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Abstract

During the early 2000s, five prefectures in Japan introduced a Low Emission Zone (LEZ)
policy that banned highly polluting diesel trucks and buses from entering. This paper
analyzes effects of this policy intervention on air quality, new vehicle registrations, and
birthweights. To do so we use a matching approach to construct a control group that is
comparable to the designated areas in terms of pollution levels and road traffic volumes
of regulated vehicles and apply a difference-in-differences (DD) design. We find that the
LEZs led to a reduction in hourly suspended particulate matter concentrations and to
reduced incidence of low birthweights in the treated prefectures relative to the control
group, holding the gestational period and other controls constant. Evidence also suggests
that the LEZs led to an increase in new registrations of trucks and buses, but not of
passenger cars, which were exempt from the regulations. Our paper is the first to study
such a large-scale LEZ intervention and to provide evidence linking LEZs to reduced
incidence of low birthweights.
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1. Introduction
Motor vehicles are a major source of urban air pollution around the world. Tightened
fuel economy standards and regulations of fuel content are among factors that have
contributed to improvements in air quality over recent decades. Nevertheless, many
cities in developed countries continue to face serious air pollution problems. In 2018,
2,165 cities in high-income countries (excluding the Arab oil-producing countries)
exceeded air quality guidelines in terms of annual mean particulate matter 2.5 (PMa.5)
concentration (10 pg/m*) (World Health Organization, 2020). Examples include Milan

(30 pg/m?), Paris (20), Berlin (21), Tokyo (17), London (15), and Los Angeles (13).

Low Emission Zones (hereafter, LEZs) — geographically defined areas for which the
most polluting vehicles in the fleet are restricted from entering — have been an important
measure taken to improve local air quality in European cities.! Since the first
implementation in Sweden in 1996, the LEZ approach has spread, with 184 LEZs being
recorded across Europe as of January 2021 (Sadler Consultants Ltd., 2021). LEZs vary
substantially in terms of implementation dates, the sizes of designated areas, applicable
vehicles, the stringency of emission standards, and the monitoring systems used
(Holman et al., 2015). The main aim has been to reduce emissions of pollutants

including PM and nitrogen dioxide (NO>) in city areas in order to protect human health.

LEZs have often divided public opinion in Europe. An IPSOS survey showed that large
proportions of citizens in Germany (43%), Belgium (40%), and France (40%) opposed
LEZs (European Federation for Transport and Environment, 2019). The unpopularity

emanates mainly from fairness issues and the fact that the restrictions require some

' See Wolff and Perry (2010) for an overview of air pollution policies in Europe.
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vehicle owners to implement vehicle retrofits or upgrade to an alternative vehicle,
imposing a financial burden. The effectiveness of LEZs in improving air quality and
public health has also been questioned (Boogaard et al., 2012; Ellison et al., 2013;
Ferreira et al., 2015; Santos, 2019). Madrid’s LEZ was reversed within a year of its

introduction (Lebrusan and Toutouh, 2020).

It is perhaps less well known that Japan has also pursued the LEZ approach, and at a
large scale. With the aim of reducing ambient concentrations of suspended particulate
matter (SPM),?> LEZs were introduced in Tokyo, Saitama, Kanagawa, and Chiba in
October 2003 and Hyogo in October 2004. The LEZs banned diesel trucks and buses
that violated PM emission standards specified by prefectural governments from entering
designated areas, except those for which a diesel particulate filter designated by the
prefectural governments was installed. Japan’s LEZs were unprecedented in that they
were implemented prefecture-wide, or municipality-wide in the case of Hyogo. Prior
studies of Japan’s LEZs have analyzed their effectiveness in reducing PM emissions
from road transport (Ishii and Tsukigawa, 2004; Rutherford and Ortolano, 2008) and
carried out ex-ante estimates of costs and benefits (Iwata et al., 2020). However, little is
known about how much Japan’s LEZs have contributed to improvements in ambient air

quality and public health.

The goal of this paper is to estimate the effects of Japan’s LEZs on ambient SPM
concentrations, the number of new vehicle registrations by vehicle type, and

birthweights. We use a matching approach to construct a control group that is

2 SPM is defined as airborne particles with a diameter less than or equal to 10 micrometers
(PM.).



comparable to the designated areas in terms of pollution levels and road traffic volumes
of regulated vehicles and apply a difference-in-differences (DD) design. Our analysis
utilizes hourly air pollution data at the monitor level and birthweight data for each birth
over 2000-2008. For the vehicle registration analyses we use administrative data on

new vehicle registrations for 1999-2008.

Birthweights are an important variable to study as there is increasing evidence of long-
term effects of poor health at birth on future health and educational outcomes (Currie,
2009). Given concern about declining birthweights in some developed countries, the
impact of atmospheric pollution on birthweights is of substantial interest. Over 2000—
2019, the share of live births with low birthweights (< 2,500 grams) increased by 1.1
percentage points in France, 0.4 percentage points in Italy, 0.8 percentage points in
Japan, and 0.7 percentage points in the United States (Organization for Economic Co-

operation and Development, 2022a).’

Our results suggest that the LEZs on average led to a 5.4% reduction in the hourly mean
SPM concentration for roadside monitors in Tokyo, Saitama, Kanagawa, Chiba, and
Hyogo relative to the control group over October 2003—December 2008. The pollution-
reducing effects are heterogeneous across prefectures, with the largest proportional
effect found for Tokyo (11%). Event-study estimates suggest that the effects increased
for several years after the LEZs were implemented. The LEZs also contributed to
improvements in background air quality (in terms of SPM) away from roadsides,

implying reduced exposure to air pollution among the general population.

3 Some other countries such as Germany and United Kingdom experienced reductions in this
share over the period.



We find that on average the annual number of registrations of new trucks and buses in
the LEZ prefectures increased by 23-28% per annum during 2003—-2008 relative to the
control group. However the estimated number of replacements during 2003—-2008
accounted for only about 2—4% of the stock of regulated diesel trucks and buses,
consistent with a conclusion that most owners of non-compliant vehicles responded to
the policy by installing a diesel particulate filter. A placebo test confirms that the LEZs
did not affect new vehicle registrations of passenger cars, which were not subject to the
regulations. The results suggest that the compliance costs of replacing non-compliant
vehicles and installing diesel particulate filters amounted to around US$2.5 billion in

year-1997 dollars.

An important finding is that the LEZs appear to have reduced the incidence of low
birthweights, holding gestational age and other factors constant. Evidence suggests that
the implementation of the LEZs led to a 0.14% (around 4.2 g) increase in birthweights
on average over October 2003—December 2008 for newborn babies inside the LEZs
relative to those outside the LEZs, all else equal. The results also suggest that of the
944,178 births that we observe in LEZs for October 2003—September 2008, about 2,360
births switched from being below 2,500 g to above, all else equal. The health effects are
largest for Tokyo and Saitama. The largest treatment effects emerge 4-5 years after the
implementation of the LEZs, which corresponds to the timing of the effects on ambient

air pollution.

To check the robustness of our results, we examine the potentials for pollution leakages

and compositional changes in parental characteristics in the treatment and control



groups before and after the implementation of LEZs. We do not find noticeable
evidence that these factors are a threat to our identification strategy. In addition, we find
that our baseline estimates are relatively robust to alternative specifications that control
for anticipation effects and day fixed effects, and that cluster standard errors at a higher

(prefecture) level.

Our paper relates closely to the rapidly growing literature analyzing the effectiveness of
LEZs, especially in Europe.* Analyzing a monitor-day panel with DD regressions,
Wolff (2014) investigated the effects of LEZs on vehicle replacements and air quality in
Germany. Several subsequent articles have explored the health effects of German LEZs,
analyzing effects on health outcomes including birthweights and the occurrence of
stillbirths (Gehrsitz, 2017), pharmaceutical expenditures for asthma and heart diseases
(Rohlf et al, 2020), outpatient and inpatient health (Margaryan, 2021), and hospital
shares of diagnosed ischemic heart diseases and chronic lower respiratory diseases
(Pestel and Wozny, 2021), and the number of medical prescriptions and costs of
prescriptions per child (Klauber et al., 2021). Zhai and Wolff (2021) examined the
environmental effect of London’s LEZ, finding that it led to worse air quality during the
initial phase due to an increase in inflows of heavy gross vehicles and temporarily-

exempted light goods vehicles.

Our paper also relates to a broader literature studying other types of traffic-related
policy interventions.® Currie and Walker (2011) investigated the environmental and

health impacts of the E-ZPass in Pennsylvania and New Jersey, finding that its adoption

4 See Appendix A for a summary of prior research.
5> See Appendix B for a summary of this prior research.
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led to reduced NO; concentrations and lowered the incidences of premature births and
low birthweights. He et al (2019) analyzed a newly-built beltway in Sdo Paulo designed
to keep heavy diesel trucks away from congested truck routes, finding that the
intervention reduced congestion, air pollution, and cardiovascular and respiratory
admissions around the original truck routes. Simeonova et al (2019) studied the impacts
of Stockholm’s Congestion Pricing Zone (CPZ), finding that it led to improved air
quality in designated areas and a reduction in acute asthma episodes among children
aged under 5 years. Green et al (2020) studied congestion pricing in London and found

evidence of improvements in air quality and a reduction in pollution per mile driven.

Studying Japan’s LEZs offers substantial potential to contribute to our understanding of
the environmental and health impacts of LEZs and traffic-related policies more
generally. A key contribution of this study is the focus on what is the world’s largest set
of LEZs. A unique feature of Japan’s LEZs is that the entire prefecture was designated
as an LEZ in all cases other than Hyogo. As will be discussed, the covered areas are
much larger than the Greater London LEZ (1,500 km?), the largest in Europe. Other
LEZs in Europe are typically small: 8.2 km? for Milan, 20 km? for Amsterdam, and 44
km? for Munich. Despite the widespread use of LEZs, air pollution levels in Europe
have often still exceeded European Union (EU) air quality limits, with France,
Germany, and Italy facing legal action from the EU Commission over their failure to

comply (Abnett, 2020). More ambitious LEZs are one potential policy option.

The second key contribution of the current paper is to use the largest sample of births to

date (in terms of the absolute number) to examine the effects of LEZs on the incidence



of low birthweights per gestational age, finding evidence of detectable effects.® Prior
research has revealed that traffic-related policy interventions, including LEZs, are
effective in improving air quality and protecting public health for the current
generations (He et al., 2019; Simeonova et al., 2019; Rohlf et al, 2020; Margaryan,
2021; Pestel and Wozny, 2021; Klauber et al., 2021). However, relatively little is known
about the effect on fetal health. Currie and Walker (2011) found that the E-Zpass
reduced the incidence of low birthweights in the United States, whereas Gehrsitz (2017)

found no significant evidence that LEZs had an influence on birthweights in Germany.

The remainder of this paper is structured as follows. Section 2 provides information on
Japan’s LEZs, followed by a description of the data in Section 3. In Section 4 we
document our method for selecting the treatment and control groups and show the
temporal trends of the outcome and other variables. Section 5 presents empirical
evidence on the effects of LEZs on air pollution, new vehicle registrations, and
birthweights. Section 6 examines the robustness of our baseline estimates. Section 7

concludes.

2. Low Emission Zones in Japan
Japan has introduced three major vehicle emission policies. The first is a fuel economy
standard applied to all newly-sold motor vehicles. The standard on PM was introduced
in 1993 and set at 0.43 g/km for standard trucks and buses. It has been tightened over
time and is currently 0.007 g/km. The second is an automobile NOx/PM control
(ANPC) that has banned vehicles that did not meet national emission standards from

being registered in designated municipalities. The ANPC was introduced in some

6 'We use this term to refer to the effect on low birthweights while controlling for gestational age.
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municipalities in Tokyo, Saitama, Chiba, Kanagawa, Osaka, and Hyogo in June 1992. In
June 2001 its coverage was expanded to some municipalities in Aichi and Mie and

additional municipalities in Saitama and Hyogo.’

The third vehicle emission policy, analyzed in this paper, is the use of Low Emission
Zones (LEZs). Despite tightened fuel economy standards and the ANPC, air quality in
Tokyo remained poor in the 1990s: as of 1998, around 90% of air pollution monitors in
Tokyo violated the national SPM standard.® Over 1996-2000 more than 500 patients
with respiratory diseases filed lawsuits against the national government, the Tokyo
metropolitan government, Tokyo Expressway Public Corporation, and carmakers. The
plaintiffs argued that the defendants had responsibility for air pollution not only at
roadsides but also in background areas (Tokyo Metropolitan Government, 2003). The
judges recognized that PM pollutants, particularly diesel exhaust particles, were
responsible for health damages and ordered the defendants, including the Tokyo
metropolitan government, to implement measures to reduce PM emissions from road

transport.

In response to these developments, the Tokyo metropolitan government enacted the
Tokyo Metropolitan Environmental Protection Ordinance in December 2000. The key
measure was the introduction of an LEZ that applied to the entire prefecture (2,200
km?). The implementation date was set as October 2003. The LEZ banned the entry of
diesel trucks and buses that violate the PM emission standards specified by the

prefectural government. Trucks and buses were targeted given they were major sources

7 See Nishitateno and Burke (2020, 2021) for details on the ANPC.
8 The national air quality standard for SPM has required that the 98" -percentile of the daily-
mean SPM concentration be below 100 pg/m? throughout the year.
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of PM emissions from motor vehicles (Tokyo Metropolitan Government, 2003). The
PM emission standards were equivalent to the 1997 levels of the national fuel economy
standard: 0.08 g/km for gross vehicle weights of less than 1.7 tons, 0.09 g/km for 1.7—
2.5 tons, and 0.25 g/kWh for more than 2.5 tons. From 1 April 2006 the standards were
tightened to the 2003 national fuel economy standard levels: 0.052 g/km for gross
vehicle weights of less than 1.7 tons, 0.06 g/km for 1.7-2.5 tons, and 0.18 g/kWh for

more than 2.5 tons. Passenger cars were not subject to the regulation.

For all non-compliant vehicles, bans came into effect seven years after the year of initial
registration. The LEZ thus went into immediate effect for non-compliant trucks and
buses first registered before October 1996 and in a staggered way over time for other
vehicles. Only compliant vehicles, including those for which a diesel particulate filter
designated by the prefectural government had been installed, could legitimately enter
the LEZs. Once a particulate filter was properly installed, a sticker was issued that
was required to be placed on the side of the vehicle. Implementation of the LEZ was
monitored by on-road-oversight, cameras, and anonymous tip-offs. On-site inspections
of truck and bus companies were carried out. Those not in compliance could be ordered

to pay a fine of up to 500,000 Japanese yen (US$5,000).

There is substantial demand for truck freight transport on an intra-metropolitan basis in
Japan (Tokyo Metropolitan Area Transport Planning Council, 2005). To ensure that the
Tokyo LEZ would work effectively, the Tokyo metropolitan government requested three
neighboring prefectures — Saitama, Kanagawa, and Chiba — to also introduce LEZs.
Given that those prefectures were also tackling vehicular air pollution, all agreed to

introduce LEZs in almost identical manners as the Tokyo LEZ in terms of PM emission
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standards, implementation dates (October 2003), and targeted vehicles (trucks and
buses). These prefectures also designated their entire areas as LEZs: 3,800 km? for
Saitama, 2,400 km? for Kanagawa, and 5,100 km? for Chiba, meaning that the world’s
largest overall LEZ (13,500 km? in total) was formed (Figure 1). This was 9 times larger
than the Greater London LEZ (1,500 km?), the largest in Europe. As of 2003, Japan’s
four LEZ prefectures had a population of about 36 million people (about 30% of Japan’s
total), a gross domestic product (GDP) of about US$ 1.6 trillion (about 32% of national
GDP), and 14 million registered four-wheel motor vehicles (about 19% of the national

total).’

? Although Japan’s four LEZs formed the world’s largest LEZ in terms of the area coverage,
driving restrictions were applied to trucks and buses only, accounting for only about 20% of the
four-wheel motor vehicle fleet. German LEZs, for example, have applied to all motor vehicles.
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Figure 1. Low Emission Zones in Japan as of December 2008
Notes: LEZs were introduced in Tokyo, Saitama, Kanagawa, and Chiba in October 2003. In these four
prefectures the entire prefecture was designated. An LEZ was then introduced in Hyogo in October 2004,
restricting access of non-compliant vehicles in six municipalities (3% of the area of the prefecture). The
dotted areas show the control group in this study. For other areas, either data on air pollution are
unavailable or all roadside monitors are dropped in the matching process.

An LEZ was subsequently introduced in Hyogo on 1 October 2004. This restricted non-
compliant trucks and buses from entering six of Hyogo’s municipalities (Nada,
Higashinada, Amagasaki, Nishinomiya, Itami, and Ashiya), representing a total area of

260 km?, or about 3% of the area of the prefecture. '’

The LEZ prefectures also introduced incentives for owners to replace their non-
compliant vehicles with clean trucks and buses in the form of subsidies, low-interest

loan, and tax reductions. For example, in the case of Tokyo the purchase of hybrid

10" Osaka introduced an LEZ in 1 January 2009. This is not analyzed in this paper because the
implementation date falls outside the sample period.
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trucks was subsidized by around US$1,600-5,700 per vehicle, depending on vehicle
weight. For a new purchase of a hybrid bus, the maximum subsidy was US$25,000 per
bus. Replacements with natural gas trucks and buses were also supported by subsidies
of US$1,000-2,000 per vehicle. Such favorable treatment was limited to small and

medium-sized enterprises that registered their vehicles in Tokyo.!!

The number of affected vehicles was large. As of March 2003, the number of registered
diesel trucks that had been first registered before 1996 in the five LEZ prefectures
(including Hyogo) was 512,000, accounting for 33% of the trucks registered in those
prefectures. Likewise, the number of regulated diesel buses was 19,300, accounting for

43% of the buses registered in the five prefectures.

Inflows and outflows of vehicles to LEZs were not monitored by cameras. However, on-
road monitoring and on-site inspections indicated that compliance was high (Ministry of
Environment, 2013). For example, the Tokyo metropolitan government undertook on-
road monitoring during October 2003—September 2005, finding that 12,502 out of
12,782 relevant vehicles were compliant (a compliance rate of 98%). Based on similar
on-road monitoring, compliance rates were 92% in Saitama, 97% in Chiba, and 100% in
Hyogo. Data for Kanagawa are not available. Data from the Ministry of Economy,

Trade and Industry (2008) suggest that about 70 percent of replaced vehicles under the
intervention were scrapped and about 28 percent exported overseas. Thus, pollution

leakage due to vehicle transfers to non-LEZ areas appears not to be a major issue.

1 https://www.kankyo.metro.tokyo.lg.jp/vehicle/air pollution/diesel/faq.html#cms9.
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3. Data
Our initial analysis is based on a two-dimensional monitor-hour panel dataset
constructed using hourly air pollution and meteorological data for January 2000—
December 2008.'> Ambient SPM concentration is used as a key measure of air quality
and a proxy of the broader air quality situation. Data were obtained from the
environmental statistics database compiled by the National Institute for Environmental
Studies (NIES). Access to hourly pollution readings is limited to 21 prefectures,
including the five that implemented LEZs by 2008 (Tokyo, Saitama, Kanagawa, Chiba,
and Hyogo) and 16 that did not (Miyagi, Ibaragi, Tochigi, Gunma, Yamanashi, Aichi,
Mie, Kyoto, Osaka, Nara, Wakayama, Okayama, Hiroshima, Tokushima, Yamaguchi,
and Fukuoka). This is because Japan’s Air Pollution Control Act did not require all 47
prefectures to report hourly readings until 2009. The sample of roadside monitors
includes those located within 20 meters of a main road. We also collected air pollution
data from background monitors to examine if the impacts of LEZs spread beyond

roadside areas.

The analysis controls for meteorological variables including temperature, precipitation,
wind speed, pressure, and humidity as measured at meteorological stations, with data
coming from the Japan Meteorological Agency (JMA). We use geographical
information systems (GIS) to match the nearest meteorological station to each air

pollution monitor.

12 'We avoid extending beyond 2008 in order to minimize potential estimation bias emanating
from two major events: the global financial crisis, which severely affected Japan’s economy in
2009 in particular and had heterogeneous impacts across prefectures, and the Great East Japan
earthquake and nuclear accident of March 2011, which had larger implications for some
locations.
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Traffic data are from the 2010 PAREA-Traffic dataset of Japan Asia Group. 2010 is the
earliest available year for this dataset. As will be explained below we use these data in
selecting a control group. This dataset provides a shapefile for the data from the Road
Traffic Census conducted by the Ministry of Land, Infrastructure, Transport and
Tourism (MLITT), allowing the identification of a census point around each air
pollution monitor. The dataset covers around 44,000 census points across Japan and
provides data on the number of lanes, speed limits, daily traffic volumes by vehicle
type, and average driving speed during the census period. The census is conducted on a
weekday during September—November, excluding Mondays, Fridays, public holidays,
and days with an abnormal weather event such as a typhoon. Traffic volumes were
measured by either manual surveys or traffic counters. Average daily driving speed was

as measured by test cars.

To estimate the effects of the LEZs on new vehicle registrations, we constructed a
prefecture-year-vehicle size (three-dimensional) panel for 1999-2008. Vehicle
registration data are from the Automobile Inspection & Registration Information
Association (AIRIA). The AIRIA provides administrative data on vehicle registrations
on an annual basis, disaggregated by dimensions including vehicle type, first
registration year, and registration location (prefecture only). We also used the System of
Social and Demographic Statistics compiled by the Ministry of Internal Affairs and
Communications (MIAC) to obtain prefecture-level control variables such as

population, per capita income, and the unemployment rate.

To estimate the effects of the LEZs on birthweights we constructed a dataset of 2.2

million births over January 2000—December 2008. To do so we requested access to
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confidential data on birth certificates from the Ministry of Health, Labor and Welfare
(MHLW) based on Article 33 of the Statistics Act in Japan. The Family Registration
Law requires all Japanese citizens to submit a birth certificate within 14 days to each
municipal government. We were able to obtain microdata on the date of birth,
birthweight, gestation period, gender, type of birth (single or multiple), birth order, ages
of the mother and father, nationalities of the mother and father, household head’s job,
and parents’ residential locations. The municipality that the parents resided in when they
submitted a birth certificate for their newborn baby is also available. For privacy

reasons, exact home addresses are not.

Our analysis uses data from two administrative levels: prefectures and municipalities.
Prefectures are the larger geographical unit in Japan and are largely responsible for
monitoring air quality, implementing LEZs, and promoting environmentally-friendly
vehicles. Some municipalities also undertake local air pollution measures and provide
additional (typically quite limited) monetary support for vehicle replacements.
Municipalities also focus on dealing with local public needs, including for example

providing municipality-based programs for pregnant women.

4. Sample
4.1. Differences in underlying characteristics
Over the sample period, data are available for 125 and 150 roadside monitors in and
outside the LEZs, respectively. The two groups differ in some underlying
characteristics. The first is pre-trends in air pollution. Figure 2 shows the unadjusted
time trends of the monthly-averaged SPM concentration. We use monthly rather than

hourly data here for visual simplicity. We see that there are some noticeable differences
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in pre-SPM levels and their temporal trends between roadside monitors in and outside

the LEZs.
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Figure 2. Monthly-Averaged SPM Concentration
Notes: The monthly-averaged SPM concentration is calculated based on hourly SPM readings with the
unmatched sample including 125 roadside monitors inside LEZs and 150 roadside monitors outside
LEZs. The red vertical line shows the date of implementing the LEZs in Tokyo, Saitama, Kanagawa, and
Chiba. Hyogo’s implementation date was October 2004.

The second difference is in traffic volumes for regulated vehicles (diesel trucks and
buses). Table 1 shows a summary of road traffic conditions within a kilometer radius of
each roadside monitor in 2010. While the average number of lanes, average speed limit,
and average driving speed between the two groups are similar, there are noticeable
differences in average daily traffic volumes, particularly for trucks and buses. Appendix
C shows that similar differences can be observed when daily traffic volumes are
measured using either a 500-meter or 5-kilometer radius from each roadside monitor.
We are concerned that substantial differences in traffic volumes of regulated vehicles

would also have existed prior to the treatment.
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Table 1 —Road Traffic within a 1-Kilometer Radius of a Roadside Monitor

Monitors inside LEZs Monitors outside LEZs

Average number of lanes 3.7 3.5
Average speed limit, km/hour 49 47
Average traffic volume per day
Passenger cars 25,912 21,025
Trucks and buses 7,031 3,612
All cars 32,943 24,637
Average driving speed, km/hour
Peak hours 26 25
Off-peak hours 29 28

Notes: This table is based on the Road Traffic Census conducted during September—November 2010. Peak
hours are 7-9am and 5—7pm. Off-peak hours are others. The sample includes 125 roadside monitors inside
LEZs and 150 roadside monitors outside LEZs. Averages are taken across roadside monitors.

4.2. Matching
To make an apples-to-apples comparison, one natural way to construct a control group
is to find a sample comparable to the treatment group in both (a) pre-intervention
pollution levels and (b) pre-intervention road traffic volumes of regulated vehicles.
However, as mentioned the earliest available year for the Road Traffic Census data is
2010. Therefore, we use the post-intervention road traffic volumes of regulated vehicles,
making the assumption that cross-sectional variation in road traffic volumes of
regulated vehicles around roadside monitors for 2010 was similar to that for the pre-
treatment period (2000-2003). We will also explore alternative control group selection

approaches below.

The use of matched samples is motivated by concern over the parallel trends
assumption: our worry is that initial conditions may be correlated with future trends. For
example, people might migrate from rural to (more polluted) urban areas to seek a better
job.!* On the other hand, it is also possible that local governments in polluted areas

have undertaken local pollution measures in addition to the LEZs (such as traffic flow

13 During the 2000s the population indeed grew faster in the LEZ prefectures than the other
prefectures.
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controls). Balancing the underlying characteristics between the LEZs and non-LEZs
may help to alleviate the implications of such effects on our ability to accurately
identify the effects of the LEZs.!* Similar approaches have been employed by Smith
and Todd (2005), Girma and Gorg (2007), Chabé-Ferret and Subervie (2013), Hirota

and Yunoue (2017), and Deryugina et al (2020).

We selected the estimation sample via the following steps. First, we used a logit model
to estimate the propensity score of being “treated” for all available roadside monitors
based on the average hourly SPM levels during the pre-intervention period and the
average daily traffic volume of trucks and buses within a kilometer of each roadside
monitor in 2010. Second, we constructed different sample groups by using various
matching algor