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Abstract

This paper studies the evolution of the spatial distribution of population and employment within
a city. We exploit an unusually large shock to city structure: the atomic bombing of Hiroshima,
which completely destroyed its city center but not its periphery. Newly digitizing spatially gran-
ular data, we first document that the city center strongly recovered just about five years after
being destroyed. Furthermore, we show that this rebuilding is not well explained by the fun-
damental locational characteristics of the city center. We then develop and calibrate a novel
dynamic urban economics model to further investigate the mechanisms underlying the recov-
ery. Our findings suggest that strong agglomeration economies, together with individuals’ ex-
pectations in the recovery, created a strong incentive to reconstruct the city center despite its
catastrophic shock.
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1 Introduction

City structure, the spatial distribution of population and employment within a city, evolves dif-
ferently in various contexts. For example, Los Angeles and Houston experienced significant sub-
urbanization in the 20th century and their city centers became less dense, whereas the historical
city centers of New York, Paris, and Tokyo remained relatively dense. What factors determine the
evolution of city structure? Studies have highlighted the importance of two key factors (Lin and
Rauch 2022). The first consists of fundamentals such as transportation costs and natural amenities.
The second factor is history, which influences the path of the city structure through the durabil-
ity of investments and lock-in effects arising from spillover effects. In addition, although much
less studied empirically, expectations regarding future city structure may also influence the path
through forward-looking location decisions (Krugman 1991; Matsuyama 1991). Understanding the
evolution of city structure and its underlying mechanisms is essential for evaluating the short- and
long-term effects of spatial policies, such as infrastructure investment and urban renewal. These
policies change the dynamics of city structure, which in turn affects important outcomes, such as
productivity, amenities, commuting time, and environmental pollution, that have repercussions on
welfare.

This paper examines the dynamics of city structure through the experience of Hiroshima. Since
the atomic bombing drastically changed the city structure, the evolution of Hiroshima after the
bombing is an interesting laboratory for studying the mechanisms underlying the dynamics of ur-
ban configuration. To this end, we newly collect granular data on population, employment, and
fundamental characteristics at the block level within Hiroshima. Using these data, we find the
strong path-independence in Hiroshima: the completely destroyed city center recovered just five
years after the atomic bombing. In particular, our reduced-form analysis reveals that the fundamen-
tal location advantages of the city center do not plausibly explain the rebuilding. Therefore, the city
center achieved the rapid recovery, the key characteristic of the dynamics of the city structure of
Hiroshima, thanks to something other than its fundamental locational advantages.

To further investigate the mechanism underlying the recovery of central Hiroshima, we develop
and calibrate a novel dynamic quantitative urban model. In the model, finitely-lived individuals can
switch their residence and workplace while anticipating future productivity and amenities, subject
to migration frictions and idiosyncratic taste shocks; and both productivity and amenities at each
location depend on current and historical employment and population density, as well as fundamen-
tal characteristics. The calibration of the model shows that it adequately explains the resurgence
of population and employment in the city center after the bombing, and agglomeration economies
are the key to making central Hiroshima again an attractive place to live and work. Furthermore,
by contrasting with an alternative version of our model in which people do not foresee the recovery
of the city center, we demonstrate that expectations in the recovery are essential for agglomera-
tion in the city center to be realized. Taken together, our quantitative findings highlight the role of



agglomeration economies and expectations in shaping the dynamics of city structure.

Section 2 describes historical background and newly collected data on the distribution of eco-
nomic activities within Hiroshima. Due to the unprecedentedly large shock to its city structure
caused by the atomic bombing, Hiroshima provides a unique case study for understanding the dy-
namics of city structure. The majority of the administrative region of Hiroshima city lies within
6 kilometers of the city center, and on August 6, 1945, almost all structures within 2 kilometers
of the city center were destroyed by the atomic bomb. However, many buildings on the outskirts
were not entirely destroyed. Some areas on the outskirts even experienced an increase in population
due to the inflow of survivors from the city center. Consequently, the atomic bombing reversed
the monocentric city structure, leaving the city center with the lowest population and employment
density.

In Section 3, our reduced-form analysis reveals the strong path-independence in Hiroshima de-
spite the unprecedented magnitude of the historical shock. Our key findings are twofold. First,
the completely destroyed city center recovered within five years of the atomic bombing. Although
history has been identified as a major determinant of city structure, the influence of the atomic
bombing on Hiroshima’s city structure quickly disappeared in the post-war period. This recovery
result is consistent with historical-shock independence in the across-city distribution after bombing
(e.g., Davis and Weinstein 2002). Notably, however, our recovery result is obtained for the within-
city population distribution that tends to exhibit path dependence in other empirical settings (Lin
and Rauch 2022). Second, our novel result is that the recovery of central Hiroshima is not plausibly
explained by fundamental locational advantages of the city center. To this end, we control explicitly
for observable location characteristics and restrict our sample of study to a small, relatively homoge-
neous area of the city. We also analyze Nagasaki, in which the periphery was completely destroyed
in contrast to Hiroshima, and find that the destroyed areas recovered also in Nagasaki. In sum, our
empirical analysis suggests that history or fundamentals alone could not predict the fast and strong
rebuilding of central Hiroshima.

We investigate the underlying mechanisms of the recovery by developing a novel dynamic quan-
titative urban model in Section 4. In particular, our model is the first quantitative spatial model that
accommodates commuting, forward-looking location choice, and path-dependence in location de-
cisions and fundamentals. A city has heterogeneous location-specific amenities and productivity,
and people commute within a city. In our model, (i) agents correctly anticipate the future path of
the economy when making location decisions, and (ii) neighborhood amenities and productivity
depend on population and employment density. Therefore, the location decisions of individuals
hinge on the future changes in population and employment distribution in the city, which define
the option value associated with each neighborhood. Our model also incorporates a perspective
of backward-looking location decisions, which may result in history-dependence in our model. In
particular, amenities and productivity depend on past population and employment density (Allen
and Donaldson 2022), and migration is subject to frictions (Caliendo, Dvorkin and Parro 2019).



In Section 5, we calibrate our model and assess how well our model explains the recovery of
central Hiroshima. For calibration, we use the data on population, employment and other observed
characteristics during the post-recovery period in Hiroshima from 1950 to 1975. We leverage the
structure of the model to estimate model parameters and recover unobserved location characteris-
tics. Our key parameters are spillovers in amenities and productivity that determine the value of
future returns from location choices. We find strong net agglomeration economies in both ameni-
ties and productivity: a high population and employment density today improves current amenities
and productivity, respectively. In addition, a higher population density five years ago increases the
current value of amenities, while a high employment density five years ago is negatively associated
with the current level of productivity. Our spillover estimates are broadly in line with Allen and
Donaldson (2022) in the across-county setting of the US, except that the net amenity spillovers are
positive in our setting due to the positive contemporaneous spillovers. We then assess the ability of
our calibrated model to explain the data from 1945 to 1950 when people returned to the completely
destroyed city center. We demonstrate that our model can well explain the resurgence. Moreover,
we highlight that agglomeration economies are the key for driving the recovery. In particular, by
shutting down agglomeration forces, the model fails to predict the recovery of the central Hiroshima.
In contrast, the recovery is not attributed to location specific amenities and productivity of the city
center because they are not superior to those of the periphery, which is consistent with our reduced-
form findings. Overall, the recovery of population and employment in the city center enhances its
attractiveness through agglomeration economies, providing an incentive for people to live and work
there.

In Section 6, we analyze an implicit prerequisite for agglomeration economies to rationalize the
recovery: people expect the recovery of central Hiroshima when choosing their residence and work-
place. Specifically, if people expected that the center would not recover, they would not choose to
live and work in the city center because the attractiveness of the city center due to agglomeration
economies was not expected to realize. We formalize this intuition by considering an alternative
version of our model in which workers take their best responses not by expecting the recovery of
population and employment in the city center but by anticipating that population and employment
distributions right after the bombing would continue. This model with expectations in no recovery
fails to predict the observed resurgence but predicts that the old periphery of the city achieves high
levels of population and employment, a prediction of path-dependence in contrast to the observed
data. As discussed in Krugman (1991) and Matsuyama (1991), this result suggests that, in the pres-
ence of strong agglomeration economies, expectations in the recovery may become self-fulfilling.
Finally, although we remain agnostic about the origin of the expectations in the recovery and fo-
cus on showing their importance for accounting for the recovery given their emergence, we briefly
discuss the possible causes of the expectations in recovery. In particular, we highlight the presence
of governmental recovery plans, the anchoring effect of the transportation network, property rights,
and the popular narrative of rebuilding that may have induced “memory-based” expectations.



Overall, our analysis of the experience of Hiroshima highlights that agglomeration economies,
combined with the expectations in the recovery, may play the key role in shaping the evolution of city
structure. Therefore, although fundamental locational characteristics and path-dependence may also
crucially affect the evolution of city structure in other contexts, taking into account agglomeration
economies and expectations may be important for understanding how city structure evolves and the
relevant policy effects.

Related literature. This paper contributes to the extensive literature on the determinants of the
spatial distribution of economic activities. The first strand of research examines whether a his-
torical event has a persistent impact on the spatial distribution of economic activities. Previous
studies exploiting war-time destruction as a shock often discovered path independence (Davis and
Weinstein 2002, 2008; Brakman, Garretsen and Schramm 2004; Bosker, Brakman, Garretsen and
Schramm 2007; Miguel and Roland 2011; Feigenbaum, Lee and Mezzanotti 2022). In particular,
the seminal work by Davis and Weinstein (2002) finds that across-city population distribution of
Japan after World War II converged to the pre-war trend, including Hiroshima and Nagasaki. Yet,
path dependence may arise depending on the historical event and the outcome variables of interest
(Arthur 1994; Redding, Sturm and Wolf 2011; Bleakley and Lin 2012; Schumann 2014; Siodla
2015; Hornbeck and Keniston 2017; Michaels and Rauch 2018; Brooks and Lutz 2019; Ambrus,
Field and Gonzalez 2020; Kocornik-Mina, McDermott, Michaels and Rauch 2020; Heblich, Trew
and Zylberberg 2021; Allen and Donaldson 2022; Brooks, Rose and Veuger 2022; Yamasaki, Naka-
jima and Teshima 2022; Yamagishi and Sato 2023; See Glaeser 2022; Lin and Rauch 2022 for recent
review). Our paper is distinctive from these studies in three important ways. First, we use the new
spatially granular data to analyze the intra-city spatial distribution of economic activities.! Second,
we use the atomic bombing of Hiroshima as an exogenous and unprecedentedly large shock to the
internal structure of the city. Finally and most importantly, we apply a novel dynamic quantitative
urban model to this historical shock to investigate why we observe path independence in Hiroshima,
highlighting the role of agglomeration economies and expectations in overcoming the catastrophic
history.

Our paper also relates to the literature emphasizing the fundamental locational characteristics
as a determinant of city structure. This is a spirit of the theories of urban economics dating at least
back to the Alonso-Muth-Mills model (Fujita 1989), and the importance of fundamental locational
characteristics, such as transportation costs and natural conditions, has been empirically investigated
(e.g., Anas, Arnott and Small 1998; Glaeser and Kahn 2004; Saiz 2010; Lee and Lin 2018; Harari
2020). Our paper does not at all deny the importance of fundamental locational characteristics in
determining city structure. Nevertheless, by showing that the rebuilding after the atomic bombing

IAs reviewed by Lin and Rauch (2022), the focus on the within-city setting is recent but growing (e.g., Ahlfeldt,
Redding, Sturm and Wolf 2015; Hornbeck and Keniston 2017; Brooks and Lutz 2019; Ambrus et al. 2020; Heblich
et al. 2021). We investigate the atomic bombing, which is also analyzed by Davis and Weinstein (2002, 2008) in the
across-city setting, by focusing on its effect on the city structure.



in Hiroshima is unlikely to be explained by locational fundamental characteristics alone, our paper
suggests that factors other than locational fundamental characteristics, especially agglomeration
economies and expectations, can also be important determinants of the city structure.

This paper also contributes to the discussion about the role of expectations in shaping the evo-
lution of the spatial economy. Krugman (1991) and Matsuyama (1991) show that self-fulfilling
expectations can induce a transition from one steady state to another when multiple equilibria exist,
implying that the initial condition determined by history can be overcome by expectations.? A spatial
economy with strong agglomeration economies is a primary example in which multiple equilibria
and equilibrium selection matter because the positive spillovers can lead to multiple equilibria (Fu-
jita, Krugman and Venables 1999; Redding and Rossi-Hansberg 2017).3 Combining our model and
data, we empirically demonstrate that the dynamics of the city structure would be totally different if
there were not expectations in the recovery. In this sense, we provide new evidence of the potential
importance of self-fulfilling expectations in the spatial economy based on a large historical shock
and a structural model, which has been scarce as pointed out by Lin and Rauch (2022). Investigating
the role of self-fulfilling expectations is policy-relevant because, if they matter, then even a small-
scale policy can have a large welfare impact by affecting people’s expectations (Kline and Moretti
2014).

Our structural analysis also relates to recent advancement of quantitative spatial models (Red-
ding and Rossi-Hansberg 2017). Our model is the first quantitative urban model to incorporate the
following three key components. First, we incorporate commuting to account for differences in lo-
cation as a residential place and a workplace within a city (Ahlfeldt et al. 2015; Dingel and Tintelnot
2020; Tsivanidis 2022). Second, individuals make forward-looking migration decisions with perfect
foresight (Desmet, Nagy and Rossi-Hansberg 2018; Caliendo et al. 2019; Balboni 2021; Heblich et
al. 2021; Allen and Donaldson 2022; Kleinman, Liu and Redding 2023) in order to account for ex-
pectations. Third, we include history-dependent amenities and productivity and migration frictions
to account for the influence of history (Allen and Donaldson 2022).4 Importantly, we integrate these
elements into a single framework while keeping it parsimonious in other aspects since the availabil-
ity of historical data is relatively limited. This parsimony may be particularly useful in applying our
model to data-scarce environments.

Lastly, this paper is related to studies on the recovery of Hiroshima from the atomic bombing

2Fukao and Bénabou (1993) corrects a mathematical problem in Krugman (1991). See, among others, Rauch (1993),
Baldwin (2001), Ottaviano (2001), Oyama (2009), and Barreda-Tarrazona, Kundu and @stbye (2021) for further devel-
opments on the idea of Krugman (1991) and Matsuyama (1991) in economic geography.

3The self-fulfilling expectations also matter in other important economic contexts with multiple equilibria, such
as bank runs (Diamond and Dybvig 1983); structural transformation in economic development (Murphy, Shleifer and
Vishny 1989); and health insurances (Foley-Fisher, Narajabad and Verani 2020).

4In particular, our model extends Allen and Donaldson (2022) by introducing commuting to analyze the internal
structure of a city. Furthermore, we set a much lower discount factor for future values compared to Allen and Donaldson
(2022) so that expectations play a more important role. This reflects the difference in time horizon. We consider short
periods (every 5 years), while Allen and Donaldson (2022) suppose 50 years for one period since their primary focus
is on the long-run impact of history (i.e., the initial conditions).



(Hiroshima City Government, 1971; 1983a). However, there is little econometric analysis on the
distribution of economic activities within the city and what can account for the resurgence of the city
center. We newly digitize historical resources on population and employment at a spatially granular
level to analyze the impact of the atomic bombing at a high spatial resolution. In addition, we
develop and calibrate a novel quantitative economic model to understand the economic mechanisms
behind the recovery of central Hiroshima.

This paper is structured as follows. Section 2 provides historical context and data. Section 3
introduces the reduced-form analysis and shows the fast and strong resurgence of central Hiroshima
after the bombing. Section 4 presents our baseline model. Section 5 calibrates the model and demon-
strates that our model explains the recovery of central Hiroshima and agglomeration economies are
the key driving force. In Section 6 we highlight that expectations in the recovery are essential for
agglomeration economies to induce the recovery by using an alternative model in which people do
not anticipate the recovery of central Hiroshima. Section 7 concludes.

2 Historical Background and Data

In this section, we briefly describe the historical background of Hiroshima City and the data of our
study. In Subsection 2.1, we summarize the history of the city from the period before the bombing
and how the atomic bombing had an impact on the city. In Subsection 2.2, we describe how we
construct new spatially-granular data on population, employment and other location characteristics
of Hiroshima city. Section A of the online appendix provides further details including summary
statistics of the data.

2.1 Historical background

The development of Hiroshima city started in the late 16th century when Terumoto Mori, a local
samurai lord, built the Hiroshima castle. Hiroshima city has been a major city in the Chugoku re-
gion since then. The early 20th century saw rapid growth of the city: Hiroshima had 310,118 people
living there in 1935, making it the seventh-largest city in Japan by population. The growth slowed
down and finally reversed as Japan gradually transitioned to a total-war system following the Second
Sino-Japanese War (1937-) and the Pacific War (1941-). Prior to the atomic bombing, the city had
approximately a population level of 350,000. As the U.S. overwhelmed Japan during World War II
(WWII), most Japanese cities endured extensive non-atomic air raids (Davis and Weinstein 2002).
However, since the U.S. desired to preserve Hiroshima as the “best laboratory” to demonstrate the
effects of the atomic bomb, the U.S. intentionally refrained from bombing on Hiroshima.> Con-
sequently, the atomic bombing was essentially the only direct destruction the city experienced in
WWIL

5See “Minutes of the second meeting of the Target Committee Los Alamos, May 10-11, 1945 (http://www.dannen.
com/decision/targets.html Last accessed on May 14, 2022).
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Figure 1: Destruction of the Atomic Bombing in Hiroshima

(a) Total destruction near the epicenter (b) Block-level destruction rate of buildings
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Note: Panel (a) is a photograph from the United States Strategic Bombing Survey made available by the U.S. National
Archives and Records Administration. Panel (b) shows the map of Hiroshima city at the time of the bombing, along
with block-level data (197 blocks in total) on the fraction of totally destroyed buildings and the epicenter (Hiroshima
City Government 1971; Takezaki and Soda 2001). We overlay the area of our study on an aerial photograph. Since the
old photographs right after the bombing are not of high image quality, we use the contemporary image for illustration.

The U.S. Air Force dropped the atomic bomb (Little Boy) near the city center of Hiroshima on
August 6, 1945. This was the first time in human history that the atomic bomb was used to kill peo-
ple. The damage to people and buildings was unprecedentedly catastrophic.® The city government
of Hiroshima estimates that 140,000 people perished by the end of 1945 as a result of the atomic
bombing, although it is difficult to determine the exact number.” Because many of the victims died
after 1945 as the atomic bombing caused severe injuries and diseases due to radiation, the actual
death toll is anticipated to be even higher than this. The death rate was exceptionally high and near
100 percent for those within 1 kilometer from the epicenter. The bomb also destroyed a large num-
ber of buildings: 70,147 out of 76,237 buildings in Hiroshima city were destroyed in excess of fifty
percent. The majority of buildings within two kilometers of the city center were completely de-
stroyed. The situation in which almost all buildings were destroyed can be seen in the photo Figure
la, which was taken near the epicenter of the bombing. Consequently, the population of Hiroshima
city dropped to 136,518 in November 1945, which is about one-third of the pre-war population.

In contrast to the total destruction in central Hiroshima, the outskirts of the city more than 2
kilometers away from the city center experienced relatively moderate destruction. Figure 1b shows

6This damage was even much more severer than other cities that endured extensive air raids. For example, the pop-
ulation of Tokyo was approximately 7 million in 1940. During the war, the U.S. air raids on Tokyo killed over 100,000
civilians and damaged approximately 700,000 housing units. Source: https://tokyo-sensai.net/about/tokyoraids/ (In
Japanese, last accessed on May 13, 2022). While the absolute number is large in Tokyo, the destruction ratio in Hi-
roshima is substantially greater than in Tokyo due to its smaller population size.

7Source: https://www.city.hiroshima.lg.jp/site/english/9803.html (last accessed on November 4, 2022).
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the fraction of completely destroyed buildings at the block level (Hiroshima City Government 1971;
Takezaki and Soda 2001). While nearly all buildings in the dark-colored areas close to the epicenter
were destroyed, the majority of buildings in the light-colored areas away from the epicenter avoided
complete destruction. As a result, the outskirts of Hiroshima experienced a significant increase in
population as survivors from the city center escaped to them. Most notably, on November 1, 1945,
areas beyond 3 kilometers from the epicenter had 142 percent of their pre-bombing population.

The war ended on August 15, 1945, when Japan accepted the Potsdam Declaration. People
initially doubted whether Hiroshima could recover. In particular, radioactive contamination was a
major concern immediately after the bombing: rumors circulated that “nothing will grow here for
75 years.”® However, the serious radioactive contamination caused by the bombing decayed rapidly
with time.? Furthermore, a large typhoon hit Hiroshima on September 17, 1945 (i.e., about six
weeks after the bombing) and it presumably washed away contaminated substances according to
the Atomic Bomb Casualty Commission established by the US, leading to a safe level of radioac-
tivity (Takahashi 2008). Given such evidence, we do not take into account the potential radioactive
contamination in analyzing the recovery of Hiroshima because living in Hiroshima was unlikely to
cause diseases after this typhoon.!°

The city government of Hiroshima attempted some early public efforts to promote the recovery,
but a shortage of resources prevented a large-scale action. There was no special aid from the central
government for Hiroshima until 1949 despite the exceptionally severe damage. Notwithstanding
the lack of strong public actions, the Hiroshima city, including its city center, had started to recover
strongly due to the private efforts. In 1955, Hiroshima city had a population level of 357,287,
which was already larger than the 1935 population. Hiroshima continued to grow and the city area
expanded along the way. Today, Hiroshima city has a population of approximately 1.2 million in
2022, ranking it 10th among all Japanese municipalities and the largest in the Chugoku region of
Japan.

2.2 Data

We have collected and, when necessary, digitized various information on the economic activity in
Hiroshima before and after the war. Here, we provide a brief overview of the essential data used in
this paper. See Section A of the online appendix for more details.

Spatial units. The spatial unit of our analysis is mainly a city block (cho-cho-moku) in Hiroshima
city. As our primary definition of city blocks, we use the GIS data of block boundaries as of the

8Source: https://www.bbc.com/news/world-asia-53660059 (last accessed on March 13 2022).

9According to the Hiroshima city government (https://www.city.hiroshima.lg.jp/site/english/9809.html, last ac-
cessed on November 4, 2022), the radiation level at the epicenter became 1/1,000th a day after the bombing and
1/1,000,000th a week later.

10Note that considering the potential radioactive contamination would, if any, reinforce the main finding of our
reduced-form analysis (Section 3) that the city center recovered. Since radioactive contamination is a disamenity that
makes the city center less attractive, failing to control for it would underestimate the strength of the recovery.
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bombing constructed by Takezaki and Soda (2001). To make the comparison between the pre-war
and the post-war period, we focus on areas that already belonged to Hiroshima city as of the bomb-
ing.!! We additionally digitize the block boundaries as of 1966 and 1976 to account for revisions of
the block boundaries by the government. Throughout the paper, the number of blocks is 174 and
the average size of blocks is 0.32 square kilometers. This implies that our spatial unit of analysis
is generally small, although there is some heterogeneity in the size of blocks. The block tends to
be small near the city center. The average area size for blocks is 0.04 square kilometers within 1
kilometer of the CBD and 0.13 square kilometers within 3 kilometers from the CBD. In contrast,
the average block area is 2.19 square kilometers among blocks more than 3 kilometers away from
the CBD.

The destruction level by the atomic bombing. Similar to Davis and Weinstein (2002) and Brak-
man et al. (2004), we primarily use the fraction of totally destroyed buildings as a severity measure
of destruction. The block-level destruction rate is reported in Hiroshima City Government (1971).
Building on the digitization by Takezaki and Soda (2001), we augment it by consulting Hiroshima
City Government (1971) to correct typos in their data and obtain additional information on missing
values. Figure 1b in the previous section illustrates the share of completely-destroyed buildings in
each block on a map.

Population. We collect and digitize the population data at the block level. For the period 1933-
1936, we refer to the Statistical Handbook of Hiroshima city (Hiroshima-shi toukei sho). For 1945-
1953, we refer to the Statistical Abstract of Hiroshima city (Hiroshima shisei youran). From 1955,
we exploit data from the Population Census. We address changes in the block boundaries by the
areal weighting interpolation. For 1945-1950, population is reported in less geographically granular
units than blocks, which we address by utilizing the best available block-level information to approx-
imate the block-level population distribution. Figure 2a provides a visualization of the population
in Hiroshima over time. The total population in Hiroshima increased prior to the atomic bombing
and significantly dropped after the bombing. After WWII, the total population again increased over
time. We also observe that the central area of Hiroshima showed a declining share of the population
over time. This is suggestive of suburbanization and the development of the outer suburbs of the
city that absorbed the population growth of the city, which was a general trend in cities during the
post-WWII period. Note that the declining trend was already observed in the pre-WWII period,
suggesting that a lower population share of the center after the WWII does not necessarily mean
that the recovery was incomplete.

UThe city boundaries gradually expanded since 1955 through municipal mergers as Hiroshima metropolitan area
grew. The administrative Hiroshima city as of 1945 roughly corresponds to the central four wards (Naka-ku, Nishi-ku,
Minami-ku, Higashi-ku) of Hiroshima city today. With the expansion of the administrative boundaries and commuting
zones of Hiroshima city, it implies that our data concentrate more and more on the central locations as time elapses.



Employment. We collect and digitize employment data at the block level.!? For the year 1938,
we refer to the Survey of Commerce and Industry in Hiroshima city (Hiroshima-shi shoukou-gyou
keiei chousa) that records the number of establishments at the block level. The number of com-
mercial buildings right after the bombing is available in the Statistical Abstract of Hiroshima city
(Hiroshima shisei youran). For 1953, we exploit the Survey on the Daytime Population of Hiroshima
(Hiroshima-shi chukan jinko chosa). From 1957 to 1975, we use the Business Establishment Sta-
tistical Survey (Jigyousho toukei chousa). We address changes in the block boundaries by the areal
weighting interpolation. For 1953—-1963, employment is reported in less geographically granular
units than blocks, which we address by combining the best available block-level information to ap-
proximate the block-level employment distribution. Finally, when employment data is unavailable
but establishment data is available, we follow Ahlfeldt et al. (2015) to assume that the number of
establishments is proportional to the number of employment. Based on the data described above,
we then approximate the block level employment every five years from 1950 to 1975 to match the
years in which the population data is available. Figure 2b shows the change in employment in Hi-
roshima city. The total employment dropped significantly in 1945 after the bombing, but it increased
again post-war, and the number of employment in the central area recovered to a similar level to the
pre-war period. The share of employment in the central area had been increasing throughout the
post-war period, implying the concentration of employment over time.

Figure 2: Change in Population and Employment in Hiroshima city
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Note: The total number of population and employment of the entire city and within one kilometer from the CBD (left
axis), as well as the share of the population and employment within one kilometer from the CBD (right axis). See
Section A of the online appendix for data construction.

2Throughout this paper, we focus on employment in manufacturing or service sectors and abstract from agricultural
employment. This is a relatively moderate restriction because we focus on an urban area and the agricultural employment
is small. Even in 1950, in which agricultural employment was large in the entire Japanese economy, the Population
Census suggests that less than 10 percent of workers are in the agricultural sector in Hiroshima city.
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Commuting and transportation networks. We use the trip-level microdata from the 1987 Hi-
roshima City Person Trip Survey to analyze the commuting pattern, which collects the workplace,
residence, and the representative travel mode for the commuting trip. We also collect and digitize
road networks, bus networks, and train networks in Hiroshima city, and compute the bilateral travel
time between blocks for each mode: walk, bike, car, bus, and train. Although the public transporta-
tion networks were generally stable during our sample period, there were some changes, notably the
discontinuation of the Ujina line in 1966. To address this, we use the public transportation networks
of 1950 for years prior to 1966 and those of 1987 for later years.

Locational characteristics. We collect various information on the locational characteristics of
each block. In particular, we exploit data on altitude, ruggedness, soil condition, distance to train
stations, distance to water and cultural assets for each block.

3 Reduced-form Evidence

In this section we analyze population density to illustrate the pattern of destruction and recovery in
Hiroshima. Subsection 3.1 describes how the atomic bombing destroyed central Hiroshima and how
the city recovered in its subsequent periods. In Subsection 3.2, we conduct a regression analysis
of the changes in population distribution and argue that the fundamental advantages of central Hi-
roshima are unlikely to explain its recovery. Subsection 3.3 examines the case of Nagasaki, which
is another city hit by atomic bomb to discuss the external validity. Subsection 3.4 investigates the
recovery as measured by the employment distribution and land prices, an alternative regression
specification that explicitly considers the characteristics of neighboring blocks, and the effects of
public recovery policies.

3.1 Descriptive evidence of the destruction and recovery within Hiroshima

In Figure 3 we non-parametrically plot the population density in the city of Hiroshima by the distance
to the central business district (CBD), where we normalize the total population of the city to 100,000
for all years to facilitate comparisons of the inner-city structure across years. The figure shows
that the city structure of Hiroshima completely changed due to the atomic bombing but it quickly
recovered to the pre-WWII city structure. In 1936, the city had a typical monocentric city structure.
The city center had the highest population density and it decreased as one moved away from the
center. This monocentric pattern had been completely reversed because the atomic bomb hit the
most densely populated city center. Figure 3 shows that, after bombing, the city center became
totally destroyed and consequently had the lowest population density in the city. In contrast, areas
that are about 2 kilometers away from the city center, which avoided the total destruction of buildings
(see Figure 1b), became the most crowded places in the city. Areas further away from the city center
also experienced a significant increase in population density. Indeed, the outskirts experienced an
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increase in population density as many survivors in the city center escaped to the outskirts.

Figure 3: Population Density by the Distance to the City Center
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Note: The figure shows the local polynomial regression of the log population density on the distance to the central
business district (CBD) using the block-level data for different years. To eliminate the effect of changes in the total
population, we normalize the total population each year to 100,000. Distances are calculated using the centroid of
each block shape and CBD is defined as the mid-point of Kamiya-cho block and Hacchobori block, which are the two
prominent areas in CBD of Hiroshima city both in the pre and post-WWII. The counterfactual population distribution
of 1951 is generated from the 1936 population distribution, assuming that each block has the annual population growth
rate during 1933-1936.

Despite the “reversal” of the monocentric city pattern after the bombing, the monocentric city
structure had already re-emerged in 1950, just five years after the bombing. This is quite surprising
given that the city center, which was nearly completely destroyed, quickly became the most pros-
perous place again. While the recovery from the total destruction appears to be robust, the recovery
may not be perfect, as the concentration of the population around the CBD appears to be less dense
in 1950 than in 1936. However, this does not necessarily imply that the recovery was incomplete
because the city center already had a slow rate of population growth prior to the war. This can be
illustrated by the similarity between the actual population distribution in 1950 and the counterfac-
tual one, which was constructed by assuming that there was no atomic bombing and the pre-war
population growth rate continued from 1936 until 1950.

If the initial population distribution immediately after the end of the war determined by the
atomic bombing had a persistent impact, then we would expect a lower population density in the
center and a higher population density in the outskirts. The recovery result is analogous to the path-
independence result of Davis and Weinstein (2002) for inter-city population distribution of Japan
after WWIIL. However, we obtain the recovery in a within-city setting of Hiroshima that experienced
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an extremely larger shock: the complete destruction of the city center.!® The next section formalizes
this point by a regression analysis.

3.2 Regression analysis of the recovery of central Hiroshima

We now look at the magnitude of the resurgence at a spatially granular level of blocks. We estimate
the following regression model analogous to Davis and Weinstein (2002):

Popdens; Popdens;
In P it | —oin P G945 ) 4 Xt g, (1)
Popdens; ;945 Popdens; 934

where i is the block and £ is the year, X; is the vector of control variables and v; is the error term. In
this specification we regress the post-war log population density change rate on the log population
change rate induced by the atomic bombing from 1936 to 1945. If oy = 0, the log post-war popu-
lation density is proportional to the log population density right after the bombing, irrespective of
the pre-war population density. This is consistent with path dependence: the historical shock by
the atomic bombing is crucial in determining the population distribution. In contrast, if 7 = —1,
the population change due to the atomic bombing is completely negated. This is consistent with
path independence: the historical shock of the bombing no longer matters. Therefore, the estimated
coeflicient of -y informs whether the data is better characterized by path dependence or path inde-
pendence. Throughout Section 3, we keep the analysis descriptive and do not claim causality. The
causal interpretation of <y is inessential as a descriptive summary measure of the strength of the
observed recovery.

We start with a simple case of no control variable. Figure 4 illustrates the relationship between
the post-war population density growth rate and that during the bombing period for each block,
along with the regression line of (1). The first panel in Figure 4 shows that in 1950. The fitted line
is somewhat less steep but already close to the slope of —1, implying that the strong resurgence of the
destroyed areas had already occurred just five years after the bombing. The second panel of Figure
4 demonstrates that a similar result is obtained when examining the population distribution in 1960,
suggesting that the recovery was essentially completed by 1950. Columns 1 and 4 of Table 1 provide
detailed regression results depicted in Figure 4. The coefficient is —0.712 in 1950 and —0.688 in
1960, both of which are statistically distinguishable from zero, thus the complete path dependence
is rejected. Although we can also statistically reject v = —1 (i.e., perfect path independence) in
these regressions, the results suggest a strong recovery just within five years.

The regression specification (1) has been estimated in other contexts and our result is compa-
rable to those estimates. The coefficient around —0.7 in our simple regression is larger in absolute

13Moreover, our results may differ from Davis and Weinstein (2002) in terms of the rate of recovery. In Davis and
Weinstein (2002), it took approximately 20 years for the total population of Hiroshima to return to the level predicted
by the pre-war trend. In our within-city case, it took just about five years conditional on the location characteristics (see
Columns 2 and 3 of Table 1).
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value than Brakman et al. (2004) in their across-city analysis of Germany, suggesting that the recov-
ery was stronger in our context. On the other hand, the coefficient is somewhat smaller in absolute
value than some specifications of Davis and Weinstein (2002, Columns 1 and 3 of Table 3), sug-
gesting that weak path dependence might be observed for the within-city population distribution of
Hiroshima.!* That said, we show in the next subsection that, conditional on control variables, we
also obtain a coefficient of around —1. The high R-squared despite the fact that we only include
the population change from 1936 to 1945 as the explanatory variable implies a close relationship
with the postwar population change.!> Overall, our results indicate the fast and strong resurgence of
central Hiroshima.

Figure 4: Population Change due to the Atomic Bombing and the Subsequent Population Change
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Change in log population density, 1945-60
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Note: The figures plot change in log of population density from 1945 to 1950 or 1960 to those from 1936 to 1945,
which is largely driven by the atomic bombing. Each circle represents a block (i.e., an observation), where the size
of the circle is proportional to the population density in 1936. We plot the (unweighted) linear fit between these two
variables (solid line) as well as the slope of —1 (dashed line), which would be obtained if the population change during
the bombing period is completely reversed in the post-war period.

Locational advantages of the central Hiroshima. Precedent studies (e.g., Bleakley and Lin
2012; Schumann 2014; Lin and Rauch 2022) have argued that the spatial heterogeneity of geog-
raphy in terms of climate and topography may be crucial in explaining the path-independence result
of Davis and Weinstein (2002) for the across-city population distribution in post-WWII Japan. If
the damaged locations were innately attractive, people would rebuild there. Although this may be a
plausible explanation for the across-city population distribution in Davis and Weinstein (2002), we
argue below that locational advantages do not appear to play a significant role in the resurgence of
central Hiroshima within the Hiroshima city.

14Column 2 of Table 3 in Davis and Weinstein (2002) reports the coefficient of —0.759, which is close to —0.7.
15The high R-squared also suggests that the effect of measurement error is relatively limited in our data.
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Table 1: Changes in Population Density and the War-Time Damage

6] 2 3) “4) ®) (6)
Change in log population density Change in log population density
1945 - 1950 1945 - 1960

Change in log population density 1936-1945 -0.712  -0.931 -0.979 -0.688 -0.929 -1.007

(0.026) (0.100) (0.097) (0.030) (0.101) 0.117)
p-value from testing y = —1 0.000  0.499 0.835 0.000  0.492 0.949
Control variables v v v v
Within 3 km from the city center v v
Number of blocks 174 174 158 174 174 158
R-squared 0.809  0.862 0.880 0.772  0.854 0.862

Note: We report the OLS estimation result of the equation (1). Fundamentals consist of the quadratics of the distance
to the nearest station, the distance to the nearest cultural asset, the distance to the nearest water area, the altitude, and
the slope. We also include a dummy for a bad soil condition. We also control for the quadratic of the pre-war (1933-
1936) population growth rate, the fractions of the half-destroyed, moderately-destroyed, and intact buildings, and the
geographical coordinates (the latitude, the longitude, and their interaction). In columns 3 and 6, we confine the sample
to blocks within 3 kilometers from the city center, in which fundamental conditions are more homogeneous. We report
the p-value from testing the null v = —1, meaning that the 1936 population distribution matters for the population in
1950 and 1960 but not the 1945 population distribution. Robust standard errors in parentheses.

Before proceeding with the regression analyses, we discuss heuristically why the locational ad-
vantage of central Hiroshima does not appear to account for its resurgence. First, natural conditions
within Hiroshima are homogeneous. This is intuitive because our geographic scope is limited and
most of the city area lies within up to 6 kilometers of the city center. The majority of Hiroshima city
is located in the delta area of Ota river, which provides the flat terrain with loose soil. Moreover,
the distance to the nearest water area is homogeneous within the city, reflecting the fact that the city
is cut through by many branches of Ota river and faces the sea to the south.

Second, the key manmade advantages of central Hiroshima prior to WWII were substantially
damaged by the bombing. The city center of Hiroshima, areas around Hacchobori and Kamiya-cho,
is located next to the Hiroshima castle, which had been a symbol of the city since the samurai period
and may be a historical amenity. It was also adjacent to the area called Nakajima-cho, which devel-
oped during the samurai period due to its convenient access to the castle and water transportation.
The city center also had convenient access to the tram network. These advantages were lost by the
bombing. Hiroshima castle was totally destroyed and Nakajima-cho was also completely obliter-
ated by the atomic bomb. Although the city center might retain some advantage in the transportation
access, the access to workers and jobs would have been substantially worsened as their neighbor-
hoods were completely destroyed and other areas of the city may have had better conditions after
the bombing.16

We now use our regression model (1) to formally assess the role of locational advantages. Specif-

16For instance, areas around Hiroshima station also provide convenient access to transportation but experienced much
less destruction by the bombing, which may make Hiroshima station as the potential new center of Hiroshima city. In a
different Japanese city (Yokohama), Takano (2022) documents that the city center moved to an area with transportation
advantages after the requisition of the former city center by the US army for nearly ten years.
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ically, we control for the observable characteristics of each block. If the resurgence is not driven
by fundamental advantages of central Hiroshima, the severity of destruction would retain its ex-
planatory power and vice versa. We consider the following control variables: the quadratic form the
distance to the nearest train station as of 1950, the distance to the nearest cultural asset, the distance
to the nearest water area, the altitude and the the ruggedness, an indicator for a bad soil condition and
geographic coordinates. These variables capture the fundamental locational advantages of the city
that can be considered as given after the WWII period.!” Additionally, we control for the population
growth from 1933 to 1936.18 The pre-war growth trend is expected to capture unobserved attrac-
tiveness of each location. We also control for the fractions of half-destroyed, moderately-destroyed,
and intact buildings, which we expect to serve as proxies for the initial conditions of each location
immediately after the bombing such as the quality of the housing stock and infrastructure after the
destruction.

Column 2 and 5 of Table 1 present the regression results of equation (1) for 1950 and 1960 with
the rich set of control variables described above. Compared with columns 1 and 4, coefficient y
is now statistically indistinguishable from -1 even for 1950, suggesting the complete path indepen-
dence. This result implies that if any, locations that grew more due to the attractive fundamental
conditions might have experienced milder destruction from the atomic bombing, which is in con-
trast to the center having location advantages and experiencing rapid resurgence. Columns 2 and
5 thus imply that, conditional on observed fundamentals, the damage due to the atomic bombing
no longer matters. This result suggests that the observed fundamental locational advantages of the
central Hiroshima do not explain its resurgence.

To further address the concern that the unobserved attractiveness of each location could drive
the result, we restrict our sample to blocks within 3 kilometers from the city center. Since the edge
of this circle was less damaged and had better access to the undamaged areas, it would be in a
better position right after the bombing (see Figure 3). At the same time, these areas have more
homogeneous natural conditions and transportation access as we have focused on a smaller area,
leading to a smaller omitted variable bias.!® Columns 3 and 6 of Table 1, however, show that,
coefficient 7y is statistically distinguishable from zero but not from —1. This result further suggests
that fundamental locational advantages of the city center are unlikely to explain its resurgence.

3.3 When the bomb hit the outskirts of the city: the case of Nagasaki

Our findings regarding Hiroshima suggest that the recovery of central Hiroshima is attributed to the
level of destruction caused by the atomic bomb; however, the fundamental location advantages do
not appear to account for the recovery. To provide further support for this argument, we document

17While most of the pre-war stations were restored by 1950, no new rails were constructed between 1945 and 1950.

18To avoid extreme values due to idiosyncratic reasons or measurement errors, we cap the annualized growth rate at
10 percent in absolute value.

19Table A.l suggests that the standard errors of locational characteristics are smaller in this subsample. A similar
idea has been invoked in Schumann (2014) in a different context.
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the recovery from the bombing in Nagasaki, the second and last city in human history to be destroyed
by an atomic bomb. In Section B of the online appendix we examine the population data in Nagasaki.

In Nagasaki, the atomic bomb hit the outskirts of the city (see Figure B.1a). This is in contrast
to Hiroshima, where the atomic bomb hit the city center. Consequently, the comparison with Hi-
roshima helps distinguish the fundamental advantages of the pre-war city center, some of which
are potentially unobserved, from the level of destruction in explaining post-war population growth.
Figure B.1b illustrates with a fitted line from the regression of equation (1) for Nagasaki that heavily
destroyed areas on the outskirts of Nagasaki recovered strongly. The coefficient of our interest is
around -0.88 and statistically indistinguishable from -1, suggesting path independence in popula-
tion distribution within Nagasaki. Therefore, the recovery of the destroyed outskirts of Nagasaki
suggests that they did not play a major role in the strong recovery of the destroyed area.

3.4 Further discussions on the recovery of central Hiroshima

Employment distribution. We have looked at the evolution of the population distribution. How-
ever, due to commuting, the population distribution and employment distribution in a city may
differ. As the city center is also the center of employment, the atomic bombing would also alter the
employment distribution. In Section C of the online appendix we analyze the impact of the atomic
bombing on the distribution of jobs using establishment location data for 1938, 1945, and 1966.
We find that the number of jobs in central Hiroshima recovered, and the regression results are very
similar to those for the population.

Land prices. We also examine land prices. A challenge of this approach is that we do not have
comprehensive land price data during our sample period. Alternatively, we could investigate the
location with the highest land price in the city, which could be interpreted as a central location of
the city. Both in 1931 and 1959, the highest land price was observed in the block of Hacchobori
area, the city center both before and after the war.2® Thus, the resurgence of central Hiroshima is
also observed in land prices.

Characteristics of neighboring blocks. In Section C of the online appendix, we consider the
possibility that the post-war population growth rate of a block may depend not only on its own
characteristics, but also on the characteristics of its neighboring blocks. To consider the char-
acteristics of neighbors, we adopt the so-called “SLX model” in spatial econometrics literature
(Halleck Vega and Elhorst 2015) and add the spatial lags of the following three neighborhood
characteristics to our main regression model (1): (i) the population change rate by the bombing
ln(Popdensi,1945 / Popdensillg%), (ii) the locational characteristics X;, and (iii) the population

20The block containing the plot with the highest land price is the Horikawa-cho block adjacent to the Hacchobori
block. Other available evidence on pre-war land prices suggests a similar conclusion (Nozawa 1934; Hayakawa and
Nakaouji 1965).
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distribution right after the war, which is meant to capture market access after the bombing.2! Table
C.2 shows that the addition of these spatial lag variables does not change our path-independence re-
sult. Note that while this is a reduced-form approach to account for spatial interdependence across
blocks, our theoretical model in Section 4 structurally incorporates it through transportation net-
works.

Timing of the recovery and public recovery policies. As demonstrated in this section, our pop-
ulation data at the block level suggests that the recovery was complete by 1950. To shed additional
light on when the recovery began, we use the population data for 1946, 1947, and 1948 from the
Statistical Abstract of Hiroshima as reported by distance from the epicenter of the bombing. The
recovery process began in 1946, as depicted in Figure A.4 in the online appendix. This finding may
suggest that the direct impact of public recovery policies on the recovery was limited. In particular,
the Hiroshima city government faced severe budget constraints when implementing a recovery plan.
It was not until the enactment of the Hiroshima Peace Memorial City Construction Law in 1949 that
Hiroshima could receive special recovery grants from the central government. Consequently, Hi-
roshima city was only able to spend approximately 1.8 percent of the total rebuilding budget plan by
August 1949 and 3.2 percent by May 1950 (Ohshima 1950). Such a serious budget shortage makes
it difficult to attribute the early-stage rebuilding to the recovery plan. In addition, even the small
budget spending did not seem to be a main factor in explaining the recovery. While the primary
goal of the Hiroshima city government was to provide housing, the public sector provided less than
3,000 housing units by 1950.22 This is a small fraction of the over 70,000 buildings that were at least
partially destroyed by the atomic bombing. Consistently, we find that controlling for public housing
has little effect on our regression results (see Section C of the online appendix ). These suggest that
the reconstruction policies had a limited direct impact on the recovery of central Hiroshima. Yet,
we do not rule out the possibility of indirect effects of reconstruction policies to coordinate recovery

expectations. We return to this discussion in Section 6.3.

In summary, our reduced-form analysis has revealed that the resurgence of central Hiroshima
occurred within five years after the bombing. We have also demonstrated that it is difficult to explain
the recovery through its fundamental location advantages. This raises the following question: why
could central Hiroshima recover despite the destruction? We answer this question in the remainder
of this paper by taking a structural approach, and highlight the role of agglomeration economies and
expectations in recovery.

21]n particular, it addresses the possibility that the city center could recover as the “donut hole of the city:” it might still
have relatively good market access thanks to its central location despite that the city center itself was totally destroyed.

2Another primary expenditure was to rebuild damaged infrastructure, such as the water system and trains. While
the rebuilding of the infrastructure is important, it did not appear to provide central Hiroshima with any particular
advantages over the outskirts, as the outskirts already had comparable infrastructure.
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4 Theoretical Model

This section presents a novel dynamic quantitative spatial model with three key elements. First,
individuals in a city choose their residence and workplace that are potentially different, which define
the equilibrium commuting patterns within a city as in Ahlfeldt et al. (2015). Second, finitely lived
workers determine future residential places and workplaces in a forward-looking way, taking into
account migration costs and future option values associated with the locations. Third, the model
incorporates amenities and productivity spillovers that are dependent on population and employment
density in the current period and in the past. With such externalities, there may exist the self-
fulfilling prophecy and a multiplicity of transitions that hinge on both expectations and the past.z3
These three elements are essential to matching the model to the observed spatial distribution of
economic activities: the separation of workplace and residential place of workers in a city, different
patterns of population and employment changes across locations over time, and concentration of
jobs in the city center. Our model is the first tractable dynamic quantitative model for the internal
structure of the city that possesses these elements in a unified framework. Section D of the online
appendix provides the details of derivations.

4.1 Model setup

Time is discrete and indexed by t. We consider a single city C embedded in the large economy &:
C C &. The set of locations in a complementary set © = £\C is the outside of the city. The city C
consists of discrete number of locations indexed by i, j, 1, £. These locations correspond to blocks
and they are differentiated by fundamental productivity, amenities, land endowment, and geography.
The fundamental productivity and amenities can change over time, while land endowment remains
the same.

Individuals in the economy live for a finite time, T. The mass of the population in the economy
(£) is M and it is exogenous. We suppose that there is a potentially large number of people in the
whole economy throughout time and M is constant. Instead, the total population of the city, which is
embedded in the whole economy, changes over time through migration flows. This allows us to focus
on the distribution of individuals within the city. Individuals are endowed with one unit of labor that
is supplied inelastically and they are geographically mobile across locations in a city. They commute
from their residential block to their workplace block subject to commuting costs. Individuals outside
of the city are prohibited from commuting so individuals living outside of the city (O) work there.
Production occurs in every location in the economy and firms produce homogeneous tradable goods
that can be freely traded across locations. In every period, an individual may have an opportunity to
change their residential and workplace block in the economy (&). In particular, individuals obtain
their chance to change their locations with exogenous probabilities in every period and they decide

23Allen and Donaldson (2022) introduces this type of local externalities to characterize path dependence in the spatial
distribution of economic activities in the U.S. Kleinman et al. (2023) analyzes the properties of the spatial equilibrium
when workers determine the future path of mobility in a forward-looking way, taking account of future shocks.
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their locations in a forward-looking way, correctly anticipating future economic conditions. Their
location choice is based on their current real income but also an option value associated with that
location. The forward-looking location choices allow us to characterize the transitions of population
and employment distribution in the city that hinges on their expectations.

Production. Firms in the economy are competitive and produce homogeneous tradable goods.
Firms are myopic, therefore we do not formulate a dynamic problem for firms.2* Production tech-
nology of a representative firm in location i € C is:

Yit = AjtLi, (2)

where Yj; is production in location i, A;; is productivity and L;; is employment in location i at time
t.25 Following Allen and Donaldson (2022), the productivity (A;;) depends on the current and the
previous employment density in the location:

Li\™ [ Li_1\"
Ajp = ajt (S—lt) (—lé 1) , 3)
1 1

where a;; represents the exogenous component in productivity and S; is the area size of location
i that is time-invariant. The parameter aq controls the contemporaneous productivity spillovers
with respect to employment density, and the parameter a, controls the effect of lagged employment
density on productivity such as durable investments. A positive value of a1 implies a local agglom-
eration force that increases productivity, while ap captures the history dependence in productivity
spillovers.

In Section D.5 of the online appendix, we provide two different microfoundations of the spillovers
in productivity. The first microfoundation introduces local capital in production that augments la-
bor productivity. The local capital is produced by using local public goods (e.g., roads and water
facilities), final goods, and land. The current employment density is positively associated with the
provision of local capital (x; > 0). The supply of local public goods and land for local capital
also depends on lagged employment density. In particular, when high employment density in the
past induces the depreciation of local public goods and additional transaction costs in land supply,
current local capital is negatively associated with lagged employment density (¢, < 0). The second
microfoundation is the creation of ideas in production. Suppose incumbent workers with no oppor-
tunity to change their workplace between period ¢t — 1 to ¢ engage in innovation to improve firms’
productivity in period f. In period ¢, interactions with another worker with a novel idea allow incum-
bent workers to update their ideas, while ideas of the incumbent workers become obsolete without
such interaction. Then, we show that a large number of current workers induce more successful

24Given the linear technology and perfect competition, producers always earn zero profit. Thus considering dynamic
incentives does not change our arguments as long as firms correctly expect that future profits are always zero.

25While the production technology in (2) uses labor only, this production function is isomorphic to a model with
durable investments in local productivity (Allen and Donaldson 2022).
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knowledge spillovers (¢; > 0), and more incumbent workers make it difficult to find a worker to
interact with for updating their ideas (x> < 0). Note that, as exemplified by these microfoundations,
(a1, wp) captures not only pure externalities but also other channels through which current or past
employment density affects productivity.

Homogeneous goods are freely tradable in the economy and therefore we normalize their prices
to one. The zero profit condition implies that the wage rate at location i in period t is w;; = Aj;.
Therefore, the wage rate in any particular location is a function of exogenous productivity, contem-
poraneous employment density, and previous employment density in that location.

Preference. Individuals live for finite periods and have a discount factor, p € (0,1). Individuals
consume only homogeneous tradable goods and inelastically supply one unit of labor. Their period
utility of living in location n and working in location 7 at period £ is

Inujy; = In Byt + Inwjy — Inkjyy, 4)

where B;;; is the common utility benefit from residential amenities at residential place 7 in period
t, kit 1s the utility cost due to commuting from 7 to i, and w;; is labor earnings in workplace .26
The value of amenities in residential place (B;;;) depends on current and past population density:

R B1 R.. B2
Byt = byt (S—*) ( ’S” 1) , (5)
n n

where by, is an exogenous component in the value of amenities for each location, R,; is population

of location # in period ¢t and R,;;_1 is that in period ¢t — 1.

In this specification two parameters (1, B2) capture the strength of the net agglomeration effect
in the residential place from the current and previous population density. The former parameter (1)
captures various externalities in the residential place from the current population including housing
prices and consumption amenities. The latter parameter () captures externalities from the past
population including the effect of the stock of housing and amenities. In particular, we provide
one microfoundation for both the current and lagged effects of spillovers in amenities in Section
D.6 of the online appendix, which introduces developers of floor spaces with adjustment costs in
their investment. This microfoundation also highlights that similarly as the productivity parameters
(w1, a2), (B1, B2) captures not only pure externalities but also other channels through which current
or past population density affects amenities.

In any location outside of the city (0 € ), individuals receive common utility u; in period t,
which is exogenous in every period.

Forward-looking location choice. Workers are forward-looking in making migration decisions
subject to the exogenous migration frictions. At the end of period ¢, the share 6; € (0,1] among

26]n Section 5.1, we compute In «;,,; as the expected commuting cost in a travel mode choice model.
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workers in the economy can change their location pairs and the share of 1 — 6; among workers will
stay in the current location choices in the next period t + 1.27 If 6; = 1, all workers are able to
change their location pairs and a low value of 6; leads to the stickiness of workers’ mobility in the
economy.?® When a worker obtains the opportunity to change their locations at the end of period ¢,
they draw idiosyncratic shocks related to location choice in period t 4 1. For an individual worker,
the idiosyncratic shock is independently drawn from the time-invariant independent Type-I extreme
distribution F(¢) = exp(— exp(—(e +T'))) where I is Euler-Mascheroni constant. At the end of
period t, workers decide their residential place and workplace for the next period taking into account
the option value of their location choice { Vj,,; 11} associated with each workplace and residence pair.
Consider a worker w living in n and working in 7 at period {. When the worker can move to
different location pairs in the next period, they solve the following problem of location choices:

Vit (W) = Intjp +max {oVigy1 +0€jrei1 5 PVors1 + 0or11} (6)

where Vjy; 1 refers to the value function of choosing different pair of residential place ¢ and work-
place j in period ¢ + 1 and V,; is the option value of choosing to live in the outside of the city.
p is the discount factor governing the importance of the future values and ¢ is a positive constant
governing the variance of the idiosyncratic shocks. Note that this is a forward-looking migration
decision in the sense that at time ¢, a worker chooses their residence and workplace at t + 1 ex-
pecting the path of the exogenous and endogenous variables. In particular, an individual correctly
expects the path of the population distribution {R;} and employment distribution {L;;} that are
endogenously determined in equilibrium.

With the idiosyncratic shocks following the extreme distribution and migration frictions, we can
express the option value of living in 7 and working in 7 assessed in period ¢ by

Vint = I ttjg + (1 = 0p51) Vg1 + 0acln Y exp(Vigyr)P/7. (7)
de{CxC, o}
The first term is the current utility from the location choice of residential place n and workplace i.
The second term is the expected value of staying in the same location choices in the next period with
non-migration opportunity 1 — 6, 1. The third term is the expected utility for future value when a
worker is able to change the location pairs with probability 6; 1. For workers who live outside of
the city, we can express their option value by

Vor = Inttor + (1 — 0141)pVors1 + 01110 In Z exp(thH)P/”. (8)
de{CxC, o}

When workers have an opportunity of migration, they can choose any location pairs in the economy
and therefore the last term of the expected utility for future value is the same as in (7).

27We allow people to choose the same pair of residence and workplace when they can choose other options.
28This Calvo-style migration friction is also adopted in other recent quantitative spatial models to capture the persis-
tence of migration decisions (e.g., Caliendo et al. 2019 Section 5.3; Heblich et al. 2021).
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Given the idiosyncratic shocks {e it €0 } are independent and follow the type-I extreme distribu-
tion F(¢), we derive the share of workers that live in 7 and work in 7 in the city in the next period
t + 1 when they have migration opportunity:

exp(Vini+1)?/7

, ,necC. 9)
Yac(cxc, o) €xXp(Varp1)P/”

/\int—l—l =

The probability A;,;,1 characterizes the location dynamics of workers in the city for period ¢ 4 1.
Workers choose the pair of residential place and workplace with taking into account future changes
in commuting costs, wages, and residential amenities. Since there is no location-workplace specific
migration cost, equation (9) applies to all workers with the migration opportunity in period f. As we
focus on migration within a city, bilateral mobility costs in a city are likely sufficiently small and
homogeneous relative to inter-city migration costs. Therefore bilateral mobility costs are assumed
away in our model. Further, the share of workers that live outside of the city in the period ¢ 4+ 1 con-
ditional on they can change their locations is given by probability Ay;1 1 =1 — Z(j/g)ecxc Ajory1-

Using these choice probabilities of workers, we can express the mass of workers in the city who
live in n and work in 7 in period f + 1:

Lint41 = (1 = 0¢41) Lint + 01 Aing A M. (10)

This is the number of commuters within the city. On the right-hand side, the first term is equal to
the number of commuters who continue the same workplace and residence, and the second term is
the total of workers who move from outside of the city and those who change their locations within
the city. The commuting market clears in the city. Therefore, the mass of workers in workplace i
becomes:

Liy = (1—6;)Liy—1+60,M Y _ Aiyy, (11)

neC
where a mass of workers in workplace i is the sum of workers who have no opportunity of changing
locations and those who sort into the workplace in period . Analogously, the mass of workers in
residence 1 becomes:
Rut = (1= 60)Ryp 1 + MY Ay (12)
icC
Lastly, the total population in the city in period f + 1 is given by L; 1 = Z(i,n)ECxC Lint41-

Note that conditional on wage variation and exogenous location characteristics, the mobility of
workers in our model is controlled by the parameter of Calvo-style stickiness (6;) and the parameter
of taste shocks (7). Both a low degree of stickiness and more dispersion in idiosyncratic taste shocks
in location choices increase workers’ mobility in a city. However, we emphasize the difference in
interpretations. The parameter of Calvo-style migration friction captures the immobility of workers
even if they would like to change their locations. Intuitively, this reflects any physical constraint that
prevents workers from relocating. In contrast, the dispersion of taste shocks captures the individ-
ual valuation attached to the location pair and controls the degree of sorting in response to utility
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differences. In the present model, we introduce both migration frictions and idiosyncratic shocks
since we can take account of both mobility constraints and the sorting of workers in their residence
and workplace choices.

4.2 Equilibrium

Having the assumptions in our model above, we now define a forward-looking competitive equilib-
rium in the economy. The economy starts with the initial distribution of the population (R;y) and
employment (L;j). The exogenous variables of the model are fundamental productivity (a;;) and
amenities (by;) of blocks, the area size of blocks (S;), bilateral commuting costs in a city (k;;;),
the path of stickiness in reallocation of workers (6;) and path of the utility outside of a city (u).
The economy-wide parameters in the model are spillovers in productivity (a1, a2), spillovers in
amenities (81, B2), a discount factor of workers (p), the variance of idiosyncratic shocks in location
choices (0) and a mass of workers in the economy (M). Then, a forward-looking equilibrium is
defined as follows:

Definition 1. Given the exogenous variables of the model and economy-wide parameters, a forward-
looking equilibrium is characterized by the sequence of wages {w;;}, population {R,;}, employ-
ment {L;;}, and value functions associated with location choices { Vi1 } such that (i) value func-
tions of workers for their location choices { Vi, Vot } satisfy (7) and (8) with Vit = Inu;,r and
Vor = Inu,t for the last period T, (ii) commuting market clears in the city and the masses of work-
ers in workplaces and residential places are given by (11) and (12), and (iii) firms maximize their
profits and the zero profit condition leads to a wage rate equal to (3).

Since productivity and amenities evolve with employment density and population density, we
can summarize the transition equilibrium by population, employment, and value function adjusted
by the value of outside of the city. Equations (3), (7), (8), (11), and (12) constitute N2 + 3N
equations for each ¢, and that can be solved for N> + 3N endogenous variables for each t. The
location choices of people are based on their current real income but also option values associated
with the pair of locations, and they determine the future path of location choices taking into account
future shocks. In the present model, there are externalities in real income through productivity and
amenities, as well as mobility frictions. With small mobility frictions and strong externalities, there
may exist the self-fulfilling prophecy and multiplicity of transitions that hinges on the expectations
of people. In particular, large values of the spillovers in productivity (1) and amenities (81) and
large mobility (6;) may lead to multiple equilibria.

We call an economy is in a steady-state equilibrium if population and employment distributions
are constant given the exogenous time-varying factors being constant. The steady state equilibrium
in this economy exists, and it is unique when the net externalities are small in both productivity and
amenities. We summarize these results in the following proposition:
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Proposition 1. (i) Given the initial state and exogenous factors, the forward-looking competitive
equilibrium such that, for all periods t = 1,2,--+,T, Ryt > (1 —6;)Ry;_1 and Ly > (1 —
0¢)Li;_1, exists. (ii) The steady-state equilibrium exists when &y + ap # 0 /p and B1 + B2 # 0 /p.
(iii) Sufficient conditions for the unique steady state are negative net spillovers: o + ap < 0 and

B1+ B2 <0.

Section D.3 of the online appendix provides proof. While Proposition 1 (i) and (ii) show the
existence of an equilibrium and a steady state, there may be multiple steady states and multiple
equilibrium paths. Proposition 1 (iii) shows that the steady state is unique if net spillovers are
negative: a1 +ap < 0 and B1 + B2 < 0. In this case, the economy will converge to the unique
steady state in the long run, although there could be multiple paths toward the steady state. Second,
there can be multiple steady states, which can happen when net spillovers are positive according to
Proposition 1 (iii). In this case, after a shock in the economy that affects the initial condition, either
the initial condition or expectations about the future distribution of population and employment
matters in determining which steady state or path realizes (Krugman 1991; Matsuyama 1991).

In our calibration, we solve the model backward for the observed changes in population and
employment. We do not require that the economy is exactly in the steady state in the last period T,
but we assume that it is sufficiently close to the steady state so that the commuting gravity equation
approximately holds, which we estimate in our calibration in Subsection 5.1. Our calibration does
not require the uniqueness of the steady state nor the unique path to the steady state because it
relies only on the observed equilibrium path and the steady state. This feature allows us to calibrate
the model when there are multiple steady states so that different expectations may lead to different
steady states. That said, the multiplicity of equilibrium, by its nature, may pose a challenge in some
counterfactual analyses as we need to select one equilibrium out of multiple possible counterfactual
equilibria (Redding and Rossi-Hansberg 2017).

5 Quantifying the Model

Our goal in this section is to show how the present model can be matched to the observations in
Hiroshima. The quantification proceeds in three steps and we discuss it step by step. Section E of
the online appendix presents further details on calibration.

In Subsection 5.1 we first estimate the commuting costs by estimating a travel mode choice
model. Our model accommodates two aspects of migration frictions, the dispersion of idiosyncratic
taste shocks (0) and the stickiness of migration decisions (6;), and we calibrate them using different
information. The dispersion of idiosyncratic taste shocks (¢) is calibrated from the commuting
elasticity p/c that we estimate by a commuting gravity equation and from the calibrated discount
factor (p). We infer the stickiness (6;) from additional data on the mobility of people during the
period of study, which informs the share of people who stayed in their residential places so that we
can infer how migration decisions were persistent. The outside utility (1) is chosen to match the
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observed total population of the city.

Given the parameters, in Subsection 5.2, we leverage the structure of the model to back out
the composite of amenities and productivity that rationalize the observed population and employ-
ment changes over time. Intuitively, changes in population and employment by block allow us to
invert option values associated with each location. The option values reflect the attractiveness of
each location as a residential place or workplace, which is a function of location fundamentals and
agglomeration.

In Subsection 5.3, we estimate the key parameters that govern the strength of spillovers in pro-
ductivity (a1, ap) and amenities (1, B2). Given the recovered option values and variation of pop-
ulation density and employment density at different periods, we can recover the unobserved funda-
mentals in productivity and amenities. For those fundamentals, we define the moment conditions
and estimate the parameters. In the estimation, we use the data from 1950 to 1975.

Having fully quantified our model, in Subsection 5.4, we assess how the model can rationalize
the recovery of population and employment in the city after the bombing during 1945-50. To this
end, we first use the data on population and employment in 1945 and 1950 to back out the loca-
tion advantages. We then decompose the advantages into two parts: (i) advantages in productivity
and amenities explained by the model including spillovers, and (ii) structural residuals. We show
that our model performs well in explaining the recovery of central Hiroshima in the sense that the
model can predict the recovery only with model-based mechanisms (i). Furthermore, by analyz-
ing the counterfactual prediction in the absence of agglomeration economies, we demonstrate that
agglomeration economies are the key to making central Hiroshima attractive and inducing recovery.

5.1 Step #1: Parameter calibration (o, 0, s, 0t, Uot)

Travel mode choice and commuting costs (x;,;) To estimate commuting costs, we extend the
model by incorporating the choice of travel modes following Tsivanidis (2022). In particular, we
suppose that workers minimize their commuting costs by deciding their travel mode for commuting
after choosing their workplace and residence. We solve the problem backward: first, we consider the
mode choice of an individual given their workplace and residence. Second, we calculate expected
commuting costs before workers choose their locations. We briefly describe the procedure here and
more details are found in Section E.1 of the online appendix.

There are five modes of transportation: walk, bicycle, car, bus, and train. In each period, a
worker chooses the mode of transportation that minimizes the realization of observed and idiosyn-
cratic travel costs. It is assumed that the idiosyncratic travel cost follows a Gumbel distribution
with two nests: (i) public modes consist of walking, bus and train; and (ii) private modes consist
of bicycle and car. We estimate this nested discrete choice model of travel mode by exploiting the
1987 Hiroshima City Person Trip Survey and compute the expected commuting cost for two types of
workers who may or may not use cars, given their workplace and residence.?® Then, we estimate the

2When a car is unavailable for a worker, the nest of private modes is reduced to a single choice, bicycle.
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overall expected travel cost (Cj,;;) for residence n and workplace i using the information on the car

ownership rate in Japan in different years. We denote the exponential transformation of the bilateral

m m
int int

the expectation of the logarithm of travel cost as E(In«!,) = ¢;,;. Replacing the commuting cost

travel cost by k" = exp(cl,), where ¢!, is realized travel cost of mode m. Then, we can express
In x;,,; in equation (4) with the expected travel cost (C;,,;) keeps our extension of travel mode choice

consistent with the characterization of location choices in Section 4.

Gravity of commuting (0/c) A feature of our model is that the commuting pattern in the steady
state is consistent with the gravity equation. We posit that the economy is approximated by a steady
state in the last period and estimate the commuting elasticity of workers using the 1987 Hiroshima
City Person Trip Survey. Plugging the average commuting time in 1987 that we computed above
into the equilibrium commuting pattern in the steady state yields the gravity equation:

InL;, = —gc-m FW, 4+ H, + M, (13)

where W; and H,, are workplace and residence indicators and IM is a constant. We replace work-
place and residence indicators with fixed effects and estimate (13) using the Pseudo Poisson Max-
imum Likelihood (PPML). The main estimation shows that p /o = 8.019, which is comparable to
the estimates of Dingel and Tintelnot (2020) and Ahlfeldt et al. (2015). In the following, we set p /o
to be 8. See Section E.1 of the online appendix for detailed derivations and estimation results.

Discount factor (o) We assume that the annual discount rate of around 8.5 percent, which is
consistent with the discount rate widely used in the context of developing countries (e.g., Garcia-
Cicco, Pancrazi and Uribe 2010). Note that Japan’s GDP per capita in 1950 was less than one-fifth
of that of the U.S. Since one period in our calibration corresponds to five years, we set p = 0.66 ~
(1/1.085)°.

Migration frictions (6;) Individuals can change their residence and workplace for the period ¢
with probability ;. In our calibration, we consider 174 blocks in a city and idiosyncratic taste
shocks. Therefore, we suppose that people would change their residence conditional on obtaining
the migration opportunity and match the parameter of migration friction to the probability that
people change their residence during five years, the length of one period in calibration. The 1960
Population Census shows that around 86 percent of people stayed in the same residence one year
before. Then, we set the parameter 8; = 1 — (0.86)° ~ 0.53 for t = 1955,1960, - - - ,1975.30

Utility outside the city (1,;) We set the outside utility (u,;) for each period to match the total
population of Hiroshima City. Formally, we choose the outside value to match the observed total
population (Pop;) and the model-predicted population of the city (1 — Ay¢) M = Popy, where Ay

30Although in a different context, this value is very close to 0.52 used in the model of Heblich et al. (2021).
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is the probability to choose outside of the city computed in the model. Since the relative location
choice probability in a city does not depend on the outside utility conditional on living in the city,
the choice of the outside utility only affects the total population in our model.

5.2 Step #2: Inversion of the option values

When individuals are forward-looking, their location choices depend on current real income and the
option value associated with the location. In this step we back out the option values by leveraging
the population and employment dynamics of the model. Specifically, the option value of location n
as a residential place can be summarized by the continuation value of amenities in the location:

P Tl (1-65)
n n Sn Sn Ly nt Sn Sn
Analogously, the option value of location i as a workplace can be written by:

L.\" /L. ap T L.\ /L. ap\ P TTi 41 (165)
Q. — a: it it—1 ) Hit it—1 . 15
it = Qit ( s; ) ( S Tgrl air S s; (15)

The option values (=, ();;) express the attractiveness of each location as residence and workplace

and are a composite of amenities and productivity that include both fundamental amenities and
productivity (a;;, b,+) and the spillovers from past and future population and employment density.3!
When 6; = 1 for all periods, these option values are reduced to values of amenities (By;) and
productivity (A;;). Intuitively, all workers can change locations every period, and therefore, the
future values of their choice are not attached to the current location choices. In contrast, a small
value of the migration opportunity (6;) leads to more weight for the future evolution of amenities
and productivity in the location since workers are less likely to change their locations. In sum, these
option values reflect the value of amenities and productivity by locations when workers choose
locations in a forward-looking way.
In equilibrium (11) and (12) imply that (X, ();;) satisfy the following equations:

=P/
Kint‘—‘nt

Rut — (1= 601)Rpp—1 =) (Lit — (1 —6¢)Lis—1),

=0/
i Zj Kijtﬂ'ﬁg

Lip— (1 —0)Lipq =y — it

/
n Z] antQ;')t 7

(16)
(Rt — (1 = 61)Rys—1),

where K;,;; is the continuation value of commuting costs. Intuitively, equations (16) state that the
number of residents that actively choose to live in block # for period ¢, Ry — (1 — 6;)Ry;_1, is

31 Equations (14) and (15) imply that our definition of the option values (Z,;, ();;) of each location does not incor-
porate the convenience of commuting access to other locations. The importance of the commuting access in migration
decisions enters in equations (16), which we use to back out (¢, ;).
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written as the sum of the products of the number of workers that actively choose to work in block i
for the period t (L;; — (1 — 6;)L;;_1) and their conditional choice probability of location # as their
residence ( KintE%U / (Zj Ki]-tE]Pt/U)). We solve the system of equations (16) for option values (=,
;1) conditional on observed population (R;;), employment (L;;), commuting costs (Kj;;), and mi-
gration frictions (6;), and obtain the unique option values.3? Therefore, we can recover (¢, ();;)
that rationalize the observed changes in the mass of workers without using any information on the
unobserved characteristics. In addition, this step does not require the parameter values of spillovers
(a1, ap, B1, B2) despite that strong spillovers may induce unobserved alternative equilibria. There-

fore, the possibility of multiple equilibria does not invalidate this step.

5.3 Step #3: Estimation of spillover parameters (x1, a2, 81, 52)

In the second step, we obtain option values such that observed changes in population and employ-
ment in the city are consistent with equilibrium. We can back out fundamental productivity (a;;)
and amenities (b;;) by using observed employment and population density, according to the def-
inition of option values (E;, ();;). In particular, for each period t = 1955,1960, - - - ,1975, we
derive unique values of fundamentals by location, and these fundamentals are structural residuals
in our calibration for the observation to be equilibrium. We assume that the fundamentals consist
of location-fixed components, time-trend components, and time-varying errors:

Ina; = In af +Ina} +Ina)™

it 7
(17)
Inb,; = Inbl 4+ Inbf + Inby>

nt 7

where ({al}, {bL}) are location fixed productivity and amenities, ({a;}, {b;}) are trend of pro-
ductivity and amenities, and ({al\{ar}, {ber ) are stochastic parts of fundamental productivity and
amenities. The location-fixed productivity and amenities capture the fundamental advantages of
locations and the trend of productivity and amenities reflects the change in their levels over time in
the city. ({a¥'}, {b)2"}) are the structural residuals in our model in the sense that they allow us
to perfectly match the observed population and employment distribution in the city. As such, they
incorporate any factors affecting the attractiveness of each location but not in the model (see also
Section 6.3 for more discussion).

Averaging out the trend terms and taking differences between two periods, we suppose the fol-

lowing moment conditions:

E[AInd; x 1;(k)] = 0,

~ (18)
E[AInby x 1,,(k)] =0,

32The solution is up to scale because equations (16) exploit only the information on the relative migration probabilities
across blocks within the city. Since we take the total population of Hiroshima city from data and assume that the outside
utility In u,; adjusts to rationalize it (see subsection 5.1), we do not need to determine the absolute levels of {Z,; } and
{QO;;} governing the migration condition between Hiroshima city and the outside world. We normalize the geometric
mean of {E,;} and {Q);; } to one.
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where Alna; = Aln ?il\.{ar and Alnby = AInEXfr are changes in the idiosyncratic shocks in
productivity and amenities adjusted with their geometric means. 1,(k) is an indicator such that
location 7 is in the grid k. The grid is defined based on the distance from the CBD. Our identification
assumption for using the moment condition is that any improvements or declines in the stochastic
terms of fundamental productivity and amenities during any five-year period are not systematically
correlated to the distance from the city center. While this moment condition accommodates arbitrary
location-fixed amenities and productivity, it requires that the systematic change in the gradient of
economic activity relative to the distance from the CBD is explained by the mechanisms of the
model rather than by systematic changes in the pattern of structural residuals. This identification
assumption seems plausible in post-recovery Hiroshima because the spatial extent of our study is
small and all blocks in data would face similar changes in the economic and political environment.33
Indeed, all blocks in our sample are located just within 6 kilometers from the CBD. To check its
robustness, we also estimate the set of parameters using blocks in 3 kilometers to CBD, which
are expected to face even more homogeneous conditions and so more likely to satisfy the moment
conditions. We use the moment conditions (18) to estimate the set of parameters of agglomeration

economies.34

Table 2: Generalized Method of Moments Estimates for Agglomeration Parameters

(1 2) 3) “4)
Productivity Amenities Productivity Amenities
Elasticity of employment density («1) 0.237 0.239
(0.0010) (0.0001)
Elasticity of past employment density («7) -0.065 -0.066
(0.0008) (0.0001)
Elasticity of population density (1) 0.198 0.222
(0.0014) (0.0046)
Elasticity of past population density (2) 0.023 0.006
(0.0009) (0.0043)
Locations All blocks Blocks in 3 km to CBD
Migration frictions (6;) after 1955 0.53 0.53 0.53 0.53
Value of commuting elasticity (o/0) 8 8 8 8

Note: This table reports estimates of the generalized method of moments (GMM) using data for five periods (1955, 60,
65, 70 and 75) and 174 blocks (all blocks) or 158 blocks (blocks in 3 kilometers to CBD). In constructing the moment
conditions (18), we divide the blocks into five grids according to the distance from the CBD. We use the two-step GMM
estimation and the standard errors are in parentheses. In Column 1 and 2, we use all blocks and in Columns 3 and 4, we
use blocks in 3 kilometers to CBD. We also report parameter values of migration frictions and commuting elasticity.

Table 2 reports the efficient GMM estimation results. Columns 1 and 2 report our baseline esti-

33We also emphasize that the effect of radioactivity faded away quickly from 1945 (see Section 2.1), and it would be
irrelevant for changes in amenities and productivity as our estimation data run from 1950.

34Figure E.2 graphically illustrates that under our GMM estimates, the moment conditions appear plausible regardless
of the distance from the city center.
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mates of spillover parameters in productivity (a1, x2) and amenities (1, B2) respectively. Overall
productivity (A;;) in the workplace rises by 0.24 percent when current employment density increases
by one percent, but falls by 0.07 percent when employment density increases by one percent in the
previous period. The negative spillovers from the past employment density may capture the con-
gestion effects, such as depreciation in public goods, reduced land supply, and fewer successful
matching to achieve innovation (see our microfoundations in Section D.5), implying the possibility
of creative destruction (Hornbeck and Keniston 2017). Its magnitude is smaller than the positive
spillovers from the contemporaneous employment density. Turning to amenities, a one percent
increase in current population density is associated with a 0.20 percent increase in the value of
amenities, while a one percent increase in past population density is associated with a 0.02 percent
increase in the value of amenities. Other columns 3 and 4 in Table 2 show estimates when we re-
strict locations within 3 kilometers in our estimation, and we find similar results. These estimates
imply that strong contemporaneous externalities in both amenities and productivity may create a
self-fulfilling prophecy, which leads to multiple equilibria. In addition, we also find some effects
of past economic activities in both productivity and amenities, implying that a historical event may
matter in determining the transition path of the economy.3>

5.4 Accounting for the 1945-1950 recovery and agglomeration economies

We are now at the position to assess how well our calibrated model explains population and employ-
ment changes during the recovery period (1945-1950), which are not used for calibration. To this
end, we evaluate how the endogenous part of location advantages and time-invariant unobserved
characteristics can account for population and employment changes during the recovery of the city
from the atomic bombing. Intuitively, we evaluate how much of the incentive to work or live in a
given location during the recovery period can be explained by our model.

Our calibrated model predicts the recovery of central Hiroshima. We first calculate the pre-
dicted population and employment distribution using our calibrated model. We use equations (14)
and (15) to construct the predicted option values of each location as residence {E{; 1950+ and work-

place {Q{ 1950} and substitute them into equation (16) to solve for the predicted population and
employment of each block in 1950. By construction, the option values in our model are a compos-
ite of (i) location-fixed advantages, (ii) endogenous terms of spillovers, (iii) future option values
associated with the location, and (iv) idiosyncratic shocks. Among them, factors (i) through (iii)

350ur estimates of spillovers in productivity are broadly similar to those in Allen and Donaldson (2022) that uses
long-run county-level data of the U.S. However, they find negative contemporaneous spillovers in amenities. This
difference may arise from the difference in spatial extent. As we discussed in the microfoundation (see Section D.6 of
the online appendix), the negative externalities in amenities capture congestion in a local housing market. Our estimate
implies that such congestion externalities are dominated by positive externalities, including consumption externalities or
neighborhood network effects. In a spatially-granular setting such as ours, those positive externalities are likely strong
(see, for example Tsivanidis 2022).
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capture the location advantages that can our model and calibration can explain. In contrast, the
idiosyncratic terms (iv) are structural residuals in the location advantages and absorb any other
characteristics unrelated to the model specification. In order to evaluate how well our model can
explain the recovery, we exclude the structural errors when constructing the model-predicted option
values for residence {35,1950} and workplace {Q{r 1950 ) » Tespectively.36

In obtaining the predicted location decisions for the recovery period (1945-1950), we use the
same parameter values as our main calibration with data from 1950-1975, with the exception of a
lower discount rate and a higher migration probability for 1945-1950. We assume that individuals
in 1945 discount the option values in 1955 by the discount rate p = 0.33, which is half of our base-
line discount rate because many individuals faced extreme poverty and are likely to be relatively
impatient or even live hand-to-mouth.3” We set a higher migration opportunity 61959 = 0.9 because
available evidence suggests the mobility rate was substantially higher, possibly for war-related rea-
sons such as the loss of jobs or homes and the end of temporal reallocation during the war.38

Figures 5a and 5b demonstrate the population and employment distribution predicted by our
model for 1950. In Figure 5a, the predicted population density is plotted against the distance to the
CBD. The city center’s recovery is predicted to have the highest population density, indicating the
recovery. Figure 5b shows that this recovery result holds true for the employment distribution as
well. Overall, our calibrated model successfully predicts the recovery of the city center, which we
indeed observe in the data.

The role of agglomeration economies in accounting for the recovery. The recovery of the city
center is achieved because workers regard the city center as an attractive residence and workplace.
We now argue that strong agglomeration economies are the primary source of attractiveness and that
regaining population and employment density enhances attractiveness through positive spillovers
of density. To formally investigate the importance of agglomeration economies, we obtain the pre-
dicted population and employment distribution of the model using the same procedure as Figures
5a and 5b, except that we shut down agglomeration forces by setting a1 = ap = 1 = po = 0.3
Workers still make forward-looking migration decisions taking into account fundamental produc-
tivity (a;), amenities (b;), and transportation access (k;,;;). If the recovery of the city center is driven

36Specifically, we substitute the average amenities and productivity during 1955-1975, our estimate of the block-fixed
amenities and productivity, into (a;1950, b;1950)-

37The hand-to-mouth behavior is anticipated based on a survey conducted in December 1945: Approximately 86
percent of Hiroshima city residents answered that they face a very serious risk of starvation (https://hiroshimaforpeace.
com/en/fukkoheiwakenkyu/vol1/1-47/, last accessed on April 20, 2023). In addition, empirical studies (e.g., Carvalho,
Meier and Wang 2016) suggest that the poor generally tend to have higher discount rates.

38 According to the 1949 city population registry in the Statistical Abstract of Hiroshima City, roughly 20 percent of
the population moved out of the city in one year. When we assume that the ratio of the migration between municipalities
to the migration within the city is comparable to that in the 1960 census, the probability of staying in the same residence
is approximately 64 percent. This suggests 8; ~ 0.9 for ¢ = 1950.

3Since parameters (x1, &2, B1, B2) capture not only pure externalities of density but also other channels through
which population or employment density affects productivity and amenities (see Section 4.1), setting them equal to
zero implies turning off all of these density effects simultaneously.
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Figure 5: Population and Employment Distribution Under Different Model Assumptions
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by fundamental location advantages, solving the model without agglomeration forces would still
result in the recovery. Alternatively, if agglomeration economies are the key to making the city
center an attractive place, then this exercise would not be able to predict the recovery.4°

The predicted population and employment density in the absence of agglomeration economies is
depicted in Figures 5c and 5d, respectively. The model now does not predict the recovery of central
Hiroshima in terms of both population and employment, which is in stark contrast to the prediction
of our main calibrated model in Figure 5a and 5b. This contrast indicates that the presence of
agglomerations is essential for accounting for the recovery of central Hiroshima, given that the
only deviation from our main calibrated model is the shutdown of agglomeration economies. The
result that the recovery cannot be explained by a model without agglomeration economies suggests
that the recovery is not primarily driven by the fundamental locational characteristics of the city
center. In Figure E.1 we demonstrate that, in our calibrated model, location-fixed amenities and
productivity are generally flat in the distance to the city center. This implies that the fundamental
advantages of the city center are unlikely to explain the recovery of central Hiroshima, consistent
with our findings in Figure 5 and our reduced-form results. Rather, strong agglomeration economies
enhance the attractiveness of the city center.

6 The Role of Expectations in the Recovery

Having demonstrated that our calibrated model can account for the resurgence of central Hiroshima
because of agglomeration economies, we now evaluate the importance of expectations in explaining
the resurgence. In particular, if individuals expected that the city center would never recover, they
would not choose to live and work there since the attractiveness of the city center was not anticipated
to be realized. In Subsection 6.1 we formalize this intuition by introducing an alternative version of
our model in which individuals take their best responses not by expecting the recovery of population
and employment in the city center, but rather by anticipating that population and employment dis-
tributions immediately after the bombing would continue. Subsection 6.2 conducts the comparison
between this version of the model to the observation and demonstrates that, without expectations
of recovery, the model fails to explain workers’ incentive to live and work in the city center despite
including agglomeration economies. Throughout the analysis, note that we remain agnostic about
why the expectations in the recovery emerged, and we show their importance in accounting for the
recovery by taking as given the emergence of expectations in the recovery. In Subsection 6.3 we
briefly explore the potential factors contributing to the formation of expectations.

40To focus on the population and employment distribution within the city, we assume that the total population matches
the observed data in both our main calibration and the absence of agglomeration forces.
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6.1 Model with expectations in no recovery

We present a version of our theoretical model in which no recovery is expected. Specifically, when
individuals have opportunity to relocate, they choose optimally where to live and work in period
t + 1 while anticipating that the economic conditions of period ¢t will persist. Applied to the recovery
period of Hiroshima, workers optimally decide their workplace and residence for 1950, assuming
that the population and employment distribution of 1945 would continue. This concept is similar to
the widespread idea that people would migrate from areas with low contemporaneous utility to those
with high contemporaneous utility (e.g., Greenwood 1975; Krugman 1991 Section 2; Fujita et al.
1999). Intuitively, this situation approximates the case in which people heavily discount the payoffs
in the distant future so that they essentially consider only the current utility.4! Under this hypothesis,
the initial condition entirely determines the dynamics of location choices in the economy.4?

We operationalize the migration decision as follows. When individuals make decisions on lo-
cations for the period t 4 1, they anticipate that population and employment distribution from the
period t 4+ 1 onward is identical to the current period f. If an individual w is able to choose the
residence and workplace for ¢ + 1 at the end of period ¢, she solves the following problem:

*

Up(w) = Inujyy + max {P In Vi1 + o€ s pIn Vi + ert+1} , (19)

where we modify the value function in the right-hand-side of (6) as follows. When individu-

als construct the value function {V3, .}, we suppose that they (i) believe that all future pop-

ulation {Ry}r—¢41, 7 and emplo;frtlglt {Ljr}r=t+1,.r are identical to the level of period t;
and (ii) correctly anticipate that location fundamentals of productivity {ajT}T:H—l,...,T’ amenities
{bee fr=t41,..,7 and commuting costs {Kjsr }r=¢+1,..,7 as in our calibration. This assumption al-
lows us to focus on the role of expectations about future population and employment. We also
assume that the mobility frictions {Qr}r:t+1,...,T follow the same path in our calibration and the id-
1osyncratic shocks follow the same Type-1 extreme value distribution. Importantly, (i) implies that
people expect population and employment to remain at the same level as in 1945 when choosing
their residence and workplace for 1950.

The migration probabilities are analogous to (9) by using the value function {V;Zt +1}. These
migration probabilities for period f 4- 1 are determined by the population and employment density in
the current period f and previous period ¢t — 1. In particular, we substitute the current population and
employment into the all future terms on the right-hand-side of the continuation value of amenities
(14) and productivity (15). Then, the dynamics of employment and population are described using
(11) and (12). See Section F of the online appendix for further details.

4INote that in our formulation of the model, as in Caliendo et al. (2019), lowering the discount factor p implies that
both the payoffs in the nearest future (period t 4 1) and those further ahead (periods t + 2 and onward). Thus lowering
p does not represent such a situation in which people care only about the current utility.

42Although the assumption of expectations in no recovery may be extreme, we make this assumption to obtain a clean
comparison benchmark to determine the role of expectations in the recovery. This strategy is analogous to Krugman
(1991) that first presented a model with adaptive expectations in Section 2 and then contrasted it with a forward-looking
model developed in the rest of the paper.
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6.2 The counterfactual predictions expecting no recovery

We now analyze how different expectations about recovery affect the ability of our model to account
for the recovery of central Hiroshima. For this purpose, we calculate the counterfactual population
and employment distribution by using the model in Subsection 6.1. In order to focus on the pop-
ulation and employment within the city, we assume that the total population matches the observed
data. We also use the parameters and fundamentals obtained in Section 5. In particular, given that
our calibrated model explains well the resurgence due to agglomeration forces and that the alterna-
tive model here includes agglomeration economies (i.e., a1, ap, B1, B2 are the same as our main
calibration), the failure to explain the recovery implies that expectations in recovery are crucial for
agglomeration economies to rationalize the recovery.

Figure 6: Population and Employment Density in 1950 If Recovery was Not Expected
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Note: Each panel plots the results of local polynomial regressions of the log population density (Panel a) or employment
density (Panel b) on the distance from the city center. We conduct three regressions separately for the 1945 population
density in data, the 1950 population density in data, and the 1950 population or employment density under the counter-
factual scenario of the model in which no recovery is expected.

Figure 6 depicts population and employment density in the counterfactual scenario in which
no recovery is expected. The left panel 6a plots the predicted population density in 1950 against
the distance to the city center. In contrast to the observed data, we find that the monocentric city
structure does not re-emerge. A similar pattern is observed for employment in the right panel 6b.
The failure of the resurgence of central Hiroshima can be intuitively explained as follows. Since
individuals anticipate that the city center would remain as its current state so that the population
and employment density remains low in 1950, they suppose that the city center in 1950 is unattrac-
tive as a residence and workplace in terms of positive contemporaneous spillovers (i.e., a; > 0
and 1 > 0). Therefore, although the model with expectations of no recovery includes agglomer-
ation economies, agglomeration economies provide an incentive to live and work in the peripheral
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areas that had relatively high density immediately after the bombing. Taken together, the contem-
poraneous positive spillovers both in population and employment density render the central area
of Hiroshima unattractive under the counterfactual scenario, which fails to account for the strong
incentive to reside and work in the city center during the recovery period.

Figure 7: Population Density in 1960 and 1975 If Recovery was Not Expected
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Note: This figure plots against the observed log population density the log population density in the counterfactual
scenario when no recovery is expected. Each dot represents a block and the dot size is proportional to the population
size in 1945 (i.e., right after the bombing). The dashed line represents the 45-degree line, implying that the prediction
of the model and the observed data coincide. Panel 7a is for 1960 and Panel 7b is for 1975.

In addition to failing to account for data from the recovery period (1945-1950), the model with
no recovery expectations fails to account for data after 1950. Figure 7 depicts the population density
of each location in 1960 and 1975 based on the adaptive expectation model in Section 6.1 on the
horizontal axis and the observed population density on the vertical axis. The size of each dot reflects
the population immediately after the bombing, which is generally small near the city center. If the
adaptive model accounts for the data, then each observation lies on the 45-degree line represented
by the dashed line. We find that observations substantially deviate from the 45-degree line in both
1960 and 1975, implying that the adaptive model fails to account for the data in periods following the
initial recovery period. There are two additional takeaways. First, a smaller dot tends to appear to the
far left of the 45-degree line, indicating that the population density in the data is higher than in the
adaptive counterfactual scenario. This suggests that the city center, with its low initial population,
keeps failing to recover its population density beyond 1950. Second, the adaptive counterfactual
scenario has a larger variation in population density across locations, which appears to be growing
over time. Intuitively, the adaptive model implies that initially populated areas are more attractive
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due to net positive externalities and vice versa. In contrast to the observed data, the impact of history
(i.e., the initial population and employment distribution) would be amplified over time.

The failure of the model of Subsection 6.1 to predict the recovery is suggestive of the self-
fulfilling nature of expectations in the spatial economy (Krugman 1991; Matsuyama 1991). The
comparison of Figures 5 and 6 suggests that the model predicts the recovery of the city center when
individuals expect the recovery and vice versa. In this sense, under the degree of agglomeration
economies that we calibrate, optimistic expectations about the future of central Hiroshima played a
crucial role in inducing the recovery despite the initial low density due to the shock of the atomic
bombing.

6.3 Discussion: Origins of expectations in the recovery

Our analysis has demonstrated that expectations for the recovery are essential for explaining the
recovery of central Hiroshima. However, we have remained agnostic as to why individuals could
believe in the recovery despite its catastrophic shock. In this subsection we discuss several factors
that may have influenced the coordination of individuals’ expectations.

First, the presence of the recovery plan by the government would have facilitated the formation
of expectations, despite the fact that the plan was published in the midst of the recovery and was
substantially underfunded (see Subsection 3.4).43 Another possible factor is the tangible presence
of infrastructure, particularly the train and tram systems. While the direct benefit of access to train
stations does not appear to be crucial for the recovery (see Table 1 that controls for transportation
access), the continuity of the pre-war train network may have anchored people’s expectations for
the reconstruction. Land ownership is a further consideration. People could reasonably anticipate
the recovery if they believed that landowners had a strong attachment to the location and that some
of them would return despite the miserable conditions. However, the direct effect of this channel
may be limited in our context because of the low ownership rate. In particular, landownership rate
in urban areas of pre-WW?2 Japan was likely to be less than 10 percent (Kato 1988).44 Consistent
with the limited importance of attachment due to property ownership, Hiroshima City Government
(1983b) conducted a survey on tenure of current residence in 1965 and concluded that “many in-
dividuals settled in the current location after being forced to move by the bombing.”45 Lastly, the
narrative of “rebuilding from the atomic bombing” may have sounded like a compelling success

43Zoning laws are a related factor, but their importance was limited in explaining the recovery because the first post-
war zoning of Hiroshima was not published until 1949. The recovery was nearly complete by that point. In addition,
there were only three types of zones (commercial use, residential use, and industrial use) and the center did not receive
particularly preferential zoning treatment.

44The fraction of households owning a home was quite low in urban areas of pre-WW?2 Japan at around 25 percent
(Hinokidani and Sumita 1988).

4SMoreover, the turnover of business owners was also active. According to Hiroshima City Government (1983a), in
1958, approximately 28 percent of stores on a shopping street (Hondori) remained in the same location as during the
pre-war period, while the remaining 72 percent started operating after the bombing. Although the majority of them are
newcomers, land ownership may have influenced their expectations for the recovery of business activities.
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story from the tragedy and been shared widely (Shiller 2017).4¢ As long as individuals were aware
that many others shared this narrative, it might lead to self-fulfilling “memory-based” expectations
that the city would return to how they remembered it (Malmendier and Wachter 2022).47

These underlying factors may influence the attractiveness of each location through the direct
channel and the expectations channel. In the expectations channel, these factors may alter peo-
ple’s expectations regarding the future population and employment distribution after the bombing,
thereby affecting the attractiveness of each location via agglomeration economies. Our results in
Subsection 6.2 have highlighted the importance of this expectation channel. For the direct channel,
these factors may directly stimulate the recovery of central Hiroshima by increasing its attractive-
ness, which corresponds to an increase in location-specific amenities (by,;) and productivity (a;;) in
the model. However, our results in Subsection 5.4 imply the limited importance of this channel.
First, Figure 5a highlights that agglomeration economies, not location-specific amenities and pro-
ductivity, induced the recovery. Second, our estimates of location-fixed amenities and productivity,
which may be higher in the city center if the bombing has made the city center attractive for some
reason, are homogeneous with respect to the distance from the city center (see Figure E.1). Finally,
Figure 5 shows that our model can explain the recovery without structural residuals of amenities
and productivity, which may include the direct channel of the above-mentioned factors. In sum,
although their direct impact on the attractiveness of each location would be limited in our context,
the aforementioned factors may have a significant impact on the spatial distribution of economic
activities by contributing to the formation of recovery expectations.

7 Conclusion

This paper has examined the evolution of city structure through the experience of Hiroshima. We
have used the atomic bombing as an unprecedentedly large shock to the city structure that allows
us to study the mechanisms underlying the dynamics of city structure. We have newly collected
granular data on population, employment, and fundamental characteristics at the block level within
Hiroshima. Using this data, we have found the strong path independence in Hiroshima: the com-
pletely destroyed city center recovered just five years after the atomic bombing. Moreover, our
reduced-form analysis has revealed that the fundamental location advantages of the city center do
not plausibly explain the rebuilding. Thus, the initial condition and location fundamentals, two key
determinants of city structure emphasized in urban economics, do not adequately explain central
Hiroshima’s rapid and strong recovery after the bombing.

40t is challenging to assess how powerful and widespread such a narrative was. The 1946 Statistical Abstract of
Hiroshima was suggestive in stating ‘...rumors like “nothing will grow here for 75 years” immediately disappeared
among people with their burning desire to rebuild...” (p4, translated by the authors).

47We can calculate the predicted population and employment density when everyone has “purely memory-based
expectations.” Specifically, we can proceed with the model simulation as in Subsection 5.4, assuming that workers
expect the population distribution in 1936 and employment distribution in 1938 to be realized again in 1950. The
simulation shows that such purely memory-based expectations also induce the recovery of the city center.
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To further investigate the mechanism underlying the recovery of central Hiroshima, we have
developed and calibrated a novel dynamic quantitative urban model. Our model is the first quanti-
tative spatial model that accommodates commuting, forward-looking location choices, and history-
dependence through migration frictions and lagged agglomeration economies in productivity and
amenities. The calibration of the model has demonstrated that it adequately explains the resurgence
of population and employment in the city center after the bombing, and agglomeration economies
are the key to making central Hiroshima again an attractive place to live and work. Furthermore, by
contrasting with an alternative version of our model in which people do not foresee future population
and employment when choosing their residence and workplace, we have illustrated that expectations
in the recovery are essential for the recovery of the city center to be realized. Taken together, our
quantitative findings highlight the role of agglomeration economies and expectations in shaping the
dynamics of city structure.

This paper has highlighted agglomeration economies and expectations as the key drivers of the
resurgence of central Hiroshima. Our analysis suggests the potential importance of these factors
in determining the dynamics of city structure in general contexts. Yet, there are some caveats to
applying our results to different places. First, the strength of agglomeration economies may vary
depending on the spatial scale and particular underlying microfoundations. Second, a more system-
atic understanding of how expectations about the future spatial distribution of economic activities
can emerge is necessary for determining which spatial equilibrium is realized in a particular context.
We have pointed out in Subsection 6.3 that a combination of different factors may have contributed
to forming expectations in the recovery. Since these factors are likely to be present in varying de-
grees in other contexts of wartime destruction, our findings suggest that expectations regarding the
recovery may be essential for the path-independence after wartime destruction often documented
in empirical research. However, it is less clear how people form expectations about future changes
in city structure beyond wartime contexts, which may lead to different patterns of the evolution of
city structure. Understanding this would be an important future research agenda.
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A Data Appendix

This section describes the details of data construction. Table A.1 provides summary statistics.

A.1 Basic data

Maps (spatial units) and sample selection. We use the city block (cho cho moku) as our spatial
unit of analysis. As our main definition of geography and city blocks, we use the GIS data of
block boundaries as of the bombing constructed by Takezaki and Soda (2001). We make several
adjustments to create our final sample. First, although Takezaki and Soda (2001) follows the map of
officially-published block boundaries (Hiroshima shin-shi), it was constructed after the war and a
few blocks do not correspond to our population data. We address this issue by suitably aggregating
blocks in Takezaki and Soda (2001).! Second, we drop some blocks that experienced exceptional
events that are outside the scope of our model. We first drop blocks that later constitute Hiroshima
Peace Memorial Park, Hiroshima-shi Chuo Park, and Hijiyama Park. Second, we drop three blocks
that exhibit unusually large changes in population or employment in some periods, which is likely
due to idiosyncratic events outside of the model.? Third, we drop observations that have missing
observations in the destruction rate of buildings or the establishment counts in 1938. Finally, to

'We aggregate two blocks (Akebomo-machi and Kougo kita-machi) that are recorded in a disaggregated way in
Takezaki and Soda (2001). We also combine the Yaga machi and Yaga shin-machi, and Funairi minami-machi and
Funairi kawaguchi-machi.

2We drop Hakushima kita-machi, Iwamiya-cho, and Toriya-cho. Although we are not completely sure of why
these there blocks exhibit a sudden change in population or employment, we speculate that the presence of schools
in Hakushima kita-machi and Iwamiya-cho, and a very small size of Toriya-cho (less than 0.0025km?) made them
prone to idiosyncratic shocks.
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ensure that our geographical scope is small, we drop two blocks whose centroids are more than 6
kilometers from the city center. In our final sample, there are 174 blocks. We also digitize the block
boundaries as of 1966 and 1976 to deal with changes in the block boundaries. For 1966, we use
the map found in the report of the 1965 block-level population of Hiroshima (Hiroshima-shi machi-
betsu jinkou setai shiryou shouwa 40-nen kokusei chosa yori). For 1976, we use the Hiroshima city
map (Hiroshima shigai chizu) issued by a private publisher (Shobun-sya) in 1976.

Destruction by the atomic bombing. The severity of destruction can be measured primarily in
two ways: the destruction ratio of buildings and the kill ratio of people. Hiroshima City Government
(1971), which is our key source of data on the bombing damage, provides both measures at the block
level. However, we primarily focus on the building data for two reasons. First, the kill ratio is less
reliable because it was extremely difficult to check who was killed in the totally destroyed city.
Indeed, Hiroshima City Government (1971) has many missing values for the kill ratio precisely
because no reliable data on the kill rate was available. In contrast, the destruction rate of buildings
was easier to record even a while after the bombing and hence has way fewer missing values. Second,
Hiroshima City Government (1971) records the “immediate” death rate by the bombing, but the
definition of the “immediate” is unclear and seemingly inconsistent across blocks in Hiroshima
City Government (1971). This is important in the context of Hiroshima because many people died
many days, months, or even years after the bombing due to the atomic-bomb sickness caused by
the radiation. Third, prior studies about the impact of bombing on the city population (Davis and
Weinstein 2002; Brakman, Garretsen and Schramm 2004) note that the damage to buildings is
a better measure of the damage level than casualties. We base our analysis on the digitization of
Hiroshima City Government (1971) by Takezaki and Soda (2001), but we consulted Hiroshima City
Government (1971) to (i) correct errors in Hiroshima City Government (1971) or Takezaki and Soda
(2001) and (ii) obtain the building destruction rate or the kill rate when they can be credibly inferred
from the text information. We plot the building destruction rate against the distance from the CBD
in Figure A.la. The strong heterogeneity within the city is apparent. Blocks within 2 kilometers
of the CBD were quite severely destroyed, while those more than 2 kilometers away from the CBD
tend to experience much less destruction. See also Figure 1b for the representation of a map. A
similar plot for the kill rate is in Figure A.1b. The severest damage tends to concentrate in a smaller
area (particularly within 1 kilometer of the CBD) and the data has more variation conditional on the
same distance from the CBD, partially because the data is noisier.

A.2 Population and employment

Population. We collect and digitize block-level population data. For 1933-1936, we use the Sta-
tistical Handbook of Hiroshima city (Hiroshima-shi toukei sho) that reports the population at the
block level. For 1945-1953, we use the Statistical Abstract of Hiroshima City (Hiroshima shisei
youran). Since 1955, we use the population census data. The time-series data is summarized in Fig-
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ure 2a. Two issues must be addressed to make the population data comparable from 1933 to 1975.
First, the block boundaries changed over time and the city’s shape also changed due to landfills and
flood control. Second, prior to 1951, population data is available only at a less spatially-granular
level than blocks. We address these issues using various data and construct block-level population
data that are comparable between 1933 and 1975.

To address these issues, we first base our definition of blocks as of 1945 and focus on block
areas that existed from 1945 to 1975. Then, when the block boundary changes since 1945, we
evenly distribute the population based on the overlapping area. To address the changes in the size
of blocks due to landfills and flood control, we focus on land areas between 1945 and 1975. Our
focus on the 1945 blocks allows us to ignore new landfills. However, flood control, especially the
redesign of the ota river, which started at full scale in 1961 and was almost completed in 1965, is
still an issue because some land areas in 1945 later went under the river. This implies that some
blocks in our data are smaller than their original size as of 1945. To address this, we calculate the
percentage change in the area before and after this flood control and multiply by this percentage
all population variables prior to 1965, which again implicitly assumes that the population is evenly
distributed within each block. Second, prior to 1951, population data is available only at a less
spatially-granular level than the blocks. To construct the block-level population data in 1945, we
combine the block-level information on the rate of totally destroyed buildings from Hiroshima City
Government (1971) and the population change ratio from the pre-bombing period to November 1
1945 from the Statistical Abstract of Hiroshima City for each distance bin from the epicenter of the
atomic bomb. We first calculate the fraction of totally destroyed buildings by the distance to the
city center by aggregating the data from Hiroshima City Government (1971). We then regress the
population change ratio onto the quadratic function of the fraction of totally destroyed buildings. As
seen in Figure A.2a regression model fits the data well. We use this model to predict the population
change ratio by using the block-level total destruction of buildings. Finally, we multiply this ratio
with the 1936 block-level population to approximate the 1945 block-level population. We validate
our method of imputing the 1945 population after the bombing using different data. The 1946
edition of Hiroshima shisei youran reports in a map the population level before (August of 1945)
and after (August of 1946) the bombing for each school district. While we do not know the exact
border of school districts, we can compute the population change ratio between the two periods,
which we expect to be highly correlated with the population change due to the atomic bombing.
We then compare the population change rate of each school district with that of the census block
that appears closest to the relevant school district on the map. Figure A.3 shows the scatter plot and
the fitted line. We obtain a very high correlation (o0 ~ 0.86) between these two despite the data
limitations that the population was measured at different timing and the correspondence of school
districts and the block was measured with error.

To construct the block-level population data in 1949 and 1950, we use population data that is
recorded at a less spatially granular level, called shucchojo, taken from the 1949 and 1950 Statistical
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Abstract of Hiroshima.? Shucchojo divides the city into 18 districts based on the administrative area
of each branch of the city government office. In principle, each shucchojo district is aggregated
from blocks.4 Assuming that within each shucchojo, the population share is the same as in 1951,
we approximate the block-level population data by multiplying this share by the population of the
shucchojo.

Our main analysis does not use population data from 1946-1948 because the block-level data
is hard to construct. However, the population data for 1946, 1947, and 1948 is available in the
Statistical Abstract of Hiroshima City separately for distance categories from the epicenter of the
bombing. In Figure A.4, we plot the time series of the population share of areas within 1 kilometer
of the epicenter using this data. The figure shows that the recovery process had already started
strongly in 1946.

Employment. We collect and digitize block-level employment data. For 1938, we use the Sur-
vey of Commerce and Industry in Hiroshima City (Hiroshima-shi shoukou-gyou keiei chousa) that
records the number of establishments at the block level. For 1946, we take from the Statistical
Abstract of Hiroshima City (Hiroshima shisei youran) the number of buildings used for business
purposes. For 1953, we use the Survey on the Daytime Population of Hiroshima (Hiroshima-shi
chukan jinko chosa). From 1957 to 1975, we use the Business Establishment Statistical Survey (ji-
gyousho toukei chousa). Throughout this paper, we focus on employment in the manufacturing or
service sectors and ignore agricultural employment. This is a relatively moderate restriction because
we focus on an urban area throughout our sample period.> The time-series data is summarized in
Figure 2b.

Three issues must be addressed to make the block-level employment data comparable between
1938 and 1975. First, similar to population, the block boundary and the land area changed over time.
Second, for 1945-1963, the employment information is available only at a less spatially granular
level than blocks. Third, for 1938 and 1945, we know the number of establishments but not the
number of workers. For the first issue, we address it using the same strategy as the population data.
We now describe how we address the second issue. We calculate the number of establishments as of

3Similar to the block-level data, we have also adjusted the shrink in the area of shucchojo districts by defining the
area change of each district before and after the ota river flood control. We multiply the original population by this area
change rate to obtain the shicchojo level population.

4There are a few exceptions in which a block overlaps multiple shucchojo districts. In this case we assume that a
block belongs to the district in which more of the block residents live.

5While most of our data already focus on non-agricultural employment, the 1953 data report total employment,
including agricultural employment. To adjust for this, we estimate the number of agricultural workers in 1953 using
the following procedure: First, we obtain the share of agricultural households from the 1950 Statistical Abstract of
Hiroshima. Combined with the number of agricultural workers from the 1950 Population Census, we estimate that
about half of the agricultural household members are counted as working. This allows us to calculate the fraction of
agricultural workers in the overall population. We multiply it by the 1953 block-level population to approximate the
block-level agricultural employment in 1953. This adjustment of relatively minor importance because even in 1950,
when agricultural employment was significant in the Japanese economy, the Population Census suggests that less than
10 percent of workers are in the agricultural sector in Hiroshima city.
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November 1945, which is the time at which our first post-war population data is available. For this,
we first take from the 1946 Statistical Abstract of Hiroshima City the number of buildings for shops,
restaurants, banks, hotels, associations, and entertainment facilities before and after the bombing
(August 1946). We also approximate the establishment distribution right after the bombing (August
1945) by multiplying the number of establishments before the bombing and the ratio of totally
destroyed buildings.® Using linear interpolation, we can approximate the number of establishments
for each distance bin as of November 1945 from the numbers as of August 1945 and 1946. Second,
we regress the change rate of the number of establishments from the pre-war period to November
1945 on the ratio of totally destroyed buildings and its square. Figure A.2b shows that the regression
model exhibits a good fit. Finally, we multiply the number of establishments in 1938 by the predicted
change rate using the block-level ratio of the totally destroyed buildings and the estimated regression
model shown in Figure A.2b.”

To construct the block-level employment distribution for 1950-1963, we rely on the employ-
ment distribution that is recorded at a less spatially granular level (shucchojo).® Since our 1957
employment data aggregates seven peripheral districts into one, we define it as the “others” district
and use 12 shucchojo areas. The number of workers at the shucchojo level is available for 1953,
1957, and 1963. To calculate the employment at the block level, we multiply the number of workers
in the shucchojo and the employment share of that block in 1966. This procedure assumes that the
employment share within the shucchojo district is approximated by the 1966 distribution, but allows
for the employment changes across shucchojo districts. Finally, to approximate the employment dis-
tribution in 1950, we assume that the employment distribution in 1950 is the same as in 1953 except
for the total number of workers, which we scale down by the growth rate in the total population.

Finally, we need to construct the block-level employment data from the block-level establish-
ment data. Following prior studies (e.g., Ahlfeldt, Redding, Sturm and Wolf 2015), we assume that
employment is proportional to the number of establishments. To determine the total size of employ-
ment in 1938 and 1945, we multiply the total population by the labor force participation rate in 1936,
which is 44.2 percent according to the 1936 Statistical Handbook of Hiroshima City (Hiroshima-shi
toukei sho).?

6We compute the average fraction of totally destroyed buildings for each bin from the block-level data of the fraction
of totally destroyed buildings (Hiroshima City Government 1971), using the 1938 number of establishments as weights.

7The predicted model yields a negative change rate in the number of establishments for a 100 percent total destruction
rate. To address this, we use the change rate predicted for the 99 percent destruction rate for blocks with a 100 percent
destruction rate.

8The issues of some blocks belonging to two shucchojo and changing land areas are addressed in the same way as
the population data.

°In our structural estimation, however, the total employment equals the total population because our model assumes
that everyone works. We normalize the total population to the total employment.
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A.3 Other data

Commuting and transportation network. We use the trip-level microdata of the 1987 Hiroshima
City Person-Trip Survey for residents of the Hiroshima metropolitan area. It was large-scale (about
7 percent of the population was surveyed) and representative. To further enhance the representa-
tiveness based on residence, age, and gender, we use the sampling weights provided in the survey.
The unit of observation is a trip and for each trip, it collects information on the origin, destination,
and mode(s) of transportation. We use the representative mode of transportation in the trip: walk,
bicycle, car, bus, and train. The representative mode is defined as follows. First, the representative
mode is “train” if the trip uses a train or tram. Then, for trips that have not been coded, we code
them as “bus” if it uses buses. We code trips that have not been coded as “car” if it uses a motorcycle
or automobile. We code trips that have not been coded as “bicycle” if it uses a bicycle. Finally, we
code it as “walk” if it uses walking.

Using the microdata of 1987 person-trip survey, we estimate the mode choice model using trav-
els of workers from home to workplace.!® To measure the travel time between each workplace-
residence pair, we also collect and digitize road networks in 1987, bus networks, and train networks
in Hiroshima city, and compute the bilateral travel time between blocks for each mode: walk, bike,
car, bus, and train.!! The travel time in each travel mode between the areas is also obtained using
the centroid of each area. Although public transportation networks were generally stable during our
sample period, there were a few notable changes, including the discontinuation of the Ujina line
in 1966. To address this, we also digitize the bus and train networks in 1950. Prior to 1966, we
use the public transportation networks of 1950, and after that, we use those of 1987. Throughout
our sample period, we use the 1987 road network for data quality, which is reasonable given that
the road network in Hiroshima has not changed significantly from the pre-war period. To formally
verify this, we digitize the road networks on the published city maps prior to the bombing and in
1950.12 We then calculate the travel times to the city center under these networks and compare them
with the travel time under the 1987 road network. The correlation between the pre-bombing period
and 1987 is around 0.95 and the correlation between 1950 and 1987 is around 0.97.

Location characteristics. We collect various information on the locational characteristics of each
block. We first explain the natural locational characteristics: altitude, ruggedness and soil condition.

10As an alternative measure of a bilateral commuting matrix, we also try the geographical distance between blocks.
We measure the bilateral distance by the geographical distance between the centroids of two areas. We estimate the grav-
ity equation by constructing a bilateral commuting matrix between 66 areas within our sample area, using individual-
level information on the residence and the workplace. The 66 areas are constructed by suitably aggregating blocks. Our
main conclusions do not change.

UWe use QGIS to compute the travel time. Based on available evidence, we assume the following travel speeds: 5
km/h for walking, 12 km/h for bicycling, 25 km/h for driving a car, 15 km/h for bus, 12 km/h for tram, and 36 km/h for
other trains. In calculating the travel time by bicycle, car, bus, and train, we assume walking occurs outside its network.

12For the pre-bombing map, we digitize a map created by the US army based on pre-bombing resources (https://maps.
lib.utexas.edu/maps/ams/japan_city_plans/). For 1950, we digitize the Geospatial Information Authority of Japan Map.
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The altitude and the ruggedness are taken from the Digital National Land Information.!3 For each
250 m x 250m squares, the data record the average altitude and the average degree of slopes. We
assign the value at the centroid of each block. Second, we obtain the location of water areas sepa-
rately for the pre-war and post-war periods. We use the digital map of Takezaki and Soda (2001) for
the pre-war period and the Basic National Land Information data for the post-war period. Finally,
we take the soil condition from the Land Classification Basic Investigation.!* We use the data on
the surface strata and assign the soil condition to each block using the centroid location.

We next explain our data on non-natural locational characteristics. We collect information on
the location of train stations in 1950 from the Digital National Land Information.!> The list of
cultural assets (bunkazai) in the city is taken from the Hiroshima Metropolitan Area and Hiroshima
Prefecture Open Data Portal Site.'® Finally, we digitize the location and the number of units of each
public housing from the 1949 and 1950 Statistical Abstract of Hiroshima City (Hiroshima shisei
youran).'” The data cover all public housing units constructed in Hiroshima from 1946 to 1950.

Land prices. We obtain the location with the highest unit land price within Hiroshima city.!® For
1931, this is reported in the 1931 Statistical Yearbook of Hiroshima City. For 1959, the National Tax
Agency reports the location with the highest land price in each prefecture.!® Since the highest land
price in Hiroshima prefecture was in Hiroshima city, we know that this place also had the highest
land price in Hiroshima city.

Migration rate. In order to assess the degree of mobility friction, we use information on migra-
tion rates. Our primary data source is the 1960 population census. It asks whether a respondent
changed their address, including moving within the same municipality. In densely populated areas
of Hiroshima prefecture, 85.9 percent of people in prime-age answered they did not.2° Converting
this into a 5-year interval, we calculate the rate of moving within five years is 6 ~ 0.53. How-
ever, this migration probability seems too small for the period right after the war. Many people
reallocated for wartime reasons and they would have lower mobility costs (e.g., lower attachment

13Source: https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-G04-d.html, in Japanese. Last accessed on September
9,2022

14Source is map with a scale of 1 to 50,000; https://nlftp.mlit.go.jp/kokjo/inspect/landclassification/land/l_national
map_5-1.html, in Japanese. Last accessed on September 7, 2022.

15Source: https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-NO5-v1_3.html, in Japanese. Last accessed on Septem-
ber 7, 2022.

16Source: https://hiroshima-opendata.dataeye.jp/resources/9843, last accessed on September 9, 2022.

7In some cases, the location information in the data does not allow us to pin down the block the public housing is
located in. We still assign the single block based on our best guess on the location of that public housing.

18]n Japan, to our knowledge, digitized comprehensive land price data in the pre-WWII period is available only in
Tokyo and Kyoto (Yamagishi and Sato 2023).

19This can be found in Weekly Tax Communication (Shukan zeimu tsushin), volume 444, issue of February 22, 1960.

20The prime-age means between the ages of 15 and 59. Data source: https://www.e-stat.go.jp/stat-search/files?
page=1&layout=datalist&toukei=00200521&tstat=000001036867 &cycle=0&tclass1=000001038047 &tclass2val=0,
in Japanese. Last accessed on September 8, 2022.
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to their current residence, higher probability of intending job switching). According to the city
population registry (reported in Hiroshima shisei youran), more than 50,000 of people moved out
of Hiroshima city in 1949. Since the population of Hiroshima city at the end of 1948 was about
24,000 (1952 Hiroshima shisei youran), this implies an annual migration rate of 21 percent even if
intra-city migration is ignored. We assume that the relative frequency of intra-city migration and
inter-city migration right after the war is similar to that in 1960.2! Then, this suggests an annual
rate of staying of 0.64, corresponding to a rate of moving within five years 6 ~ 0.9. Note that our
migration rate for the period 1945-1950 is primarily based on the migration data from 1949. This
might understate the migration rate if the mobility right after the war was even higher than the 1949
migration rate.

Figure A.1: Damage to buildings and Death of people
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Note: The left panel plots percentage of totally destroyed buildings by the atomic bombing in each block. The right
panel plots percentage of people killed by the atomic bombing in each block. Source is Hiroshima City Government
(1971).

21For the prime-aged people, this ratio in the densely-populated area of Hiroshima prefecture is around 7:10, implying
that the annual migration rate is roughly 0.36.
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Figure A.2: The population and establishment change on the rate of totally-destroyed buildings
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Note: The left panel shows the scatter plot of the percentage of totally destroyed buildings and the population change
rate due to the bombing for distance categories from the epicenter (within 1km, 1-1.5km, 1.5-2km, 2-2.5km, 2.5-3km,
more than 3km away). The population change is from the 1946 Statistical Abstract of Hiroshima City and the destruction
rate is a population-weighted average of the block-level destruction rate from Hiroshima City Government (1971). The
right panel shows the scatter plot of the percentage of totally destroyed buildings and the establishment change rate due
to the bombing, for distance categories from the epicenter (0.5km grids up to Skm). The establishment change is from
the 1946 Statistical Abstract of Hiroshima City. In both panels, we fit the quadratic model and plot it.

Figure A.3: Validation of our 1945 population data with alternative population data in 1946

Population change rate (as of August 1946)
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Imputed population change rate (as of November 1945)

Note: We validate our method of imputing the 1945 population after the bombing using different population data taken
from the 1946 edition of Hiroshima shisei youran at the school district level. The horizontal axis shows the predicted
population change rate as of November 1945 based on the imputed destruction rate of buildings for each school district.
The vertical axis shows the population change rate as of August 1946, taken from the data. We also plot a linear
regression line.
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Figure A.4: Actual and counterfactual population share within 1km from the epicenter
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Note: This figure shows the population share of areas within 1 kilometer of the epicenter of the atomic bombing. For
1945-1948, we observe the population in the Statistical Abstract of Hiroshima. For the remaining years, we aggregate
the block-level population to the distance bins from the epicenter according to the definition of Hiroshima City Gov-
ernment (1971). The counterfactual population share extrapolates the pre-war linear trend to the post-WWII period,
analogous to Figure 2 of Davis and Weinstein (2002).
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Table A.1: Summary statistics

Full sample Within 3km from the CBD

mean sd count mean sd count
Population 1936 1880 2153 174 1642 1103 158
Population 1936 per 1km? 23761 14104 174 25752 13138 158
Population 1945 917 2927 174 459 916 158
Population 1945 per 1km? 3566 5496 174 3374 5158 158
Population 1950 1495 2683 174 1026 1091 158
Population 1950 per 1km? 11877 6616 174 12583 6374 158
Population 1960 2215 3648 174 1537 1689 158
Population 1960 per 1km? 16725 8548 174 17737 8188 158
Population 1975 2625 5423 174 1501 2694 158
Population 1975 per 1km? 12758 5046 174 13065 4906 158
Employment 1938 978 835 174 949 626 158
Employment 1938 per 1km? 42517 41449 174 46512 41422 158
Employment 1945 405 1056 174 259 420 158
Employment 1945 per 1km? 5507 8035 174 5602 8072 158
Employment 1953 669 965 174 505 465 158
Employment 1953 per 1kim? 7358 6083 174 7909 6099 158
Employment 1966 1277 1516 174 1060 792 158
Employment 1966 per 1kim? 18499 17408 174 20111 17463 158
Employment 1975 1515 1880 174 1211 993 158
Employment 1975 per 1km? 21017 21948 174 22821 22243 158
Block area (km?) 321 971 174 132 .39 158
Distance to the CBD (km) 1.66 1.06 174 1.4 .652 158
Distance to the nearest station (1) 336 319 174 285 232 158
Distance to the nearest water area (1) 248 229 174 226 185 158
Distance to the nearest cultural asset (1) 808 637 174 684 412 158
Altitude (m) 591 14.4 174 4.25 7.56 158
Average slope (degree) 814 2.4 174 611 2.07 158
Dummy of bad soil condition .96 197 174 981 137 158
Latitude 344 0104 174 344 .00917 158
Longitude 132 0167 174 132 .0123 158
Annual population growth rate 1933-1936 1.03  .0355 174 1.03  .0344 158
Rate of total destroyed Building 74.5 354 174 81.1 29.8 158
Rate of half-damaged buildings 18.6 26 174 15.2 23.6 158
Rate of mildly-damaged buildings 6.65 17.7 174 3.38 12.1 158
Rate of intact building .685  3.99 174 316 1.66 158
Observations 174 158

All



B Nagasaki

Throughout the paper, we focus on Hiroshima: the first city hit by the atomic bomb in our history.
Our focus on Hiroshima is motivated by better data availability and city size: Hiroshima was about
twice as large as Nagasaki in the pre-war period. That said, this section analyzes Nagasaki, the
second and last city that experienced an atomic bombing as of the time this paper is written, based
on available data.

The case of Nagasaki is useful to distinguish the role of war-time destruction from the locational
fundamentals because the atomic bomb hit a different part of the city. In Hiroshima, we have shown
in Section 3 that the atomic bombing of Hirohsima results in a populaton decline in the city’s core,
while the city’s outskirts experienced an increase in population. In contrast, as shown in the damage
map of Nagasaki in Figure B.1a, the atomic bomb hit the outskirts of Nagasaki and the epicenter is
more than 2 kilometers away from the city center, where the Nagasaki City Hall and the Nagasaki
Prefectural Office are located. Consequently, the city center of Nagasaki, areas to the south-east of
Nagasaki station, was damaged relatively mildly. Some of the outskirts of Nagasaki experienced
destruction and a decrease in population, while the center, which experienced less destruction, ex-
perienced an increase in population as people escaped into the center (Inami 1953). Therefore, in
contrast to Hiroshima where the monocentric city structure was reversed, the concentration in the
center was augmented by the bombing in Nagasaki. This contrasting pattern of population change
after the atomic bombing allows us to distinguish between the importance of the destruction due
to the bombing and its fundamental characteristics. If the destruction rate determines the post-war
population growth, then the outskirts should experience a substantial increase in population. In con-
trast, if being the (pre-war) city center is what matters in explaining the post-war population growth
of central Hiroshima, then we would not expect the recovery of the pre-war population distribution
on the outskirts of Nagasaki.

To investigate the post-war population growth in Nagasaki after the bombing, we use the popula-
tion data in May 1945 (pre-bombing), October 1945 (post-bombing), and March 1954 at the school
district level, taken from Nagasaki City Government (1983). We estimate the following equation
similar to equation (1):

POPdenSi,1954 POPdenSi,1945 Oct

Popdens; 1945 May

— 7In + ;. (B.1)

Popdens; 1945 ot

The unit of observation is the school district 7 and there were 24 school districts.?
Figure B.1b shows the estimation result. Despite the fact that the atomic bomb hit a different
part of the city, the figure looks very similar to the case of Hiroshima in Figure 4. The estimated

22Strictly speaking, we cannot calculate population density because we have no information on the size of each school
district. However, this does not prevent us from implementing (B.1) as long as the size does not change throughout our
sample period. We do not include control variables because Nagasaki City Government (1983) does not show a map of
school districts and we could not collect precise locational characteristics.
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Figure B.1: The map and the reduced-form result of Nagasaki

(a) Map of Physical Damages Caused
by the Atomic Bombing (Nagasaki) (b) Change in Population Density (Nagasaki)
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Note: The map of Figure B.1a shows the epicenter of the bombing in Nagasaki, as well as major facilities and the
extent of the damage to structures. This map is provided by the Atomic Bomb Disease Institute at Nagasaki University.
Figure B.1b plots the change in the log of population density from 1945 to 1954 compared to those from May 1945 to
October 1945 in Nagasaki. Each circle represents a school district (i.e., an observation), where the size of the circle is
proportional to the population density in May 1945. We plot the (unweighted) linear fit between these two variables
(solid line) as well as the slope of -1 (dashed line).

slope of the fitted line is —0.882 with a standard error 0.101. While we can strongly reject the
null of v = 0, we cannot reject the null of y = —1 at the conventional level. Therefore, similar
to Hiroshima, we obtain evidence of the path independence within Nagasaki. This evidence from
Nagasaki suggests that the population distribution in the city would resemble the pre-war one, even
if the atomic bomb hit a different place within the city. Combined with the result from Hiroshima,
it is difficult to attribute the recovery to the fundamental advantages of particular locations within a
City.

C Additional Reduced-form Evidence

Employment. We repeat the same reduced-form analysis as Section 3 for employment data in
1938, 1945, and 1966. Figure C.1 shows the scatter plot of the log employment change rates in the
same way as Figure 4 for population data. Similar to the population, we find those areas that experi-
enced a significant decline in employment due to the bombing had a high employment growth rate
in the post-war period. Moreover, the magnitude of this recovery is close to, albeit not exactly, the
case of the complete path independence shown in the dashed line. Table C.1 reports the regression
results of the equation (1) for employment, in the same manner as Table 1 for population. Column
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1 reports the result of the simple regression in Figure C.1. We find the coefficient around -0.86,
which indicates a stronger recovery than the case of the population in Table | (around -0.7). Adding
control variables, column 2 shows that the coefficient is now almost -1, i.e., the path independence.
The path independence result after adding control variables is the same as in the case of the popu-
lation. Finally, column 3 shows that focusing on blocks within 3 kilometers of the epicenter, which
is expected to have more homogeneous locational characteristics, still implies path independence.
This is again similar to the pattern of the population in Table 1.

Characteristics of neighboring blocks. We suppose that post-war population growth of block i
may depend not only on own characteristics but also on the characteristics of neighboring blocks
j # i. To consider the characteristics of neighbors, we adopt the so-called “SLX model” in spatial

econometrics literature (Halleck Vega and Elhorst 2015) and control for the spatial lag of the two
Popdensi/1945

Popdens; 1934 )

summarizing the wartime destruction rate of surrounding blocks and the spatial lag of X; summa-

types of dependent variables in our main regression equation (1). The spatial lag of In (

rizes the locational characteristics of neighboring blocks. We use the exponential spatial weighting
matrix by using geographical distances between centroids of blocks in kilometers, implying that
the characteristics of blocks that are close to block i are given more weights.2> We also construct
the spatial lag of population right after the bombing, which is meant to capture the market access
of a given block.?4 In addition to our baseline control variables on block characteristics, We ad-
ditionally control for these spatial lag variables in our main regression analysis in Table 1. Table

C.2 shows that the inclusion of these spatial lag variables does not change our conclusion about the
Popdens; 1945

Popdens; 1934
path independence (7y = —1) in all specifications. Overall, the results suggest that considering the

coefficient y associated with In ( ) . In particular, we cannot reject the null of complete

characteristics of neighboring blocks does not change our path-independence result.

Public housing. To assess how much the recovery of central Hiroshima was driven by govern-
mental policies, we explore the role of public housing, which was a primary policy target right after
the war. To investigate whether the provision of public housing directly leads to the recovery, we
control for the number of public housing units on top of our main reduced-form regressions in Table
1. Table C.3 reports the results, showing that controlling for public housing does not change our

conclusion.?s

ZFollowing the decay of spillovers in Ahlfeldt et al. (2015), we set the spatial decay parameter at 4.32.

24We set the spatial decay parameter at 0.05 given the commuting cost estimate with respect to geographical distance
in Hiroshima, which was reported in a previous version of this paper (Takeda and Yamagishi 2023).

25The result that public housing provision does not explain the recovery of central hiroshima is natural because we
find that public housings were more likely to be supplied in locations away from the CBD.
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Figure C.1: Change in employment density

Change in log employment density, 1945-66
N

5 ¥ 3 2 .‘1 5
Change in log employment density, 1938-45 (after bombed)
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Note: This figure plots the log employment change rate from 1938 to 1945 against the log employment change rate
from 1945 to 1966. Each circle represents a block (i.e., an observation), where the size of the circle is proportional to
the employment density in 1938. We plot the (unweighted) linear fit between these two variables (solid line) as well as
the slope of -1 (dashed line).

Table C.1: Change in employment density

)] 2 3

Change in log employment density 1945-66
Change in log employment density 1938-45 -0.8571  -0.9978 -0.9420

(0.0324) (0.0586) (0.0642)
p-value from testing y = —1 0.000 0.970 0.368
Control variables v v
Within 3km from the city center v
Number of blocks 174 174 158
R-squared 0.828 0.892 0.915

Note: We report the OLS estimation result of the equation (1) for employment density. Fundamentals consist of the
quadratics of the distance to the nearest station, the distance to the nearest cultural asset, the distance to the nearest water
area, the altitude, and the slope. We also include a dummy for a bad soil condition. We also control for the quadratics
of the pre-war (1933-1936) population growth rate, the fractions of the half-destroyed, moderately-destroyed, and intact
buildings, and the geographical coordinates (the latitude, the longitude, and their interaction). In columns 3, we confine
the sample to blocks within 3km from the city center, in which fundamental conditions are more homogeneous. We
also test the null that y = —1 (i.e., the complete path independence) and report its p-value. Robust standard errors in
parentheses.
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Table C.2: Controlling for characteristics of neighboring blocks

ey ) 3
Change in log population density 1945-50
Change in log population density 1936-45 -0.9385% -0.9345"% -0.9568"
(0.0990) (0.1046) (0.1036)
p-value from testing v = —1 0.536 0.533 0.677
Control variables (block characteristics) v v v
Spatial lag of change in log population density 1936-45 v
Spatial lag of control variables (block characteristics) v
Spatial lag of population right after the bombing v
N 174 174 174
R? 0.863  0.890 0.863

Standard errors in parentheses
¢ p<01,°p<005p <001

Note: We report the OLS estimation result of the equation (1) for population density, while controlling for a spatial lag
of dependent variables based on geographic distances between centroids of blocks. As control variables, we include the
quadratics of the distance to the nearest station, the distance to the nearest cultural asset, the distance to the nearest water
area, the altitude, and the slope. We also include a dummy for a bad soil condition. We also control for the quadratics
of the pre-war (1933-1936) population growth rate, the fractions of the half-destroyed, moderately-destroyed, and intact
buildings, and the geographical coordinates (the latitude, the longitude, and their interaction). The spatial lags of the
change in log population density 1936-45 and block characteristics are constructed using exponential weights, where the
decay parameter is set at 4.32. We construct the spatial lag of each control variable (except for latitudes and longitudes)
and use them as separate controls, using the decay parameter 4.32. The spatial lag of population right after the bombing
is constructed using the decay parameter 0.05. Column 1 includes the spatial lag of the population density change
due to the war. Column 2 controls for the spatial lag of block characteristics. Column 3 controls for the spatial lag of
population level right after the bombing. We also test the null that y = —1 (i.e., the complete path independence) and
report its p-value. Robust standard errors in parentheses.

Table C.3: Change in population density (controlling for public housing)

ey @) 3)

Change in log population density 1945-50
Change in log population density 1936-45 -0.7270  -0.9453 -0.9839

(0.0270) (0.0986) (0.0992)
p-value from testing v = —1 0.000 0.580 0.871
Control variables (other than public housing) v v
Within 3km from the city center v
Number of blocks 174 174 158
R-squared 0.816 0.866 0.880

Note: We report the OLS estimation result of the equation (1) for population density, while controlling for the number
of units of public housing in each block for all specifications. Fundamentals consist of the quadratics of the distance
to the nearest station, the distance to the nearest cultural asset, the distance to the nearest water area, the altitude, and
the slope. We also include a dummy for a bad soil condition. We also control for the quadratics of the pre-war (1933-
1936) population growth rate, the fractions of the half-destroyed, moderately-destroyed, and intact buildings, and the
geographical coordinates (the latitude, the longitude, and their interaction). In columns 3, we confine the sample to
blocks within 3km from the city center, in which fundamental conditions are more homogeneous. We also test the null
that v = —1 (i.e., the complete path independence) and report its p-value. Robust standard errors in parentheses.
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D Theoretical Appendix

This section provides detailed derivations in the model.

D.1 Value function

When an individual w is able to change the location choices, she solves the problem of location
choice (6) in the main text. The idiosyncratic taste shocks are drawn from the time-invariant and
independent mean-zero Type I extreme distribution:

F(e) = exp(—exp(=(e+T))), f(e) = exp(—(e+1T))F(e)

where T is Euler-Mascheroni constant: T = — [;"Inxe *dx. Ford € {C x C,0}, we have
distribution functions:

s— oV,
Gat11(s) = Prob[oVasy1 + 0egr1 < s] = exp (—exp (— (% + F))) :

Therefore, pVijst11 + 0€jgt11 follows Gumbel distribution with mean pVjy; 1 and scale parameter
0. The large value of ¢ leads to large variation. Let

V{1 = max {PijtH +0¢€jp11; PVor+1 + 0'€ot+l}
Then, we have

Hi11(s) = Prob[V/; <'s] H Giot41(8) X Gory1(s)

which corresponds to the maximum of the Gumbel random variables. It can be shown that this also
follows the Gumbel distribution with mean

w1 =Eafs) =oln | Y exp(Vigs1)P'7 + exp (Vo1 )P/7 (D.1)
(j.2)

Therefore, for d € {C x C,0}, we have value functions (7) and (8) in the main text.

D.2 Location choice

We transform the variable such that z = ¢ + ¢I'. Suppose that an agent can switch the location.
Then, the probability that an individual chooses location pair of workplace j and residential place ¢
in period t + 1 is:

1 1
Ajgrr1 = / [T exp ( "(Hpvﬂ”lpvf/‘”*l)) exp (—e_J(ZJFPWf*l_pV"f*l)) 1e_czrdz

/Z/ o
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—z/0
9

Lettings = ¢

o0 1
)\jét+1 = /0 exp | —s Z exp <_E(p‘/jft+1 - Pth+1)> ds
)0}

de{ (7" 0
_|exp (—S Yde{(j),0) €XP (117 (oVists1 — det+1)>> (D2)
— Lde{(j )0} EXP (_(lr(PVjéH—l - Pth+1)> .

_ exp( ]Zt—l—l)p/U
Yac((7,),0) P (Varr1)P/

Analogously, the probability that workers live outside of the city is:

exp(Vor1)?”

Yac{(7,0),0) P (Varr1)P/

Aots1 = (D.3)

An individual can change the residential place and workplace with the exogenous probability, 6; €
(0,1). Using the probabilities of location choice, the mass of workers choosing location i as a
workplace and location 7 as a residential place in period t 4+ 1 can be expressed by:

Lint+1 = (1 — 6¢41) Lint + 01 int+1 Lt + 01X int1 (M — Ly)
= (1 = 641)Lint + 0111 Ainp 1 M

We can use the same idea to derive the dynamics of population (11) and employment (12):

Rutt1 =) Lingr1 = (1 = O0p41) Rt 4 0141 ) Ainpa M (D.4)
ieC ieC
and
Lizs1 = Y Lints1 = (1 = 01) Lig + 0151 Y, Aja M (D.5)
neC neC

The total population in the city is

Livi= ), Lins1 = (1= 051)Li +0:11(1 — Agy1) M (D.6)
(in)eCxC

D.3 Equilibrium

Let Vint = Vit — Vor and U, = Ui/ Uor. Bellman equation implies

th In 1t + (1 - Ot—&—l)PVmH—l
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Iterating this, we obtain

T T

T=t+1 s=t+1
T —t
~ ~ T T 1-6;
= In (”int T (i)™ o )) (D.7)
T=t+1

it—1 nt— iT 7it—1

—1 ayay pP1pk2 ey pPiph2 P Tl (1-65)
= 1n Cth L R R 1 H <Cl7’lTL L RnTRTlT 1)
T=t+1

Gitbw =1, -1 - .

where C;;;; = W int Yot

The probablhty (D.2) can be expressed as

exp (Vi )P/ 7
Aint = (Vi) e (D.8)
Yieexp(Vie )7 +1
Therefore, we obtain population in location #:
exp(Viu )7
Rt: 1—91}R —1+9t (D9)
n ( ) nt ;Z gexp( )p/a+ 1
and employment in location i:
Vit )P0
Lip = (1—6:)Liyy—1+6:) P ””) (D.10)

M
i Leexp(Vie)P/7 +1

The equilibrium is characterized by { Ry, L;;} solving (D.7), (D.9) and (D.10) jointly.

We show the existence of the forward-looking competitive equilibrium in which population and
employment satisfy R,; > (1 —6;)R,;_1 and Ly > (1 — 6;)L;;_1 given 6;. To simplify the
notation, we suppose (1 — 6;)p — 0. Yet, our following augment can be applied for the general
case. When (1 — 60;)p — 0, the forward-looking equilibrium is characterized by ({Ru:}, {Li+})
solving the system of equations:

CP/‘TRﬁiRﬁZ
Rut = (1= 60)Ru—1+)_ ””/ montl (L —(1—6;)Li_1),
- Z CP ‘TR,BlR,Bz
bl i 0t—1 (D.11)
CP/‘T &y & ’
Ly = (1 _et) o1 +Z int zt it—1 (Rnt_ (1_9t)Rnt—1)

P/‘T )
" Z:] C]nt L]t 1

where &1 = a1p/0, &y = app/0, Bl = B1p/0 and BZ = Bop/0.
We suppose that R,y > (1 —6;)R,;_1 and Ly > (1 — 6;)L;;_1 for any {6;}. Therefore, we
characterize the equilibrium in which population and employment are increasing given the friction
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of mobility. This is in line with our quantification in the next section. Letting 2 = (R, L) be a
vector of population and employment and we define the operator J(z) such that i-th element J,(z)
corresponds to the right-hand side of (D.11). When R,y > (1 —6;)R,;_1and Lj; > (1 —6;)L;;_1,
we can define the convex subset of ]R%LI\J’r where the operator | is mapping from the subset to itself.
The operator | is continuous mapping. Therefore, by Brouwer’s fixed-point theorem, there exist
forward-looking equilibrium such that they satisfy R,y > (1 — 6;)R;;;—q1 and L;; > (1 — 6;)L;;_1.

D.4 Steady-state equilibrium

If the steady state equilibrium exists, it is stationary steady state where all variables in the model are
not changing over time. In such stationary steady state, the conditional probabilities that workers
commute to 7 given residential place n become:

~ rhap/o

iln . T ~ rlp/o
ZJEC /\]n ZjEC ajnL]'{J

where we let & = a1 + ap, B = B1 + B2, and d;, = (ﬁ,-/Kin)P/‘T > 0, where d;,, summarizes the
time-invariant fundamental productivity consistent with the steady-state. Analogously the condi-
tional probabilities that workers live in 7 given workplace i become:

7 Bo/
R __ )\in binRﬁp 7

nli —

A = _
Leechit v, biREFT

where b;, = (b /%in)P /¢ > 0. In sum, the steady state equilibrium is characterized by variables
{Ry, L;, ®;, Y, } solving the system of equations:

. o .
R/ = Vb, 0L, @ = Y B, RE,
i n
~ ~ (D.12)
1—dp/ ioY o a /
L; =Y Y, 'Ry, Ya= ai”L?p ’
- i

To exploit the result of Allen, Arkolakis and Li (2020), we define the following matrix C and D that
summarize the parameters from the left and right-hand sides of the system of equations, respectively:

1-Bp/o o -1 1 0
B 1 _|Bo/e O 0 0
€= 1—ap/oc |’ D=1"1""0 o =1

1 0 0 &ap/c O

Matrix C is diagonal matrix and invertible when aq + ap # 0/p and B1 + B2 # 0/p, and steady
state equilibrium exists when these conditions hold. Then, we define matrix T = |[DC~!|. Using
the results in Allen et al. (2020), the system of equations has a unique up-to-scale solution if all
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eigenvalues of the matrix I' are no larger than one. In our case the sufficient conditions for a unique
up-to-scale solution are: .

I/Sp/cfl +1 <1, |¢xp/(~7| +1 <1

[1—pp/o] [1—ap/o|
These conditions hold if and only if:

B=PB1+p2<0, G=a;+a<0 (D.13)

The net agglomeration in productivity (a1 + a2) and net neighborhood externality in amenities
(B1 + B2) are negative so that congestion force is dominating the agglomeration force in both work-
place and residential place to ensure the unique up-to-scale solution. The level of the solution is
pinned down by the total population in the city, and we obtain a unique stationary steady state.

D.5 Microfoundations of productivity spillovers

In this section we present two different microfoundations of productivity spillovers. The first sub-
section considers the local production capital and the second subsection discusses the innovation
by local firms.

D.5.1 Local production capital

Capital in final good production. The production function is given by y;; = kftl [;; with a pa-
rameter v, € (0,1). k;; stands for local production capital (e.g., floor space) and v; governs the
decreasing returns to scale in its contribution to labor productivity. The technology is linear in its
labor, so the equilibrium wage w;; = k? .26 Firms also choose their local capital input taking its unit
price p;; as given, leading to p;; = Vllitk;./trl. Since the production technology is linear in labor, at
this profit maximizing point, firms that earn negative profits may stop operating if the cost of local
capital is incurred by them. To simplify the discussion, we assume that firms do not exit, possibly
because they receive a lump-sum transfer from the government or other sources that cover the cost
of local capital.?”

Local capital supply. Capital is supplied locally in each location. The production technology of
the supplier is Cobb-Douglas technology: k;; = eitn}/tz S_ilt_vz, where ¢;; is the efficiency of production

of local capital, 1;; is input of numeraire (final goods) and S;; is land used for business. The supplier

26Due to the linear technology both in tradable final goods production and capital production, the wage rate must be
equalized across both sectors for both sectors to be active. We focus on such a situation and assume as a tie-breaking
rule that a fixed ¢ € (0,1) fraction of L;; workers work in the capital sector and the remaining work in the final goods
sector.

27 Alternatively, firms may earn positive profits in equilibrium and have no incentive to exit when they can exert a
monopsony power in the labor market and set a lower wage than the marginal revenue: w;; = k;’tl /(1+ m;;), which is
isomorphic to the perfect competition case multiplied by 1/(1 4 m;;). In particular, since the local labor supply curve
has the iso-elastic form with elasticity p /o when 6; = 1, m;; equals p/o so that markup rate is constant and common
across all locations.
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of local capital decides input of numeraire given commercial land (S;;). The local capital supplier
bid for commercial land and absentee land owner extract all profit from the suppliers, implying that
firms earn zero profit in equilibrium. In equilibrium market clearing condition for the local capital
leads to:

kie = Koel (Aulir) 28572,
where ko is a constant, Ay = 1/(1 — v112) and Ay = 15/ (1 — vq12).

We now specify the efficiency of local capital supply (e;;) and land allocation for commercial use
(S;t). First, efficiency is related to the infrastructure invested by the government. If infrastructure
depreciates more when firms use it intensively in period t — 1, while infrastructure increases more
when the government’s investment is increasing based on production in period t — 1. The time
difference is intuitive since replacing infrastructure takes time. Then, we can argue ¢;; = éithl_l,
where ¢;; is fundamental quality. Next, commercial land use is also related to land allocation by the
government or absentee landowners based on economic activities in the previous period. On the
other hand, land for commercial use can be negatively associated with employment in the previous
period through lot size adjustment costs (Yamasaki, Nakajima and Teshima 2022). More workers in
period t — 1 may imply a smaller lot size and that increases development costs or adjustment costs
of land for large-scale construction, limiting the efficient land allocation toward business. In sum,

& {3 . "
we can write: S;; = S;L i1 where 1, can be negative or positive.

Equilibrium wages. Combining them, we can represent the wage equation in location i:

4

T TA +P2) A=A oA —A
Wi :k;? :AitLitzLZ(;lill P2) M=o 251'1 2

where A;; conflates fundamentals, A1 = Aqvg and Ay = Apuy. Manipulating this, we have:
L\ /L., .\ @1t2)di—92As
wi = A (S—*) ( 5 1) : (D.14)
1 1

where A;; absorbs fundamentals. The wage is increasing in current employment density (L;;/S;).

The effect of previous employment density (L;;_1/S;) depends on the sign of parameters. Assuming
that the firm profit goes outside of the economy, the rest of the model behaves the same as our main
model in Section 4 with Aj; is given by the right-hand-side of (D.14).

D.5.2 Innovation by incumbent workers in local firms

The technology of final good producers is linear in labor, y;; = A;;L;; where L;; is total employment.
Productivity of firms in location 7 is determined by:

Ait = (it — 64)Lit* A1, (D.15)

which has three different components. First, productivity grows at rate ¢;; — d4. ¢;; is innovation
between period t — 1 and t and é 4 is the obsolescence rate of previous idea. Second, there is scale ef-
fects in innovation and parameter ) captures the return to employment size in knowledge spillovers.
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Third, all firms can access the productivity frontier of the last period, A;_; = max; A;;_1. In the
following, we discuss how we determine innovation, ¢;;.

The innovation ¢;; is equal to the average units of a blueprint of innovators in location i. In
period ¢, only incumbent workers who stay in the location from the period ¢t — 1 can do innovation
since it requires experience in the local firms. Among workers in i at period ¢, incumbent workers

who do not have an opportunity of moving are (1 — 6;)L;; 1. Each incumbent workers have one
Old _ 1
it—1 :
At the beginning of period ¢, all workers in location i draw new blueprints from Pareto distribu-

unit of the blueprint of ideas at the end of period t — 1, z

tion with support [1,c0). Specifically, units of blueprints are drawn from 1 — z~¢ and its average is
g%l' Intuitively, all workers of L;; in location 7 including both incumbent and movers have new ideas
relative to the incumbent ideas, and they acquire the average size of innovating ideas zﬁew = Q—Sl.

Incumbent workers of (1 — 6;)L;;_1 can update their ideas or keep their obsolete ideas. To
update their ideas, they need to meet workers who draw new ideas and their matching function is
given by:

P((1—6)Lit—1, Lit) = €is((1 — 6:)Lir—_1)* (Lit)2, (D.16)

where e;; controls matching efficiency and parameters are 01 € (0,1) and @, € (0, 1) asin standard
matching function. Then, the share of incumbent workers who update their blueprints is:

New _ P((1—0¢)Lit—1,Lir)

5; = e;((1 — 0:)Lyp_1) 1 (L)@
i (1—6;)Li_4 it(( t)Lit—1) (Lit)

Then, the average units of blueprints per incumbent worker become:
e; _
(Pit = syewzyew + (1 — Syew)zict)l_dl =1 + Q—itl((l — Qt)Lit_l)wl 1(Lit)w2

Plugging this into (D.15) and setting 4, = 1, we obtain productivity in location i:

e; _ -
Ajp = = (1= 0) L)™' (L) 7 A (D.17)

Productivity depends on matching efficiency (ej;), the number of incumbent workers who have
blueprints for innovation, a mass of workers in period t and the technology frontier in the previ-
ous period (A;_1). In particular, this is decreasing in the number of incumbent workers since they
are imperfectly updating their obsolete blueprints and more incumbent workers lead to a small share
of updating their blueprints. In contrast, this is increasing in the current number of workers since
more workers lead to a large number of matching for updating blueprints of incumbent workers
and directly increase productivity through scale effects. Lastly, matching efficiency can absorb any
characteristics in location i. Among them, it is natural to assume that a small area is associated with
higher matching efficiency. Therefore, we can write the right-hand side of (D.17) as a function of
employment density.
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D.6 Microfoundation of amenity spillovers

We consider local investment in housing. In each location there are homogeneous developers or
absentee landlords and each of them develops local amenities including housing or general amenities
for residents. In location 7, they solve:

max v(cnt) + po(cpist)
CntCnt+1,Xnt+1,Hn 11

Sn o (1_§n)Hnt 7 Xnt+1 1=
< A2 T on) i nt Ant+l
< () () (325) 0 veon

Cnt+1 Qni+1Hni11
—_— X JHuy ) Hyp < ————1-
Cnt + 1+ Fe + O( nt+1 nt) nt S 1+ Feit

subject to

Developers consume numéraire and v(+) is a CRRA utility function. The stock of floor spaces for
residents at period t is Hy;. The developers live for two periods and choose consumption (¢, Cpy¢+1)
and investment in the first period (X,;;41). We assume that the housing market is competitive so that
developers take the housing price Q,;11 as given.2® In the budget constraint investing X,;; 1 units
of numéraire requires adjustment costs O(X;;11, Hut) per unit of the current stock of housing.
Specifically, we posit the function for the investment and adjustment costs:

X P
O(Xyt1, Hut) = (1/;;;:) , (D.18)

where we assume that ¢ > 1 so that the investment costs are convex function of investment. This is
a traditional functional form of investment costs in macroeconomics (see, for example Baxter and
Crucini 1993). The production technology of floor space exhibits decreasing returns to investment.
Housing is durable with depreciation rate ¢, and more housing stocks in the period ¢ (H;;;) save the
required investment to provide a given amount of housing units in period ¢ + 1. The additional term
(S,/ Hnt)(sH reflects the idea that available land measured by the land endowment per residential
floor space may affect the housing production cost. In particular, ;7 > 0 may hold if more available
land reduces the development cost.??

We suppose that (1 + 7;41)p = 1 and consumption is constant over time. First order conditions

1 YHp; )1_¢ Xnt41
— (D.19)
Qut1 p(l—17y) (Xnt+1 Hyt1

for the problem imply:

28Perfect competition in the housing market seems a reasonable assumption because there were many small devel-
opers in Hiroshima city after WW2. For example, the 1948 Statistical Abstract of Hiroshima City documents that there
were 1057 establishments classified as “construction industry” and the average number of workers per establishment
was about 9.

2A several mechanisms can rationalize d;; > 0. First, more land availability may imply lower land prices for
developers due to a larger amount of land supply. Second, the availability of a large land plot may facilitate a large-
scale development project through reduced transaction costs (Yamasaki et al. 2022).
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Manipulating this, we obtain:

e (5™ g e p(1-p(1-1))
Qntt1 = kn (Ht> (Hut)' ™Y (Hpp ) P90, (D.20)

where ky, is constant and we define = ¢ /(1 —17) > 1.
We suppose that each household requires one unit of floor space: therefore in equilibrium,

Huiv1 = Rypq1 and Hyy = Ry Using them, we can express the value of amenities in 7 at
period t + 1 by:
_ N T R\ 1=9)—up /p Pp(1-p(1-7))
Quis1 = kysy P90 (S—*> < ’;*“) . (D21)
n n

If the share of input in development (1 — #) is relatively small, the supply of residential amenities is
inelastic and the price (Q;;; 1) is increasing with population density in period ¢ + 1 due to congestion
in the housing market. In contrast, if 0y is sufficiently small, the price is decreasing in population
density in period . Intuitively, the large stock of housing in period ¢ leads to a lower marginal cost
of investment in period ¢ + 1. This turns out to be the positive spillover effects of current population
density (R, /Sy,) on the benefits from the local amenities. When we relate this microfoundation to
our representation in amenities and calibration results, this property is consistent with the positive
coefficient, B > 0. In contrast, our estimation of 1 > 0 suggests that housing and amenity supply
is likely relatively elastic.

E Calibration Appendix

We follow multiple steps to estimate structural parameters in the model. This section provides
details for Section 5 in the main text.

E.1 Step # 1: Travel mode choice and gravity equation for commuting

Travel mode choice (x;,;) To estimate the commuting cost, we follow Tsivanidis (2022) by ex-
tending the model to incorporate multiple travel modes. Suppose that the bilateral travel cost is
) with (an inverse of) mode-specific travel cost:

m — m
Kint - exp(cint

m _ m m m
—Cint+1 = _5Tint+1 +7+ Sint+1 (w)/

where T;,  ; is the travel time in minutes between i and 7 in period ¢ + 1, § captures the marginal
increase in travel cost when the travel time increases by one minute, " is the mode-specific fixed
cost such as transfers and parking, and s, (w) is an unobserved idiosyncratic shock to the com-
muting cost by the mode m between i and n. Workers choose the transit mode m to minimize the

) . L m
commuting cost (i.e, maximize —c;,, +1).
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Assume thats}, (w) follows the Gumbel distribution with two nests: the nest of public modes
Bpwp = {Walk, Bus, Train} and the nest of private modes B,,; = {Bike, Car}. The former nest
does not require owning a private vehicle while the latter does. Using the well-known log-sum

formula (Train 2009), we can write the expected commuting cost as

Cint11 = —In (exp(—c‘gitjrl) + exp(_c_?nrtiﬂ)> ’ C_i'cntﬂ = —ln Z e~ T =1/
me By

where vy is the dissimilarity parameter of nest k € [pub, pri]. We use the microdata of the 1987
travel survey of Hiroshima to estimate (&, Y™, Vpuby vpri) in this nested logit model by the maximum
likelihood estimator. We obtain 6 = 0.019 with standard error 0.002. We also estimate that vy, =
0.129 with standard error 0.014 and vp; = 0.117 with standard error 0.013, implying the strong
substitution within each nest since both estimates are far from 1.

Then, we have [E(In«7,
We suppose that with probability pcar, a worker can choose a car as a commuting mode. Otherwise,

) = Cint, Which we use as the log bilateral travel cost In «;,,; in Section 4.

a car is unavailable so that the private nest is modified as Bpri,nocar = {Bike}. We set pcar based on
the car ownership rate in Japan: 0.1 in 1950, 0.2 in 1955, 0.3 in 1960, 0.4 in 1965, 0.5 in 1970, and
0.7 in 1975. Note that we have implicitly assumed p.or = 1 in estimating the nested logit model

using the 1987 travel survey data given the very high car ownership rate in 1987. Then, the expected

=nocar =nocar
Cint11» Where ¢33

| is over Bpri,nocar because car is unavailable.

) o _car . .
commuting cost is Cip = PearCipq + (1— pear) is defined in the same was as

except that the summation in ¢},

=car
¢ int+

int+1°

Gravity of commuting (0/c) In the steady state, the number of commuters from 7 to i becomes:

iijp/UM
Y Uy

where il;, is ex-ante average utility for the location pair (i, n). Taking the logarithm of this,

Ly = AiyM =

In Lin = g_

whereInM =InM —InY ﬂg/g and

(In B, + Inw; — Ink;,) + In M (E.1)

—Ing;, = IE[mn?x —Inx; ] = IE[mn?x —ci ] = —Ciy

This corresponds to the gravity equation (13) in the main text.

Table E.1 presents the results of the estimation of the gravity equation for commuting. Columns
1 and 2 provide OLS results. In Columns 3 and 4, we use OLS but we add 1 to commuting flow (L;;,)
so that we do not lose observations with zero commuting flows. We use the PPML for Columns 5
and 6. In each case, we also report a version of dropping the bilateral pair of less than 20 commuters
to assess the robustness to sampling noises. Our preferred specification is Column 5 that possesses
the theoretically desirable properties of the PPML (Santos Silva and Tenreyro 2006) and we set
p/o = 8 in our calibration.
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Table E.1: Gravity estimates for commuting

(1) (2) (3) 4) (%) (6)

Log Commuting Flow log (Commuting Flow + 1) Commuting Flow
Average commuting cost (Cj;;) -4.082 -3.976 -5.758 -3.931 -8.019  -7.031

(0.156) (0.170) (0.179) (0.169) (0.195) (0.215)
Estimation OLS OLS PPML
Number of observations 2,473 1,635 4,356 1,635 4,290 1,635
More than 20 commuters v v v
R-squared or Pseudo R-squared  0.543 0.522 0.551 0.521 0.764 0.729

Note: We report estiamtes of gravity equation (13) for commuting by OLS in Columns 1 and 2. In Columns 3 and 4,
we use OLS but with adding 1 to commuting flows so that we do not drop observations with zero commuting flows.
We use the PPML in Columns 5 and 6. We use average commuting costs that we computed in mode choice and include
origin and destination fixed effects. Note that Column 5 has slightly fewer observations than Column 3 because of
computational issues in PPML (Correia et al. 2020). Standard errors in parentheses.

E.2 Step # 2: Back out continuation value of productivity and amenities

Our focus in this step is to back out the continuation value of amenities (14) and productivity (15).
The probability of location choices (D.8) becomes: Aj;; = Ayt exp(\z-nt)P/ 7. Then, (D.9) and
(D.10) can be expressed by:

Ryt = (1= 01)Ryp—1 = Aotbs <Zexp (Vint)”’ ) M (E2)
i
Lit — (1 —6¢)Lit—1 = AotBt (Zexp (Vint)p/0> M (E.3)
n
for all locations (i, ) in a city and periods f = 1,2,---. We also use the following notations for

the values of outside options and commuting costs:

T /e
ATt TT _
Ut = [uot | | (u0T> P s=t1(1 65)] ’

T=t+1
T _‘DT*tHT ; 1(1—95) —p/g
_ =t+
Kint = | Kint H Kint ’
T=t+1

Then, (E.2) and (E.3) become:

Ryt — (1 = 01)Rps—1 = AotQtUtMEZ{U Y. Kz‘nth/U, (E.4)
ieC
Lit—(1—0)Ly—1 = )\otgtvtMth/a Y. Kz’ntEfl{U- (E.5)
neC
for periods t = 1,2, - - -. Intuitively, population increases in period ¢ if the location exhibits high

option value of amenities (&) and high commuting market access taking into account for the future
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value of workplaces. Substituting (E.5) into (E.4) yields the system of equations (16) in the main
text. Solving the system conditional on observations of population and employment { R, L;; } and
parameter {6; }, we obtain {E,;, ;s }. Given p/o > 0, this system of equations is solved for unique
solutions {E,, j; } up to scale if Ljy — (1 —6;)Lj;_1 > 0 and Ryt — (1 — 6;)Ry;;—1 > 0 hold.
This step does not require the parameter values of agglomeration.

E.3 Step # 3: Estimation of parameters («1, a2, 81, $2)
Step 2 derives {E,, ()1} consistent with observed data to be an equilibrium. By construction, in

R i /R . \ P2
E,r = b,y [~ onT—1 (E.6)
Sy Sy

Given the observation of population {R,,1, R,;7_1}, block size S, and parameters (1, a2, B1, B2).

the last period T

we can invert this for fundamental amenities {b,,7} in period T.
In period T — 1 we have:

_ Ror \P' /R ~_ /32,-. 0
Enr—1 = bur—1 < ET 1) ( ET 2) ‘:‘ﬁ(Tl X (E.7)
n n

Given population density in period T — 1 and T — 2, parameter p, migration friction 1 and option
value {E, 7}, we can invert this for the fundamental amenities in the previous period {b,7_1}.
We continue this process and obtain the sequence of fundamental amenities: {by;}—1 ... 7. For the
productivity, we can decompose {Q;; }1—12 ... T to obtain the sequence of fundamental productivity
{ait}t=1 ... T in analogous way.

The fundamental amenities and productivity {a;;, byt }1—1 ... T are uniquely given. These fun-
damentals are structural residuals in our calibration for the observation to be equilibrium. We as-
sume that the fundamentals consist of location fixed components, time fixed components and variant
terms:

F * Var
Ina; = Ina; +1Ina; +Ina;™,

(E.8)
Inb,; = Inb} 4+ Inbf 4+ Inby*

where ({af}, {bl}) are location fixed productivity and amenities, ({a;}, {b} }) are trend of pro-
ductivity and amenities and ({2}, {by2'}) are stochastic part of fundamental productivity and
amenities. The location fixed productivity and amenities capture the first nature advantages of lo-
cations and trend of productivity and amenities reflect the change in levels over time.

Averaging out the trend yields:

1
Ind; =Ina; — N Zln a; =1In EliF +In ﬁxar,
i

Inby =Inby — %Zln byt = InbE +1InbY,
n
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where af = af /ak, bl = bE/bF, 37" = a)2"/a)%" and b2 = bY2* /b2 are variables adjusted
with geometric mean. Then, taking the difference between periods and we suppose the following
moment conditions:

E [A lnﬁl-t X ﬂl(k)] =0,

- E.9
E [Aln b x 1,(k)] = 0, 2

where Alnd;; = Aln ﬁxar and Alnb,; = Aln EX;“ are change in the idiosyncratic shocks in pro-

ductivity and amenities between period t — 1 and f and 1, (k) is an indicator such that location 7 is
in the grid k. The grid is defined based on the distance from CBD as in Ahlfeldt et al. (2015). Our
identification assumption is that any improvements or declines in the stochastic shocks of produc-
tivity and amenities over any six years period are unrelated to the distance from the city center. We
use the moment conditions (E.9) to estimate the set of parameters of agglomeration economies (a1,

a2, B1, B2).

E.4 Calibrated amenities and productivity

In this section we present additional discussions on the amenities and productivity in our calibration.
Figure E.1 presents the estimated location-specific amenities and productivity. We adjust for the
block size since the fundamental amenities and productivity tend to be mechanically undervalued
for a smaller block (see Train 2009). Intuitively, other things being equal, a smaller block is likely to
have a higher population and employment density given the idiosyncratic preferences irrespective
of the block size. Thus, the location-specific productivity and amenities may be undervalued in
smaller blocks to offset such a small-block advantage. To adjust for this, we regress our estimate of
the log of the location-specific productivity and amenities on the log of area size, and we plot the
residuals from the regressions. Figure E.1a and E.1b shows the result for amenities and productivity,
respectively. Both are not strongly related to the distance from the CBD and if any, amenities and
productivity are relatively lower in areas closer to the CBD. We also find noisy estimated values for
the edge of the city.

Figure E.2 displays the changes in residuals of fundamental amenities (A In b,,;) and produc-
tivity (A Ind;;) for different periods, 1955-60 and 1965-70. During the early period, the changes
exhibit small variations across locations in the city and this confirms that the idiosyncratic part of
the fundamental location advantages in amenities is less important to explain the population changes
during this period. In the later period, 1965-70, we observe some increase of the residuals in the
area close to CBD while dropping in the periphery. This is consistent with the suburbanization that
proceeds not because of the fundamental locational advantages in the periphery but the expectation
of moving toward the periphery. For residuals of productivity, their variation is relatively small
in the city for both periods. This implies that idiosyncratic shocks in fundamental productivity do
not account for the variation of employment distribution in the city and this is reassuring for our
identification assumption.
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Figure E.1: Fundamental productivity and amenities (accounting for block size heterogeneity)
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Note: These figures display fundamental productivity (@;) and amenities (b,,) in our calibration, after netting out the
block size using the residual of the linear regression of the fundamentals on the block size. Each line shows a local
polynomial fitted line.

Figure E.2: Changes in fundamental amenities and productivity for different periods
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Note: These figures show changes in fundamental amenities (A In b,,) and productivity (A In d;;) for two periods, 1955-
60 and 1965-70. Each point represents different blocks and lines are local polynomial regressions.

E.5 Simulating population and employment density for 1945-1950.

Having estimated model parameters (x1, a2, B1, B2) by exploiting the data from 1950 to 1975, we
can evaluate how much the model explains the population and employment change from 1945 to
1950 after the atomic bombing. We compare the distribution of population and employment between
observations and simulated ones in 1950 when we abstract the structural errors. In particular, we

solve the system of equations:
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Kin50 (EM50)p/U
Rps50 = (1 —050)Ryas + ), ————— (
T T Kijso (2M9)"

Liso — (1 —650)Lis)

(E.10)
Kins0(Q1%) Pl
Liso = (1—650)Lias+ ) YRV (Ru50 — (1 —650) Ry 45).-
DY Ki”/50(0j,50)
where we use

=M _ Rus0\P! [ Rya5\ P2 —p(1—655)

=n,50 = “n S—n S—n ~n,55 ’
(E.11)

L; ML *2 _
M _ - 50 45 (1—655)
Qi,50:ai< ;i ) ( ZSZ- ) Qﬁ55 ”

on the right-hand side. They are constructed in the same way as equations (14) and (15), except that
(aj, but) are replaced by the average amenities and productivity over 1955-75 (;, by,), which are our

estimates of the block-specific amenities and productivity (aiF , bﬁ ) in equations (E.8). Importantly,
Var byar 30

it /it

Since the structural errors in our model makes our model to perfectly match the observed population

using (@;, by,) eliminates the idiosyncratic structural errors in amenities and productivity a

and employment distribution, we can compare the importance of endogenous forces of the model and
structural errors in predicting the recovery by comparing the observed population adn employment
distribution and its prediction from equations (E.10) and (E.11).

We can similarly obtain the model prediction when there are no agglomeration economies by
setting 1 = ap = B1 = P2 = 0in equation (E.11). The comparison of model predictions with
and without agglomeration economies indicates their importance in accounting for the recovery of
central Hiroshima.

F When Individuals Expect No Recovery

We explain the details of the version of our model where workers do not have expectations for
recovery analyzed in Section 6 of the main text. At the end of periodt = 0,1, - - -, an individual w
solves the problem (19) to choose their location for t 4 1, where the idiosyncratic shocks have the
same distribution as in the baseline.

In particular, when individuals believe that the current state continues for the future, the option

30The year-fixed amenities and productivity (i}, bf) in (E.8) are also excluded from (E.11), but this does not affect
the model prediction because they appear both in the denominator and the numerator of (E.10).
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value of amenities (14) and productivity (15) for period ¢ are changed to:

T B2
=i = (o)« ()
=t S”

X (Rnt_l)ﬁl+(ﬁl+ﬁ2) 1P T (126

Sn ’
T » (E.1)
T Lit—q 2 Lit—q at(artaz) Yoy p° Tli—pq (1-65)
Qf = air | X — X —
! gt " ( 5i ) ( Si >
for periods t = 1,---. The important difference from our forward-looking model is that on the

right-hand side, we replace a sequence of future population and employment with the current level.
In particular, when individuals make migration decisions for t = 1 at the end of period t = 0
after the shock, we suppose that individuals have no expectation for recovery and believe that the
population and employment distribution after the shock continues. Therefore, we substitute the
population and employment in the period in 1945, (R;,0, L;g), into (R,;4_1, Lj;_1) in the right-hand
side of (F.1).

Using them, dynamics of population and employment are represented by:

;;t - (1 ef)Rnt 1= tel‘v M:;;tp/g ZKintQTtp/U/
ieC
L — (1= 01)Li_y = Agbof M *p/g Z Kmt"—‘nt ’

neC

(F.2)

where the utility of the outside of a city is adjusted such that the total population in a city is identical
to the observed data. The equilibrium is characterized by the following when we apply this to our
context. Given the initial employment and population {L; 45, R, 45}, exogenous population in the
large economy M, migration opportunities {6 }5055 ... 75, fundamentals {a;, byt }50,55,... 75, value
of living outside of the city {1}, }50,55,... 75 and parameters (a1, a2, B1, B2, p/ ), (F.2) determine
the employment and population over time { L, Ryt }5055,.. 75

Manipulating the equilibrium conditions yields:

Ry~ (1— 0)R: ;= ¥ —Xm= o4 ayis ),
n n =k 1
{58 Yoce KinBi'”

Kot QP77
Li—(1—6)L; =) ——
i i = Z]'GC jntQ;."tP/a

(F.3)

(Rt = (1= 0)Ryypq)-

Given predetermined employment and population and exogenous fundamentals, we can solve the
2N equations in (F.3) for the unique solution.
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