
Journal of Urban Economics 69 (2011) 196–204
Contents lists available at ScienceDirect

Journal of Urban Economics

www.elsevier .com/locate / jue
Quasi-experimental evidence on the effect of aircraft noise on apartment rents

Stefan Boes a,⇑, Stephan Nüesch b

a University of Zurich, Institute for Empirical Research in Economics, Zuerichbergstrasse 14, CH-8032 Zurich, Switzerland
b University of Zurich, Institute of Strategy and Business Economics, Plattenstrasse 14, CH-8032 Zurich, Switzerland

a r t i c l e i n f o a b s t r a c t
Article history:
Received 1 July 2009
Revised 17 August 2010
Available online 20 October 2010

Jel classification:
C21
Q53
R21
C2
R2

Keywords:
Quasi-experiment
Housing market
Aircraft noise
Hedonic approach
Difference-in-differences
Repeat-sales
Fixed effects
0094-1190/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.jue.2010.09.007

⇑ Corresponding author.
E-mail addresses: boes@sts.uzh.ch (S. Boes),

(S. Nüesch).
Inferring the implicit price of an environmental good hinges on ceteris paribus conditions that are often
hard to justify. This paper uses an unexpected change in flight regulations as source of exogenous vari-
ation and identifies aircraft noise effects from price adjustments in the market for rental apartments.
Controlling for spatial and apartment heterogeneity, we find that aircraft noise reduces apartment rents
by about 0.5% per decibel. Our results indicate (i) that noise discounts are overestimated in cross-sec-
tional studies because aircraft noise tends to be negatively correlated with omitted neighborhood and
housing amenities and (ii) that noise effects are unlikely to be constant over the entire noise range.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since there is no explicit market for environmental goods, re-
vealed-preference methods have often been used to derive an eco-
nomic value. Most prominently, the hedonic approach of Rosen
(1974) employs transaction data to infer an implicit price based
on the idea that utility associated with the consumption of a com-
posite product like housing is determined by the utility associated
with its constituent parts. Conventionally, the hedonic method re-
quires the regression of prices on the considered environmental
good and all other attributes of the property (including structural
and neighborhood characteristics) using a cross-section of housing
data (overviews on cross-sectional studies are provided, e.g., by
Smith and Huang (1995) and Nelson (2004)).

Recently, there have been increasing concerns about the valid-
ity of cross-sectional hedonic studies. Since unobserved neighbor-
hood characteristics tend to be correlated with housing prices and
ll rights reserved.
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the environmental good of interest, cross-sectional estimates are
likely to suffer from omitted variable bias (e.g., Chay and Green-
stone, 2005; Parmeter and Pope, 2009). As a result, quasi-experi-
mental tests have become a popular tool in the hedonic
literature (Greenstone and Gayer, 2009), and have been success-
fully employed to measure the capitalization of crime (Linden
and Rockoff, 2008), school quality (Figlio and Lucas, 2004), air pol-
lution (Chay and Greenstone, 2005), health risk (Davis, 2004), rail
access (Gibbons and Machin, 2005), hazardous waste and toxic re-
leases (Greenstone and Gallagher, 2008), or power plants (Davis, in
press). Unlike in randomized field experiments, individuals are
usually not randomly exposed to the environmental variable of
interest, even in a quasi-experimental setup. In order to reduce po-
tential selection bias, it is therefore important to control for time-
varying observable confounders and for unobserved spatial and
apartment heterogeneity (Greenstone and Gayer, 2009).

This paper is the first to combine a quasi-experiment with a re-
peat-rent model to study the effect of aircraft noise on rental rates.
Repeat-sales or repeat-rent approaches have the advantage that
they remove bias from unobserved apartment and neighborhood
characteristics that remain unchanged over time (e.g., Case and
Shiller, 1989; McMillen, 2003). In order to identify aircraft noise
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effects we use a change in flight regulations at Zurich airport that
created variation in noise we argue to be exogenous conditional on
apartment fixed effects and time-varying controls.

In April 2003, the German government issued a binding decree
that prohibited landings from the north in the early morning and
the late evening to protect German communities located close to
the Swiss border from ‘‘Swiss” aircraft noise. In May 2003, the
Swiss Federal Office of Civil Aviation allowed landings from the
south, which had previously been prohibited. The new flight re-
gime, enforced on October 30, 2003, stated that all aircraft landing
in the early morning should approach from the south instead of
from the north. The new flight regime serves as a quasi-experiment
because (i) it considerably changed the levels of noise pollution
around Zurich airport at a discrete point in time and (ii) it was lar-
gely unexpected.

A text analysis of articles published in several quality newspa-
pers and weekly magazines, as well as reports from press agencies
in Switzerland reveals no reference to the new flight regime before
March 2003 (Fig. 1), and thus it is very unlikely that landlords or
tenants could have anticipated it. Although one might argue that
the existing runways would have allowed landings from the south,
the airport’s operating regulations (dated May 31, 2001 and still
legally valid in April 2003) did not permit any such landings. We
therefore deem it reasonable to interpret the change in flight reg-
ulations as a quasi-experiment. This allows us to extract causal
information from differences in apartment rents before and after
the intervention (see also Parmeter and Pope, 2009).

Since there is no a priori reason why the effect of aircraft noise
on apartment rents should be constant, we specify a flexible gener-
alized additive model where the unknown noise function is esti-
mated semi-parametrically using splines. Our results indicate
that a linearization of noise effects is justified only for medium
noise levels, with significant deviations from linearity for high
and low noise values. Based on these results, we conduct a differ-
ence-in-differences (DID) analysis which suggests that rents of
apartments affected by additional aircraft noise decreased by
about 3.5% due to the new flight regulation. Taking advantage of
our detailed continuous noise data, we find a corresponding noise
discount of about 0.5% per decibel, controlling for spatial and
apartment heterogeneity. When estimating pooled cross-sectional
models, we find considerably higher noise discounts (about twice
as large).
Tim

Monthly press articles menti

Fig. 1. Monthly number of press articles
Previous research on quasi-experimental aircraft noise effects
has focused on American airports, where noise measures are only
available in noise contour bands above 65 and/or above 70 deci-
bels. Most notably, Pope (2008) uses the introduction of a manda-
tory airport noise disclosure, whereas McMillen (2004) and Cohen
and Coughlin (2009) use changes in noise contour bands due to air-
port expansions and the technological progress of aircraft. This pa-
per, however, deploys continuous and longitudinal noise data on a
100 m-by-100 m square lattice, which enables us to estimate de-
tailed noise discounts per decibel.

The paper proceeds as follows. In the next section, we describe
the institutional framework and provide a chronological order of
events related to the introduction of the new flight regime. In Sec-
tion 3, we describe the housing and noise data, and how we
matched both data sources. Section 4 explains the identification
strategy and presents the results. Section 5 concludes.

2. Changes in flight pattern around Zurich airport

Zurich airport is the largest international flight gateway in Swit-
zerland. It operates about 260,000 take-offs and landings per year
on three different runways. Fig. 2 provides an overview of the air-
port. The relative frequencies indicate the distribution of incoming
and outgoing aircraft by flight direction in 2007.

Until 2002, over 90% of all aircraft were approaching from the
north, more precisely from the northwest on runway 14. Since Zur-
ich airport is located close to the German border (dark dashed line
in Fig. 2), incoming aircraft fly at an altitude of less than 4000 feet
over German communities. In April 2003, the German government
issued a binding decree that prohibited landings from the north in
the early morning and the late evening. The flight ban over German
territory covers the times 6–7 am and 9 pm to 12 am on weekdays,
and 6–9 am and 8 pm to 12 am on weekends. As a result, landings
in these time periods had to be redirected to runway 28 (east) as
the flight regulations at that time did not allow any other direction.

On May 21, 2003 the Federal Office of Civil Aviation changed the
regulations such that after October 30, 2003 landings were also
permitted from the south on runway 34. The new landing policy
at Zurich airport stated that aircraft landing between 6 am and
7 am on weekdays (6 am and 9 am on weekends) should generally
approach from the south, and aircraft landing between 9 pm and
12 am on weekdays (8 pm and 12 am on weekends) should
e
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Fig. 2. Zurich airport: runways, departure/landing schemes.
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approach from the east. Exceptions to this general rule are only al-
lowed in special weather conditions, namely strong wind, or fog
and mist, or in the case of emergency flights (Unique, 2005, 2007).

The next two figures illustrate the monthly number of landings
by flight path and time of the day. Fig. 3 shows the monthly aver-
ages on the basis of airport operation time, i.e., from 6 am to 12 am.
We observe a downward trend in the number of landings from the
north, with the largest drop in 2003, and a significant increase in
the number of landings from the east and the south. The monthly
landings from the east reached a peak level in summer 2003. Land-
ings from the south started in October 2003, after the new flight
regulation took effect.
Time

Monthly landings whole day

Fig. 3. Monthly number of landings over the whole day.
Fig. 4 illustrates the monthly landings for the early morning
hours (6–7 am) and for the late evening (9 pm to 12 am). Before
2003, landings in the early morning were operated from the north,
in 2003 mainly from the east, and thereafter from the south. Fig. 4
shows a significant decrease in the number of landings from the
north in both times, in the early morning and in the late evening.
The temporary increase of landings in the early morning observed
in October 2005 is due to the test phase of a new flight path from
the northwest over Swiss territory. Because this new landing pro-
cedure had to be carried out by a visual approach instead of using
the otherwise prevailing instrument landing system, the change in
flight regulations was denied for safety reasons by the Federal Office
for Civil Aviation (FOCA, 2008).

Another observation in Fig. 4 relates to seasonal effects and asso-
ciated weather conditions. According to the new flight regime and
the corresponding safety regulations, incoming aircraft in the late
evening are directed to approach from the south when visibility is
less than 4300 m but more than 750 m. In the case of visibility of less
than 750 m, aircraft approach from the north. This explains the tem-
porary drop of late landings from the east during the wintertime,
when the weather in the Zurich region is often very foggy.

Due to the increased number of aircraft landings from the east
and south in the early morning and late evening, the new flight re-
gime also required a moderate redistribution of outgoing flights
(Unique, 2008). The number of departures from runway 16 (to-
wards the south) dropped, whereas the number of outgoing flights
in the northward direction increased. Since aircraft taking off
ascend very steeply, they do not fall under the flight ban over
Germany in the early morning and late evening.

3. Data

3.1. Aircraft noise data and affected regions

We evaluate location-specific exposure to aircraft noise using
model-based noise data provided by the Swiss Federal Laboratories
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Fig. 4. Monthly landings in the morning and evening.

Fig. 5. Daytime noise exposure 06:00–22:00.
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for Materials Science and Technology (EMPA). The EMPA model em-
ploys effective radar flight track information together with aircraft
noise profiles, as well as environmental characteristics such as ter-
rain or prevalent winds, to predict high-resolution noise intensities
around Zurich airport. Unlike many other studies that only have
access to specific noise contours (e.g., McMillen, 2004), EMPA of-
fers annual data on noise exposure on a 100 m-by-100 m square
lattice.

Traditionally, aircraft noise nuisance of European airports was
measured by the noise and number index (NNI) that aggregates
the number of noisy events and their maximum noise levels over
a day into a single statistic. Since the NNI fails to account for the
duration of noisy events, it has been replaced by Leq as the standard
metric (Tomkins et al., 2004). Leq is an equivalence metric corre-
sponding to a steady sound level for a given time interval that
would produce the same energy as the actual time-varying sound
level. In our analysis, we use Ld

eqð16Þ as noise measure. Ld
eqð16Þ is the

average daytime noise exposure for the 16 h interval from 6 am to
10 pm. The units of measurement are A-weighted decibels, abbre-
viated by dB(A). For additional details about the EMPA model, we
refer to Pietrzko and Buetikofer (2002).

The change in landing regulations significantly altered the
exposure to aircraft noise around the airport. Fig. 5 provides a
graphical illustration of local noise exposure as well as the changes
in aircraft noise due to the new flight regime. Both graphs in Fig. 5
show annual noise data aggregated on the zipcode level (deter-
mined by the noise information of the population-weighted center
of gravity).

The upper graph shows the daytime 16-h equivalent steady
noise level from 6 am to 10 pm, Ld

eqð16Þ, for the year 2004, i.e., for
the year immediately following the introduction of the new flight
regime. Zurich airport is indicated by the white dot in the center
of the map. The dark regions correspond to the highest levels of
exposure to aircraft noise, the white regions to the lowest. As ex-
pected, we observe the most intense noise pollution in the areas di-
rectly surrounding the airport and in the direction of the three
runways – consistent with the flight paths shown in Fig. 2.

The lower graph shows the changes in Ld
eqð16Þ from 2002 to

2004. The dark shaded regions experienced an increase of more
than 3 dB(A), the (light) gray shaded zipcodes experienced changes
between �3 and +3 dB(A), and the white shaded zipcodes experi-
enced an average decrease of 3 dB(A) or more. We observe that
the regions to the southeast of the airport experienced the largest
noise increases from 2002 to 2004, which is attributable to the per-
mission of landings from this direction after October 30, 2003. Note
again that landings from the east were already permitted before
the new flight regulation took effect.
3.2. Housing data

We use housing data provided by Homegate Corporation, the
largest real estate internet portal in Switzerland. The Homegate
website (http://www.homegate.ch) is accessed by all major real es-
tate agencies and by private people to advertise their properties.
Records include housing type (rental apartment or property hous-
ing), rental rate (with and without utilities) or sales price, the exact
advertisement start and end dates, the year of construction, the
number of rooms, and the area in square meters for apartments
and houses in Canton Zurich that were advertised from October
2001 to December 2006. The Homegate data are representative of
the housing market in Canton Zurich: The distribution of the num-
ber of rooms and average prices, or rents, are virtually the same as
in the official housing census in 2000. The Homegate data cover
around 10% of all transactions in the rental market in Canton
Zurich.

The data contain additional details about individual room size,
kitchen, bathrooms, storage, heating, quality information, and the

http://www.homegate.ch


1 Eq. (1) does not incorporate interactions between noise and other observed
ttributes. This might be a restrictive assumption. For example, if occupants of
odern, well-insulated apartments are less exposed to noise than occupants of older

partments, then the noise effect is moderated by the apartment’s age. We tested this
ossibility and found that the interactions were insignificant in all considered
ecifications. We are grateful to Stuart Rosenthal for making this suggestion.
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like, but these are mainly summarized in an open text field from
which it is difficult to extract consistent information. Therefore,
we exclude it from our analysis. We have information on address
details. But unfortunately, street information was entered with
substantial error so that addresses could not be used for geocoding.
The next higher level of spatial resolution, the zipcodes, are accu-
rately measured and documented. Using geographical information
system (GIS) software provided by MicroGIS we calculated the
coordinates of the population-weighted center of gravity for each
zipcode. The coordinates were then employed to match the high-
resolution noise data to the housing data.

Even though the Homegate data cover both the rental and the
property market, we focus on the former here. There are three rea-
sons for this choice: First, despite being one of the world’s wealth-
iest nations, Switzerland has the lowest homeownership rate in
Western Europe: Only 34.6% of Swiss households were homeown-
ers in 2000, while about two thirds of the population rented
accommodation built and owned by landlords (FOH, 2004). Second,
while Swiss properties for sale change ownership only every
20 years on average, rental contracts endure much shorter periods,
namely 6–7 years (Werczberger, 1997). Tenants are less settled
than homeowners and have lower relocation and transaction costs.
Bayer et al. (2009) show that when moving is costly, the variation
in housing prices may only reflect part of the value of differences in
local amenities. The benefit people get from moving to a quiet
neighborhood must compensate them not only for the higher
rents, but also for the out-of-pocket and psychological costs of
moving. The downward bias of the estimated noise discount is thus
expected to be much smaller in the rental market than in the prop-
erty market. Third, the analysis of the property market is addition-
ally complicated by the fact that property prices are affected by the
homeowner’s expectations of the future, whereas rents reflect cur-
rent conditions. Some empirical tests of the property market
around Zurich airport (see Table A1 in the appendix) reveal small
and insignificant noise discounts.

In order to identify a causal noise effect, we impose some addi-
tional constraints. First, we define a time frame of adjustment in
which prices were reacting to the introduction of the new flight
regime. The period of adjustment includes the time immediately
following the policy change, until a new market equilibrium is
reached, but also the few months prior to the policy change, when
media coverage increased public awareness and created expecta-
tions of the possible consequences of the new flight regime. The
first article mentioning a potential change in flight regulations
appeared in March 2003 (see Fig. 1). Nevertheless, in order to be
on the safe side, we exclude all observations between January 1,
2003 and 1 year after October 30, 2003. In addition, we eliminate
70 outlying observations, namely apartments with a rental rate
below 500 and above 8000 Swiss Francs, because they are likely
subject to reporting errors.

For a subsample of apartments we have panel information, i.e.,
we have observations both before and after the introduction of
the new flight regime as these apartments were repeatedly adver-
tised (two or more times). For the repeat-rent subsample, we re-
strict the sample to one observation shortly preceding and
following the time of adjustment in order to rule out potential
negative selection issues (see also the two last paragraphs in Sec-
tion 4.2). All in all, this leaves us with 19,721 observations. Panel
information is available for a subsample of 687 rental apartments
(1374 observations).

4. How does aircraft noise affect rental rates?

The goal of our study is to evaluate the effect of aircraft noise on
apartment rents. In order to tackle this problem empirically, we
estimate models of the form
lnðrentÞ ¼ f ðnoiseÞ þ X0hþ e ð1Þ

where rent is the rental rate (without utilities) of an apartment in a
given zipcode and year. The function f of daytime noise Ld

eqð16Þ is
treated as flexible here and will accommodate the various model
assumptions that we exploit to estimate the noise effects. X denotes
the vector of covariates, e is an idiosyncratic error term.1

Our analysis proceeds in three steps. First, we estimate a gener-
alized additive model with an unspecified noise function. We em-
ploy a flexible semi-parametric approach because the hedonic
theory provides little guidance on the shape of the hedonic price
function (Ekeland et al., 2004). Second, we define affected and
unaffected apartments based on the semi-parametric results and
based on physiological arguments concerning a minimum percep-
tible noise change. Then, we compare price trends in the treatment
group and in the control group over time, regression adjusted for
various confounding influences. Third, we estimate a more detailed
noise effect than the DID average taking advantage of the continu-
ous noise data.

4.1. Semi-parametric regression results

The noise function f(noise) is estimated semi-parametrically
using a cubic B-spline approach with knots chosen equally spaced
at noise levels of 30, 40, and 50 dB(A). The spline functions are con-
structed using piecewise third-order polynomials (see de Boor,
2001). The approach chosen here may reveal any non-linearities
in the relationship between apartment rents and aircraft noise
while reducing the multicollinearity of higher order polynomials
and still allowing for a straightforward account of covariates. We
control for a second order polynomial in age, and time and apart-
ment fixed effects that take account of common time trends and
time-constant apartment heterogeneity.

Fig. 6 shows the results. The solid line represents the estimated
function f̂ ðnoiseÞ, the dashed lines correspond to a 95% confidence
interval. The semi-parametric results indicate that the relationship
between rents and daytime aircraft noise is non-linear. We find
that increases in noise have an almost constant negative effect only
for medium noise levels, and almost no effect for noise levels be-
low 30 dB(A) and above 50 dB(A). However, the highest noise level
in our data is only about 62 dB(A). Our findings, therefore, do not
necessarily contradict other studies (e.g., McMillen, 2004; Cohen
and Coughlin, 2009) that show significantly negative effects for
noise levels above 65 dB(A).

Our semi-parametric results place a strict cautionary note on
the use of constant effect hedonic models to evaluate noise im-
pacts. We find that in our context constant noise discounts are only
justified for medium noise levels. In the following, we therefore
concentrate on apartments in this noise range, between 30 and
50 dB(A) in 2002.

4.2. Difference-in-differences analysis of noise discounts

Next, we employ a difference-in-differences (DID) approach in
order to estimate the effect of the new flight regime on apartment
rents. We define apartments in zipcodes with an increase of more
than 3 dB(A) daytime noise between 2002 and 2004 as affected by
the new flight regime. Apartments in zipcodes with noise changes
between �3 and 0 dB(A) are defined as unaffected, since a slight
a
m
a
p
sp
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Fig. 6. Non-linear hedonic estimates of noise effects on rental prices.

S. Boes, S. Nüesch / Journal of Urban Economics 69 (2011) 196–204 201
decrease can be explained by the design of quieter jet engines and
the replacement of old aircraft by modern ones. The following rea-
soning underlies the cut-off values: First, 3 dB(A) is the smallest
change in amplitude a human ear can perceive (Reindel, 2001).
Second, we used noise data from previous years and obtained
changes in noise exposure that were consistent with the above def-
initions of unaffected regions. Third, sensitivity tests (see Table A2
in the appendix) were performed and the noise impact did not vary
much because the classification of zipcodes remained relatively
stable.

Table 1 shows some descriptive statistics of the aircraft noise
measure, the rental price, the number of rooms, and the age of
the apartment pre and post the flight regime change. We also dis-
tinguish between the treatment and the control region, as defined
before, and the overall cantonal area, i.e., the unrestricted sample.

In a standard DID setup, we estimate the policy effect by
specifying

f ðnoiseÞ ¼ a noise regionþ b after policyþ c noise region

� after policy ð2Þ

where a measures the time-invariant differences between the treat-
ment and the control region, b measures the common time trend,
and c measures the average effect of the new flight regime on apart-
ment rents.

We define noise region as an indicator for the treatment region,
i.e., a binary variable that takes value one for apartments located in
Table 1
Means and standard deviations by region and time.

Period Treatment (

Daytime noise Ld
eqð16Þ (06:00–22:00) Pre 39.4 (6.74)

Post 44.6 (6.39)
Rental price w/o utilities Pre 1618 (666.1

Post 1638 (727.2
Number of rooms Pre 3.33 (1.23)

Post 3.38 (1.20)
Age Pre 26.2 (17.0)

Post 27.1 (19.2)

DLd
eqð16Þ ¼ Ld

eqð16Þ2004 � Ld
eqð16Þ2002

6.38 (2.72)

Number of observations (Pre/Post) 198/513

Notes: Ld
eqð16Þ is an equivalence metric corresponding to a steady sound level for the day

varying sound level. Treatment and control are defined via changes in daytime noise as
captures the time period from October 2001 to December 2002, Post captures the period
Homegate Corporation, EMPA, own calculations.
zipcodes that were affected by the new flight regime, and that
takes value zero for apartments in the control group. The policy
relevant time period is indicated by after policy which equals one
for apartments advertised after October 2004, and zero before Jan-
uary 2003. The relevant intervention is the introduction of the new
flight regime, formally indicated by the interaction noise region �
after policy.

The coefficient c can be consistently estimated by least squares
if the interaction term does not capture additional unbalanced
trends between the treatment and control group. In general, this
assumption is hard to justify, in particular when both groups differ
in their composition of apartments. For example, valuable housing
characteristics such as apartment size, age, or location characteris-
tics other than noise may follow different time trends in the two
groups and thus contaminate the noise effect. In order to reduce
omitted variable bias, we proceed sequentially. In a first step, we
remove confounding influences by controlling for the number of
rooms, a second order polynomial in age, and the floor as basic ob-
servable apartment characteristics.

A potential problem with this ‘‘selection on observables” ap-
proach is that the listed factors only partly cover the relevant hous-
ing characteristics. There may be additional spatial heterogeneity
between and within the treatment and control region that corre-
lates with aircraft noise and rents. For example, areas heavily ex-
posed to noise tend to be more urbanized and thus may have a
higher population density and a higher crime rate. In a second step,
we therefore include zipcode fixed effects to control for unob-
served spatial heterogeneity. As the classification of zipcodes did
not change in the considered time frame, there is a unique relation
for each apartment. The variable noise region is hence refined to the
within variation of zipcodes in order to identify the noise effect.

In a third step, we make use of the panel information for some
apartments in our sample and replace the zipcode fixed effects
with apartment fixed effects. With such an estimation strategy
we control for all time-invariant characteristics of an apartment,
where time-invariant here means that the characteristics do not
vary from the pre to the post treatment period, although they
may well vary within the two time periods.

The results of the DID analysis are reported in Table 2. The first
two columns use the overall sample, whereas columns 3 and 4 only
employ the subsample of repeat-rent observations. Column 1 shows
the pooled OLS results with the number of rooms, a second order
polynomial in age, and the floor as controls. Column 2 additionally
includes zipcode fixed effects to take spatial heterogeneity into ac-
count. Column 3 applies the same specification as in column 2 to
the repeat-rent sample in order to test potential selection effects of
apartments repeatedly advertised. In column 4, we show the results
when using apartment fixed effects as controls. The standard errors
DNoise > 3) Control (DNoise 2 (�3,0)) Overall

43.6 (4.50) 44.8 (10.2)

41.3 (5.00) 43.4 (7.85)
) 1435 (731.4) 1475 (743.6)
) 1628 (798.4) 1681 (817.1)

3.15 (1.19) 3.14 (1.23)
3.42 (1.18) 3.40 (1.22)
30.7 (21.0) 32.6 (37.5)
31.5 (37.6) 32.5 (40.9)

�1.14 (0.87)

1690/4161 5673/14,048

time interval 06:00–22:00 that would produce the same energy as the actual time-
indicated in the column, given daytime noise in 2002 between 30 and 50 dB(A). Pre

from October 2004 to December 2005. Standard deviations in parentheses. Source:



Table 2
Difference-in-differences estimates of noise effects on rental prices.

Dependent variable: log of rental price in Swiss Francs w/o utilities.

(1) (2) (3) (4)

Noise region 0.080 – – –
(0.082)

After policy 0.058*** 0.042*** 0.010 0.001
(0.016) (0.009) (0.008) (0.006)

Noise region � after policy �0.061* �0.047*** �0.042 �0.035**

(0.035) (0.017) (0.034) (0.015)
Number of rooms 0.256*** 0.257*** 0.239*** –

(0.007) (0.007) (0.013)
Age/100 �0.265** �0.478*** �1.330*** �0.882***

(0.131) (0.082) (0.146) (0.239)
(Age/100)2 0.048** 0.078*** 0.987*** 1.110***

(0.018) (0.019) (0.177) (0.315)
Floor 0.005 0.008*** 0.008 –

(0.006) (0.002) (0.007)
Constant 6.430*** 6.500*** 6.660*** 7.320***

(0.035) (0.044) (0.052) (0.029)

Zipcode fixed effects No Yes Yes No
Apartment fixed effects No No No Yes
Number of observations 6562 6562 436 436

Notes: For a description of the daytime noise variable, see Table 1. Noise region is
defined via DNoise > 3, as opposed to the interval (�3,0). After policy indicates after
October 2004, as opposed to before January 2003. Covariates include the number of
rooms, a second order polynomial in age, and the floor. Standard errors (reported in
parentheses) are robust to heteroscedasticity and clustered at the zipcode level
(columns 1–3) and at the apartment level (column 4).

* p < 0.1.
** p < 0.05.

*** p < 0.01.
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(reported in parentheses) are robust to heteroscedasticity and clus-
tered at the zipcode level (columns 1–3) and at the apartment level
(column 4) to consider potential correlation of error terms of obser-
vations in the same zipcode or the same apartment.

The effect of interest is the coefficient of the interaction term
noise region � after policy. We observe that the average effect of air-
craft noise caused by the new flight regime is negative in all four
specifications. The magnitude of the effect ranges from about
�6.1% in the pooled OLS specification to about �3.5% in the apart-
ment fixed effects model. More precisely, the results of the apart-
ment fixed effects model indicate that the change in average
rental rates in the treatment group is about 3.5% lower than the
change in the control group, holding time-invariant apartment
characteristics constant. The estimates show an upward bias in
the absolute magnitude of the noise effect when unobserved
neighborhood and apartment heterogeneity are not taken into ac-
count. The latter result is plausible as aircraft noise tends to be
negatively correlated with neighborhood amenities at the zipcode
level and valuable apartment characteristics, such as nearby recre-
ational areas and apartment quality. Hence, we conclude that
cross-sectional studies tend to overstate noise discounts.

Even though the exogeneity condition of the treatment status is
more likely to be met when using apartment fixed effects, repeat-
rent approaches are not uncontroversial. First, apartments with pa-
nel information are typically characterized by comparatively high
turnover rates. This might cause potential selection bias if the sam-
ple of repeat-rent apartments is not representative of the overall
rental market. The evidence in the related literature on the gener-
alizability of such findings is mixed (see McMillen, 2003). In order
to evaluate potential bias, we estimate the noise discount with the
unrestricted sample and with the restricted sample of repeat-rent
observations using the same zipcode fixed effects specification.
Table 2 shows that the coefficient of the interaction term is very
similar in both cases (columns 2 and 3), which indicates that,
regarding noise discounts, the results are stable when repeat-rent
restrictions are imposed.
Second, the apartment fixed effects specification provides a
consistent noise effect only if the time-variation of noise is unre-
lated to unobserved time trends of confounders. Aspects that
may change over time are maintenance and the general deprecia-
tion of apartments, for example. Harding et al. (2007) show that
the extent of depreciation and maintenance of repeat-sales houses
is mainly influenced by the house age and the time between sales
dates. Thus, if apartments affected by an increase in aircraft noise
had a higher tenant turnover rate than unaffected apartments, the
estimated noise discount might be understated due to a lower
depreciation rate. In our sample, however, the tenant turnover rate
in the treatment group is only slightly and insignificantly higher
than in the control group. Maintenance is mainly driven by the
apartment’s age for which we control in our models. Thus, even
though potential omitted variable bias can never be completely
eliminated when using field data, we consider the assumption of
exogenous noise variation as reasonable, conditional on apartment
fixed effects, time, and age.

4.3. Hedonic estimates with continuous noise data

The DID approach reduces the comprehensive noise data to a
binary variable noise region that indicates if the apartment’s zip-
code experienced an increase of more than three decibels between
2002 and 2004, as opposed to a change between �3 and 0 dB(A).
The argument behind this procedure is that a change of three deci-
bels is the smallest change in amplitude a human ear can perceive.
The DID estimate shows an average difference in time trends of
rental rates between treated and untreated apartments, regression
adjusted for various confounding influences. The transfer of our
DID estimate to other contexts hinges on homogeneity assump-
tions that are critical in practice (e.g., what happens if regions
are affected by noise changes of different levels).

In this section, we test whether the noise discounts are con-
firmed if the binary treatment indicator is replaced by a continuous
noise variable using the same sample as in the previous section.
Subsequently, we apply the log-linear hedonic approach to the en-
tire sample of apartments around Zurich airport to test whether
the homogeneity condition also remains valid when analyzing
the whole range of potential noise exposures. Based on the semi-
parametric results, we expect that the homogeneity assumption
is confirmed for the treatment and control sample but not for the
unrestricted sample.

The log-linear hedonic model presumes that f(noise) = d noise
with the continuous noise measure Ld

eqð16Þ. In order to separate
time effects from noise effects, we include dummies for each year.
Otherwise the same specifications are used as before. The results of
the pooled OLS model (column 1), the zipcode fixed effects model
(column 2), the zipcode fixed effects with the repeat-rent sample
(column 3), and the apartment fixed effects model (column 4)
are shown in Table 3.

The first line reports the relative effect of a one-decibel increase
in Ld

eqð16Þ on apartment rents, conditional on the treatment and
control sample. We observe that aircraft noise significantly de-
creases rents. For example, the apartment fixed effects model in
column 4 shows that a one-decibel increase in the yearly average
daytime noise exposure reduces the average rental rate by 0.54%.
In order to test the homogeneity condition, we can multiply the
noise effects in Table 3 by the difference in average noise changes
between the treatment and control group shown in Table 1
(6.38 � (�1.14) = 7.52), and then compare the product with the
DID estimate in Table 2. The measures are quite similar (e.g.,
�0.035 (DID) vs. �0.041 in column 4), which confirms homogene-
ity regarding the treatment and control sample.

In order to test whether the estimated noise effects remain valid if
we do not condition on the treatment/control sample, we re-estimate



Table 3
Log-linear hedonic estimates of noise effects on rental prices – treatment/control
sample.

Dependent variable: log of rental price in Swiss Francs w/o utilities.

(1) (2) (3) (4)

Daytime noise �0.0113*** �0.0068** �0.0069** �0.0054***

Ld
eqð16Þ (06:00–22:00) (0.0026) (0.0026) (0.0033) (.0015)

Number of rooms 0.251*** 0.257*** 0.239*** –
(0.006) (0.007) (0.013)

Age/100 �0.260* �0.477*** �1.320*** �0.900***

(0.130) (0.081) (0.146) (0.235)
(Age/100)2 0.046** 0.078*** 0.982*** 1.19***

(0.018) (0.019) (0.172) (0.309)
Floor 0.006 0.008*** 0.008 –

(0.005) (0.002) (0.007)
Constant 6.940*** 6.830*** 6.830*** 7.570***

(0.110) (0.121) (0.131) (0.073)

Year fixed effects Yes Yes Yes Yes
Zipcode fixed effects No Yes Yes No
Apartment fixed effects No No No Yes
Number of observations 6562 6562 436 436

Notes: For a description of the daytime noise variable, see Table 1. Standard errors
(reported in parentheses) are robust to heteroscedasticity and clustered at the
zipcode level (columns 1–3) and at the apartment level (column 4).

* p < 0.1.
** p < 0.05.

*** p < 0.01.

Table 4
Log-linear hedonic estimates of noise effects on rental prices – whole sample.

Dependent variable: log of rental price in Swiss Francs w/o utilities.

(1) (2) (3) (4)

Daytime noise �0.0045*** �0.0028* �0.0029** �0.0015*

Ld
eqð16Þ (06:00–22:00) (0.0015) (0.0015) (0.0013) (0.0008)

Number of rooms 0.252*** 0.260*** 0.253*** –
(0.007) (0.005) (0.009)

Age/100 �0.102 �0.317*** �0.468*** �0.113
(0.109) (0.036) (0.092) (0.117)

(Age/100)2 0.026* 0.049*** 0.123*** 0.022
(0.015) (0.007) (0.031) (0.023)

Floor 0.014* 0.012*** 0.004 –
(0.008) (0.002) (0.006)

Constant 6.600*** 6.530*** 6.640*** 7.420***

(0.069) (0.075) (0.072) (0.049)

Year fixed effects Yes Yes Yes Yes
Zipcode fixed effects No Yes Yes No
Apartment fixed effects No No No Yes
Number of observations 19721 19721 1374 1374

Notes: For a description of the daytime noise variable, see Table 1. Standard errors
(reported in parentheses) are robust to heteroscedasticity and clustered at the
zipcode level (columns 1–3) and at the apartment level (column 4).

* p < 0.1.
** p < 0.05.

*** p < 0.01.
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all models using the whole sample of rental apartments, including
apartments in zipcodes with very low or very high noise exposure
and/or slight increases in aircraft noise. Table 4 reveals that the mag-
nitude of the effects is substantially lower but still significantly neg-
ative in this case. The external homogeneity assumption is thus not
confirmed, as supposed, due to the non-linear relationship between
aircraft noise and rental rates.
2 The considerably higher monetary and psychic relocation costs for homeowners
than for tenants might explain why we find only small and insignificant noise
discounts for property houses (see Table A1 in the appendix).
5. Concluding remarks

This study has used the flight regime change at Zurich airport to
estimate the effect of aircraft noise on rental rates. The results indi-
cate that the rents of apartments that experienced an increase of
more than three decibels between 2002 and 2004 decreased by
about 0.5% per decibel, controlling for time-constant spatial and
apartment heterogeneity. Based on the Swiss protection law, land-
lords are entitled to compensation for lost rents under certain
conditions. So far, the Federal Supreme Court of Switzerland has
not made a final decision on the noise depreciation index. Our
study feeds in this discussion by providing a noise discount for
rental apartments in the treatment region. Our results also
indicate that discounts based on cross-sectional studies may be
overestimated.

Even though relocation costs are much smaller for tenants than
for homeowners, they are still not zero. This implies that implicit
hedonic prices might not fully reflect the tenants’ marginal willing-
ness to pay. If relocation is costly, a person will only move to an
apartment exposed to less noise if the quiet compensates for the
higher rents and the costs of moving, ceteris paribus. Thus, the noise
discounts estimated here have to be interpreted as lower bounds
for the overall negative effect of noise pollution.2 Recently, life sat-
isfaction approaches to valuing environmental goods have evolved
to enable measurement of the additional shadow costs of noise by
using happiness surveys (Van Praag and Baarsma, 2005; Rehdanz
and Maddison, 2008).

Regarding future research, two main conclusions can be drawn
from our analysis. First, the combination of quasi-experiments
with apartment-level panel data offers a powerful tool for evaluat-
ing the value of environmental and other nonmarket goods. The
traditional method of reducing omitted-variable bias is multiple
regression. However, even ‘‘kitchen-sink regressions”—hedonic
studies that include a great deal of housing attributes—are not able
to incorporate all relevant characteristics (Gibbons and Machin,
2008). This paper uses a policy change as a quasi-random
experiment and draws inferences from unequal price trends be-
tween treatment and control. The potential non-randomness of
the treatment assignment can be reduced by including several
housing attributes, spatial fixed effects, or even better, apartment
fixed effects. Our results suggest that simple cross-sectional stud-
ies tend to overestimate the effect of the considered environmental
good.

Second, our semi-parametric analysis reveals that the relation-
ship between aircraft noise and rental rates does not satisfy prom-
inent functional forms, such as linear, log-linear, double log, or
Box–Cox over the entire noise distribution. We find that in the ren-
tal market around Zurich airport a constant noise discount is justi-
fied only for medium noise levels. Since hedonic models usually do
not yield nice closed-from expressions (Ekeland et al., 2004), flex-
ible semi-parametric regression is a promising approach. We
encourage further efforts in this direction.
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Appendix A

See Tables A1 and A2.
Table A1
Log-linear hedonic estimates of noise effects on sales offer prices – treatment/control
sample.

Dependent variable: log of sales offer price in Swiss Francs.

(1) (2) (3) (4)

Daytime noise �0.0012 �0.0010 �0.0008 �0.0008

Ld
eqð16Þð06:00—22:00Þ (0.0020) (0.0045) (0.0033) (0.0032)

Number of rooms 0.236*** 0.249*** 0.249*** –
(0.013) (0.018) (0.019)

Age/100 �0.587** �0.981*** �1.010*** �0.921***

(0.260) (0.207) (0.190) (0.225)
(Age/100)2 0.202*** 0.456*** 0.426*** 0.437***

(0.071) (0.080) (0.172) (0.309)
Floor 0.021* 0.031*** 0.032*** –

(0.011) (0.012) (0.012)
Constant 13.0*** 12.6*** 12.0*** 14.0***

(0.148) (0.411) (0.240) (0.489)

Year fixed effects Yes Yes Yes Yes
Zipcode fixed effects No Yes Yes No
Apartment fixed effects No No No Yes
Number of observations 1098 1098 16 16

Notes: For a description of the daytime noise variable, see Table 1. Standard errors
(reported in parentheses) are robust to heteroscedasticity and clustered at the
zipcode level (columns 1–3) and at the apartment level (column 4).

* p < 0.1.
** p < 0.05.

*** p < 0.01.

Table A2
DID estimates of the noise effects with alternative cut-off values.

(1) (2) (3)

Treatment region defined with DLeqd(16) > 2 dB(A), control region in (�3,0)
Noise region 0.0758 – –

(0.0763)
After policy 0.0592*** 0.0424*** 0.0014

(0.0167) (0.0094) (0.0062)
Noise region � after policy �0.0423 �0.0308* �0.0297**

(0.0360) (0.0223) (0.0142)
Number of observations 6766 6766 442

Treatment region defined with DLeqd(16) > 4 dB(A), control region in (�3,0)
Noise region 0.0813 – –

(0.0877)
After policy 0.0587*** 0.0421*** 0.0013

(0.0165) (0.0097) (0.0061)
Noise region � after policy �0.0570 �0.0458** �0.0361**

(0.0409) (0.0191) (0.0155)
Number of observations 6423 6423 432

Treatment region defined with D Leqd(16) > 3 dB(A), control region in (�2,0)
Noise region 0.0582

(0.0790)
After policy 0.0592*** 0.0385*** �0.0088

(0.0169) (0.0096) (0.0066)
Noise region � after policy �0.0627* �0.0436** �0.0311**

(0.0362) (0.0175) (0.0148)
Number of observations 5693 5693 370

Year fixed effects Yes Yes Yes
Zipcode fixed effects No Yes No
Apartment fixed effects No No Yes

Notes: Dependent variable: Log of rental price in Swiss Francs w/o utilities. Noise
effects are measured for the Leqd(16) equivalence metric. Noise region is defined as
indicated in the table. After policy indicates after October 2004, as opposed to before
January 2003. Covariates include the number of rooms (columns 1 and 2), a second
order polynomial in age (all columns), and the floor (columns 1 and 2). Standard errors
(reported in parentheses) are robust to heteroscedasticity and clustered at the zip-
code level (columns 1 and 2) and at the apartment level (column 3).

* p < 0.1.
** p < 0.05.

*** p < 0.01.
References

Bayer, P., Keohane, N., Timmins, C., 2009. Migration and hedonic evaluation: the
case of air quality. Journal of Environmental Economics and Management 58, 1–
14.

Case, K.E., Shiller, R.J., 1989. The efficiency of the market for single-family homes.
American Economic Review 79, 125–137.

Chay, K.Y., Greenstone, M., 2005. Does air quality matter? Evidence from the
housing market. Journal of Political Economy 113, 376–424.

Cohen, J.P., Coughlin, C.C., 2009. Changing noise levels and housing prices near the
Atlanta airport. Growth and Change 40, 287–313.

Davis, L.W., 2004. The effect of health risk on housing values: evidence from a
cancer cluster. American Economic Review 94, 1693–1704.

Davis, L.W., in press. The effect of power plants on local housing values and rents.
Review of Economics and Statistics.

de Boor, C., 2001. A Practical Guide to Splines, rev. ed. Springer Verlag, New York.
Ekeland, I., Heckman, J.J., Neshiem, L., 2004. Identification and estimation of hedonic

models. Journal of Political Economy 112, 60–119.
Figlio, D.N., Lucas, M.E., 2004. What’s in a grade? School report cards and the

housing market. American Economic Review 94, 591–604.
FOCA – Federal Office for Civil Aviation, 2008. BAZL lehnt Gesuch für gekröpften

Nordanflug ab. Online July 3, 2008. <http://www.bazl.admin.ch/aktuell/
medieninformation/00024/index.html> (accessed 22.02.09).

FOH – Federal Office for Housing, 2004. Wohneigentumsquoten im internationalen
Vergleich. Online November 26, 2004. <http://www.bwo.admin.ch/
dokumentation/00101/00105/index.html> (accessed 16.03.09).

Gibbons, S., Machin, S., 2005. Valuing rail access using transport innovations.
Journal of Urban Economics 5, 148–169.

Gibbons, S., Machin, S., 2008. Valuing school quality, better transport, and lower
crime: evidence from house prices. Oxford Review of Economic Policy 24, 99–
119.

Greenstone, M., Gallagher, J., 2008. Does hazardous waste matter? Evidence from
the housing market and the superfund program. Quarterly Journal of Economics
123, 951–1003.

Greenstone, M., Gayer, T., 2009. Quasi-experimental and experimental approaches
to environmental economics. Journal of Environmental Economics and
Management 57, 21–44.

Harding, J.P., Rosenthal, S.S., Sirmans, C.F., 2007. Depreciation of housing capital,
maintenance, and house price inflation: estimates from a repeat sales model.
Journal of Urban Economics 61, 193–217.

Linden, L.L., Rockoff, J.E., 2008. Estimates of the impact of crime risk on property
values from Megan’s Laws. American Economic Review 98, 1103–1127.

McMillen, D.P., 2003. Neighborhood house price indexes in Chicago: a Fourier
repeat sales approach. Journal of Economic Geography 3, 57–73.

McMillen, D.P., 2004. Airport expansions and property values: the case of Chicago
O’Hare Airport. Journal of Urban Economics 55, 627–640.

Nelson, J.P., 2004. Meta-analysis of airport noise and hedonic property values.
Journal of Transport Economics and Policy 38, 1–28.

Parmeter, C.F., Pope, J.C., 2009. Quasi-experiments and hedonic property value
methods. Working Paper.

Pietrzko, S.J., Buetikofer, R., 2002. FLULA – Swiss aircraft noise prediction program.
In: Acoustics 2002 – Innovation in Acoustics and Vibration Annual Conference
of the Australian Acoustical Society, November 13–15, 2002, Adelaide,
Australia.

Pope, J.C., 2008. Buyer information and the hedonic: the impact of a seller disclosure
on the implicit price for airport noise. Journal of Urban Economics 63, 498–516.

Rehdanz, K., Maddison, D., 2008. Local environmental quality and life-satisfaction in
Germany. Ecological Economics 64, 787–797.

Reindel, G., 2001. Overview of noise metrics and acoustical objectives. AAAE Sound
Insulation Symposium, October 2001. <http://www.hmmh.com/cmsdocuments/
noise_metrics_emr.pdf> (accessed 15.06.10).

Rosen, S., 1974. Hedonic prices and implicit markets: product differentiation in pure
competition. Journal of Political Economy 82, 34–55.

Smith, V.K., Huang, J., 1995. Can markets value air quality? A meta-analysis of
hedonic property value models. Journal of Political Economy 103, 209–227.

Tomkins, J., Topham, N., Twomey, J., Ward, R., 2004. Noise versus access: the impact
of an airport in an urban property market. Urban Studies 35, 243–258.

Unique, 2005. Betriebsreglement. Online February 1, 2005. <http://www.unique.ch/
dokumente/BR%20in%20der%20Fassung%20vom%2001_02_2005.pdf> (accessed
22.02.09).

Unique, 2007. Pistenbenützung. Online December 20, 2007. <http://
www.unique.ch/dokumente/las_pistenbenuetzung.pdf> (accessed 22.02.09).

Unique, 2008. Flugbewegungen gestern und heute. Online June 19, 2008. <http://
www.unique.ch/dokumente/las_Flugbewegungen_gestern_und_heute.pdf>
(accessed 22.02.09).

Van Praag, B.M.S., Baarsma, B.E., 2005. Using happiness surveys to value intangibles:
the case of airport noise. The Economic Journal 115, 224–246.

Werczberger, E., 1997. Home ownership and rent control in Switzerland. Housing
Studies 12, 337–353.

http://www.bazl.admin.ch/aktuell/medieninformation/00024/index.html
http://www.bazl.admin.ch/aktuell/medieninformation/00024/index.html
http://www.bwo.admin.ch/dokumentation/00101/00105/index.html
http://www.bwo.admin.ch/dokumentation/00101/00105/index.html
http://www.hmmh.com/cmsdocuments/noise_metrics_emr.pdf
http://www.hmmh.com/cmsdocuments/noise_metrics_emr.pdf
http://www.unique.ch/dokumente/BR%20in%20der%20Fassung%20vom%2001_02_2005.pdf
http://www.unique.ch/dokumente/BR%20in%20der%20Fassung%20vom%2001_02_2005.pdf
http://www.unique.ch/dokumente/las_pistenbenuetzung.pdf
http://www.unique.ch/dokumente/las_pistenbenuetzung.pdf
http://www.unique.ch/dokumente/las_Flugbewegungen_gestern_und_heute.pdf
http://www.unique.ch/dokumente/las_Flugbewegungen_gestern_und_heute.pdf

	Quasi-experimental evidence on the effect of aircraft noise on apartment rents
	Introduction
	Changes in flight pattern around Zurich airport
	Data
	Aircraft noise data and affected regions
	Housing data

	How does aircraft noise affect rental rates?
	Semi-parametric regression results
	Difference-in-differences analysis of noise discounts
	Hedonic estimates with continuous noise data

	Concluding remarks
	Acknowledgments
	Appendix A
	References


