that can be used to construct least-cost routes for origin/ 
destination pairs. In Manhattan, these pairs consist of census block centroids, in Phoenix they are census block group centroids. Locations without 
residential populations are omitted from the network construction. We consider 2356 census blocks in Manhattan resulting in 5,550,736 origin/ 
destination pairs. For the City of Phoenix, we consider 964 census block groups which result in 929,296 origin/destination pairs.25 The minimum 
travel time for each pair along the network is computed using Dijkstra’s algorithm. An origin/destination least-cost matrix in units of minutes results. 

Multiple origin/destination cost matrices are constructed for each city based on mode. Using the road networks for each city, we construct cost 

24 The calibration of the remaining parameters (such as σ, βh, etc) is done in the next section.  
25 There are approximately 30,000 census blocks within Phoenix proper. This is a computationally burdensome amount; therefore, we opt to use block groups in the 

Phoenix setting. 
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matrices for walking only, scooting only, and driving only given their various speeds—where driving only is considered for Phoenix but not Man
hattan. We assume a walk speed of 83 m/min (5 km/h). Scooter speed is estimated at 250 m/min (15 km/h).26 Driving speed in Phoenix varies with 
road type. We make a coarse categorization of local versus major arterial roads with speeds of 800 m/min (48 km/h) and 1333 m/min (80 km/h) 
respectively. We also construct matrices for combined mode use: walking and subway; walking, scooting, and subway/light-rail. Here the algorithm 
searches across the full network of roads and transit lines given mode speed on the road and the transit travel time between stations provided by the 
GTFS data. 

Travel costs in the model are fully converted to dollar values. This conversion enables the combination of travel time costs with monetary costs (e. 
g., fares). We do this conversion by multiplying travel times by an estimate of median hourly earnings for Phoenix ($18) and for Manhattan ($32). For 
driving, we also add 3 min (multiplied by $18/hr) for parking itself.27 The estimates are taken by dividing annual median earnings from the 2018 
American Community Survey by 2000 h. Multiplying through the times by these figures, we then sum appropriately any monetary costs. For car-based 
trips, we add $0.50 per mile driven. For transit-based trips, we use the published fares of $2 each direction in Phoenix and $2.75 each direction in 
Manhattan. For scooters, we use a $1 base charge plus $0.20 per minute. We also add a 5-min cost to scooter trips to capture search and unlock times; 
we convert this time cost to a monetary cost as above. 

Finally, we construct a travel cost matrix that combines the Phoenix transit network with the possibility of using a scooter as a last mile option, 
connecting users from their origin to the train station and/or the train station to their destination. We construct the network as follows. For each 
origin/destination pair, we calculate the three nearest train stations at each end. For each pair, this gives us nine (= 3× 3) possible transit routes. For 
each of these nine routes, we use the walking and scooter travel cost matrices to calculate the lowest-cost mode for the trips between the origin and the 
starting train station as well as for the ending train station to the destination. Next, for each of the nine routes, we sum the costs of each of the three trip 
segments: origin to train station, on the train, and train station to destination. Lastly, we take the minimum of these nine routes. This is our final travel 
cost for the scooter-plus-train transportation network. 

B.2. Population, income, housing, and land data 

For the full calibration of the model, we require population, building and land use information at the census block and census block group level. All 
households have identical income within the two cities which we set to the median earnings from the 2013–2017 American Community Survey. The 
values are $64,659 for Manhattan and $36,508 for Phoenix. The 2010 Census provides population data at the block level for Manhattan and block 
group level for Phoenix. Observed retail and residential square footage per parcel along with residential lot area is provided by New York City 
Department of Planning and Maricopa County Assessors (NYC Department of Planning, 2020; Maricopa County Assessor’s Office, 2020). We aggregate 
the parcel-level square footage to the block or block group level. 

Missing residential multifamily rental square footage is a concern for the Phoenix parcel data set. Upon close review, the residential parcel data 
omits some but not all multifamily rental buildings. Unfortunately, we can not be certain exactly how many of these buildings are omitted from the 
parcel data without resorting to a parcel by parcel inspection. We adjust for this missing data issue by estimating a lower bound for the residential 
square footage and residential lot area based on block group population, block group land area, census counts of various housing structures (detached, 
multifamily, etc.), and distance from the block group centroid to the CBD. Separate OLS regressions are run for both residential square footage and 
residential lot area using interactions of the listed explanatory variables. R-squared for the residential square footage and residential lot area re
gressions are reasonably high at 58% and 59% respectively. The residential square footage and residential lot area for each block group to be used in 
the model is then taken as the maximum between the predicted value from these regressions and the value observed in the parcel data.  

Table 2 
Summary Statistics   

Variable Min. p25 Median p75 Max. Std. Dev. 

Manhattan Pop. 1 271 525 853 4067 459 
Retail Sqft 0 7770 18,414 39,199 1,309,061 57,345 
Res. Sqft 791 164,253 290,641 493,329 8,367,942 353,223 
Res. Lot Area Sqft 735 40,808 67,647 100,841 2,675,000 97,304 
Res. FAR 0.032 3.105 4.043 6.224 38.529 3.376 

Phoenix Pop. 16 1130 1449 1810 4340 554 
Retail Sqft 0 0 18,245 78,772 3,514,788 213,133 
Res. Sqft 4316 603,348 836,664 1,149,640 6,169,659 575,728 
Res. Lot Area Sqft 282,039 2,494,394 3,844,895 5,007,289 58,043,928 3,937,948 
Res. FAR 0.012 0.182 0.220 0.289 1.696 0.146  

Table 2 presents the summary statistics for the model inputs for Manhattan and Phoenix. We also include the residential floor-to-area ratio (FAR) for 
comparison purposes. Typically block groups are larger in area than blocks. This difference is kept in mind in the following comparisons. Beginning with 
population, the median population of a Manhattan block is roughly a third of the median population of a Phoenix block group. However, maximum 
values are similar highlighting the higher population density that exists in Manhattan. While the median for retail square footage for Manhattan and 
Phoenix is nearly identical at 18,414 and 18,245 respectively, the upper half of the Phoenix distribution quickly increases. Zero retail square footage for 
the 25th percentile in Phoenix indicates there are many block groups with no retail square footage at all. This is in contrast to Manhattan where the 25th 

percentile contains 7770 square feet. Median residential square footage for Manhattan is just over a third of the median for Phoenix. However, the 
maximum residential square footage in Manhattan is over 2,000,000 square feet more than in Phoenix. This is despite the size difference in blocks versus 
block groups. This fact and the lower levels of residential lot area square footage for Manhattan than Phoenix hint at the much greater residential density 
in Manhattan. The summary statistics for residential FAR clearly indicate this difference. The median residential FAR in Manhattan is 4.043 compared to 

26 Scooters have a similar travel speed to bicycles. For bike share systems, the non-time costs are similar as well. For these reasons, we choose to focus solely on 
scooters, a possibly more attractive option in a hot environment. However, the results should be similar if we incorporated a bicycling option.  
27 The transit travel time data already includes periods like wait times. 
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0.220 in Phoenix. The maximum FAR in Phoenix does not surpass Manhattan’s 25th percentile of 3.105. Residential square footage is brought directly into 
the model. Retail square footage is first divided by 1.4M; this variable is used directly as our measure of amenity Ak. 

Appendix C. Spatial Income Gradients 

Here, we provide figures of take-home income net of commuting costs across locations. These figures are akin to spatial income gradients, where 
the variation follows from the cost of commuting. In particular, we assume that each household earns their city’s median annual earnings. Next, for 
each location, we calculate the commute cost using the same methodology described above for other trips. Finally, we multiply this round-trip cost by 
250 working days per year, and subtract this total from the median annual earnings. Variation in spending power across locations thus comes 
exclusively from variation in commuting cost. We show these figures here for the various commute possibilities under study.

Fig. 9. Phoenix median earnings net of calibrated commuting costs. In the baseline case, net earnings are above $20,000 everywhere. In the other cases, net earnings 
are above $20,000 near the center but essentially zero near the city fringes. 
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Fig. 9 shows the spatial income gradients under four different calibrated transportation networks in Phoenix. Here, the central business district is at 
the intersection of Washington Street and Central Avenue.28 The upper left panel shows net income when households can drive, take the train, or walk 
to work at the central business district.29 The upper right panel takes away the option to drive to work. In turn, outlying areas and those places far from 
the train line see substantial declines in their net income. The bottom left panel further removes trains, but adds the option to take a scooter to work. 
This mode is a bit more symmetric, although the higher time costs imposed by the lower speeds than driving are readily apparent. Finally, the bottom 
right panel shows net income when the transportation network allows trains, scooters, and multi-modal trips. Scooters are available both as the main 
mode and as a last-mile option for light rail trips. 

Fig. 10 shows the spatial income gradients for two different calibrated transportation networks in Manhattan. Here, the central business district is 
in Midtown Manhattan at 42nd Street and 6th Avenue (Bryant Park). The left panel shows incomes net of commuting costs to Bryant Park in the 
baseline city: households can walk or take the subway. The right panel shows net incomes when only walking is available. For some locations near 
midtown, the pictures are identical. In those places, households already chose to walk. Farther uptown and downtown, however, incomes are low
er—much lower. In those places, walking to midtown would represent a real challenge to households.

Fig. 10. Manhattan median earnings net of calibrated commuting costs. In the baseline case, net earnings are above $40,000 everywhere. In the walking-only case, 
net earnings fall below $40,000 near the top of the island. 
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