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Summary
This article reports on the Zurich Aircraft Noise Index (ZFI), a noise effect index describing the integral effects
of aircraft noise (annoyance and sleep disturbance) on the population in the vicinity of Zurich airport, integrating
the considered noise effects to a single number valid for the whole airport. In the year 2007 the ZFI became
operational as an effect-oriented monitoring tool serving noise abatement policy in the canton of Zurich, Switzer-
land. During its development, various exposure–response relationships and parameter settings were studied as a
basis to establish the official calculation rule. The official calculation rule was then applied to a time series of 12
years, and reasons for changes in the ZFI were studied by means of sensitivity analyses, taking into account the
air traffic operations and population development around Zurich airport in great detail. The article presents the
concept and implementation of the ZFI, its development, its application, and insights obtained so far. Based on
the obtained results, the potential and limitations of the index to express the number of affected persons, its sen-
sitivity to changes in population figures and air traffic as well as the possibilities to separate different influencing
parameters, and the scientific shortcomings of the index are discussed.

PACS no. 43.50.Qp, 43.50 Ba, 43.50.Lj, 43.50.Sr

1. Introduction

Aircraft noise usually covers large areas in the vicinity of
airports, affecting millions of people in Europe alone [1].
In Switzerland, for example, 3% (225’000 persons) and
1.3% (95’000) of the population are exposed to aircraft
noise levels > 55 dB(A) by day and > 50 dB(A) by night,
respectively [2]. Aircraft noise therefore challenges land
use planning [3] and causes intensive political (e.g., [4])
and scientific debates.
In order to estimate the impact of aircraft noise on peo-

ple, noise effect indices have become a popular concept.
This article reports on the ‘Zurich Aircraft Noise Index’
(‘Zürcher Fluglärm-Index’, ZFI), a noise effect index re-
cently developed for Zurich airport, serving noise abate-
ment policy in the canton of Zurich, Switzerland. The ZFI
is a single number representing the monitoring value for
the number of persons affected by aircraft noise, either by
annoyance and/or sleep disturbance. The monitoring value
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is compared to a guide value. The government of the can-
ton of Zurich takes preventive measures to avoid the guide
value to be exceeded.
As outlined in Brink et al. [5], noise effect indices de-

scribe the integral effect(s) of aircraft noise on the pop-
ulation in the vicinity of airports, integrating all consid-
ered noise effects to a single number valid for a whole air-
port. Of the various noise effects such as hypertension [6]
or myocardial infarction [7], the most useful dimensions
for effect indices are probably annoyance and sleep distur-
bance [5]. While many different exposure–response rela-
tionships have been established in the past yielding very
disparate results [8, 9, 10], no consensus has been reached
as to which is the ‘most appropriate’ relationship to es-
tablish noise effect indices. But also various other aspects
concerning such indices remain yet unsolved [5, 11].
In Switzerland, noise effect indices recently came into

political focus. In response to the conflicts between air
traffic and population around Zurich airport, the people’s
initiative ‘for a realistic airport policy’ was submitted in
2004, demanding the number of movements per year on
Zurich airport not to exceed 250’000 and a flight cur-
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few of 9 hours during the night. The government of the
canton of Zurich objected this initiative and submitted
a counter-proposal which, as its centrepiece, proposed a
guide value limiting the number of highly affected per-
sons, instead of limiting the movements. This centrepiece
was denoted as ZFI. In November 2007, the initiative was
put to referendum, but was rejected by the voters. Instead,
the government’s counter-proposal was accepted. Based
on this plebiscite, the ZFI was included in the cantonal
law [12, 13]. It became operational as an effect-oriented
monitoring tool in the year 2007 [14].
The ZFI is not the first noise effect index, but is one re-

alization in a series of several indices (e.g., [15, 16, 17]).
While much has been recently discussed [5, 11, 18], avail-
able data to study their feasibility are still rare. Here, the
ZFI is an exception. Various exposure–response relation-
ships and parameter settings were studied as a basis to
establish the official calculation rule, and thereafter the
ZFI was determined for various scenarios, studying also
the reasons for its variation by sensitivity analyses. The
authors of this article have, to different degrees, been in-
volved in either the development or evaluation of the ZFI.
In this paper they present the concept and implementation
of the ZFI, its development, its application, and insights
obtained so far.

2. The Zurich Aircraft Noise Index (ZFI)

This section describes the concept and the official calcu-
lation rule of the ZFI, as well as its development. In the
development process, scientists as well as representatives
of the public administration were involved, as the ZFI has
a political purpose (cf. section 1). Therefore, discussions,
parameter settings and decisions involved scientific as well
as political considerations. With the development process
not only science- but also policy-driven, the official cal-
culation rule is burdened with some scientific shortcom-
ings as discussed in detail in section 5.2. Below, sections
2.1 to 2.3 describe the concept and the established, legally
enforced calculation rule according to [13, 19], together
with the sensitivity analysis, by which the ZFI has to be
determined and analysed to day, with all the strengths and
weaknesses they may have. Section 2.4 then gives a histor-
ical retrospection on how the official calculation rule was
developed and on the most important findings.

2.1. Concept

The ZFI is a single number representing a monitoring
value for the number of persons affected by aircraft noise
around one single airport, either by annoyance and/or
sleep disturbance. The monitoring value is compared to
a guide value; the government of the canton of Zurich
takes preventive measures to avoid the guide value to be
exceeded.
To calculate the ZFI, the number of highly annoyed per-

sons during the day (HA) as well as the number of highly
sleep disturbed persons during the night (HSD) are deter-
mined using exposure–response relationships and summed

up. The ZFI concept thus sets the basis for a purely mathe-
matical determination of noise effects, the results of which
are then used as a monitoring value for a setpoint value
comparison.
The concept of the ZFI has some important features.

Firstly, it aims at limiting the monitoring value, while not
primarily restricting the air traffic. Secondly, the dimen-
sions of annoyance and sleep disturbance are combined
to a single number of affected persons. Thirdly, double
counts are allowed, i.e., a person who is annoyed during
the day and also sleep disturbed during the night is counted
twice. Finally, the 24 h of a day are strictly divided into
the day-time period (06–22 h) for the HA and night-time
period (22–06 h) for the HSD, following the time periods
of Swiss legislation (Noise Abatement Ordinance, NAO
[20]), ignoring any possible HA or HSD in the other time
period.

2.2. Official calculation rule

The official calculation rule, as legally prescribed in [13],
was established as follows [19]. The ZFI is the sum of the
HA and HSD,

ZFI = HA + HSD. (1)

The HA and HSD used in equation (1) are determined
for each receiver point i within a specified grid by mul-
tiplying the fractions of the highly annoyed (%HAi) and
highly sleep disturbed persons (%HSDi) by the number of
residents (Npop,i), and summing them up using equations
(2) and (3). Given the spatial resolution of available pop-
ulation data (section 3.3), all calculations are done on a
hectare grid (100m by 100m).

HA =
�
i

HAi =
�
i

Npop,i ·
%HAi

100
, (2)

HSD =
�
i

HSDi =
�
i

Npop,i ·
%HSDi

100
. (3)

The %HAi used in equation (2) are determined from the
exposure–response relationship by Miedema and Oud-
shoorn [21], where the acoustic input Ldn of the original
equation is replaced by the L∗

Aeq,16, while all other pa-
rameters remain unchanged (equation 4). The L∗

Aeq,16 is
the weighted equivalent continuous sound level of the day
(06–22 h), determined by charging penalties of 5 dB to the
sound levels during the first and last hour of the day (06–
07 h and 21–22 h). On average, the L∗

Aeq,16 closely corre-
sponds to theLdn in the case of Zurich airport (not shown).

%HAi =

����������

−1.395 · 10−4 · (L∗
Aeq,16,i − 42)3

+4.081 · 10−2 · (L∗
Aeq,16,i − 42)2

+0.342 · (L∗
Aeq,16,i − 42) ≤ 100%

for L∗
Aeq,16,i ≥ 47 dB,

0 for L∗
Aeq,16,i < 47 dB.

(4)

The determination of the %HSDi used in equation (3) is
effected in two steps. In a first step, the probability (P )
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of an additional awakening reaction (AWR, i.e., a change
from sleep stages REM or 2–4 to stage 1 or awake [22,
23]) as a function of the maximum sound level (LAmax,
time constant slow) of a single aircraft event is estimated
from the exposure–response relationship by Basner et al.
[22, 23],

PAWR = 1.894 · 10−5 · (LAmax +D)2

+ 4.008 · 10−4 · (LAmax +D) (5)

− 3.3243 · 10−2,

whereD is the attenuation of the sound level during trans-
mission from the outside to the inside (set to −15 dB for
tilted windows [24]). In a second step, equation (5) (sin-
gle event) is applied to complete LAmax frequency distri-
butions (Hi) per hectare point i of the night (22–06 h) to
obtain the effect of all aircraft events on sleep (AWRi), and
the result is multiplied by a constant factor of 26 (FSD, see
section 2.4.2), to convert the AWRi into the %HSDi,

%HSDi = FSD · AWRi (6)

= FSD ·

��������

�
Hi(LAmax +D)

·PAWR(LAmax +D) dLAmax ≤ 100%
for LAeq,8,i ≥ 37 dB,

0 for LAeq,8,i < 37 dB.

where LAeq,8 is the equivalent continuous sound level of
the night from 22–06 h.

The calculations are confined to perimeters of L∗
Aeq,16 ≥

47 dB (HA; equation 4) and LAeq,8 ≥ 37 dB (HSD; equa-
tion 6), corresponding to %HAi ≥ 2.7% and approxi-
mately to AWRi ≥ 0.1 (respectively, %HSDi ≥ 2.6%).
The resulting ZFI monitoring values are compared to

the guide value of 47’000, which was determined by a pre-
defined reference scenario [13]. This scenario is based on
(i) the number of movements of the year 2000, (ii) the
aircraft fleet of the year 2004, (iii) the allocation of move-
ments to the air routes as in 2004; and (iv) the population
data of 2000. The reference scenario accounts for the need
of Zurich airport to increase the number of movements
by using those of the peak year 2000, while it avoids too
much developmental freedom by considering the acous-
tically favourable development in aircraft fleet between
2000 and 2004 (section 3.2). Further, with (iii) it incor-
porates the changes in the flight regime after 2001 (sec-
tion 3.2). The population data of the year 2000 was used
because no current data was available back then.

Note that the official calculation presented here only ac-
counts for potential active noise reduction measures, as
the HSD are determined for tilted windows. Passive mea-
sures such as sound insulating windows or even just closed
windows are not taken into account. Thus the calculation
yields a reliable upper limit for noise effects on sleep, as
many people will sleep with windows closed, particularly
in modern buildings with low-energy standard.

2.3. Sensitivity Analysis

The calculated ZFI values (respectively, HA and HSD) de-
pend on two main parameters, namely, the population (i.e.,
the number of persons and their spatial distribution within
the perimeters) and the air traffic determining the spatial
sound immission levels. The air traffic may be subdivided
into (i) the number of movements, (ii) the composition of
the aircraft fleet and its operation over the different peri-
ods of the day and night, (iii) the allocation of the move-
ments to different air routes, and (iv) the flight geometries
(horizontal and vertical dispersion). These five parameters
(population and four air traffic parameters) mutually affect
the ZFI to different degrees.
To find out to which degrees the ZFI is influenced by

these five parameters, their individual contributions to the
changes in the ZFI between two scenarios A and B may
be studied by means of a sensitivity analysis. Separate ZFI
calculations are performed where one parameter at a time
is set to the characteristics of scenario A while the remain-
ing parameters are kept to those of scenario B (ceteris
paribusmethod). The differences between the original and
new ZFI value are attributable to the studied parameters.
Thus, for each sensitivity analysis, five separate calcula-
tions are performed. The results indicate which parame-
ters contributed by what degree to the changes (ranking).
Summing up the five individual differences to obtain the
total contribution of all parameters, and comparing the re-
sult with the effective difference between the two scenarios
shows how well the effects of the parameters can be sepa-
rated.

2.4. Retrospection: Development of the ZFI calcula-
tion

Based on the concept described in section 2.1, different
possible realizations for the calculation of the %HA and
%HSD used in equations (2) and (3) were tested to estab-
lish the official calculation rule described in section 2.2.
Since the development of the calculation rule was an itera-
tive process, only the most important results are discussed
here.

2.4.1. Exposure–response relationships
In total, four exposure–response relationships for the %HA
and five for the %HSD were tested. Table I lists the func-
tions as well as their origin. The exposure–response func-
tions for the %HA are denoted as fd1−fd4 in the following
account (index ‘d’ for day). They use an equivalent con-
tinuous sound level as input and yield the %HA as output
(Table I). The exposure–response functions for the %HSD
(fn1−fn5; index ‘n’ for night) either use an equivalent con-
tinuous sound level or anLAmax of a single aircraft event as
input, and either yield the %HSD, the maximum number of
behavioural awakenings (nmax, i.e., awakenings followed
by an action such as pressing a button) or the probability
of an AWR (Table I).
As fn2 − fn5 do not directly yield the %HSD, the latter

are estimated from the respective outputs in a subsequent
step (see section 2.4.2). This is a fundamental difference

507

Document downloaded by  @DAEL, 2026-06-12 01:02:05 - personal use only



ACTA ACUSTICA UNITED WITH ACUSTICA Schäffer et al.: Zurich Aircraft Noise Index
Vol. 98 (2012)

Table I. Exposure–response relationships fd1 − fd4 for the day (06–22 h) for the fractions of the highly annoyed persons (%HA) as
a function of the equivalent continuous sound level of the day (LAeq,16) or the day-night level (Ldn), and fn1 − fn5 for the night (22–
06 h) for the fractions of the highly sleep disturbed persons (%HSD), the maximum number of behavioural awakenings (nmax) or the
probability of an additional awakening reaction (PAWR) as a function of the night level (Ln) or the maximum sound level of a single
aircraft event (LAmax). out = outdoor sound level, in = indoor sound level.

Time Output Input Description and Reference

day fd1 %HA LAeq,16 (out) ‘New Zurich Formula’ by Oliva (internal report [25]), published as Figure 4 in [26].
Re-evaluation of data from a noise study (‘Lärmstudie 90’) by Oliva [27].

fd2 %HA LAeq,16 (out) Exponential curve approach by Oliva (internal report [28]). Re-evaluation of data from
a noise study (‘Lärmstudie 90’) by Oliva [27].

fd3 %HA Ldn (out) EU standard curve by Miedema and Oudshoorn [21].
fd4 %HA LAeq,16 (out) Sigmoidal curve approach by Hofmann (internal report [29]), purely mathematical

function developed for this study.

night fn1 %HSD Ln (out) Self-reported sleep disturbance in EC position paper [30].
fn2 nmax Ln (in) Review study by Passchier-Vermeer in EC position paper [30].
fn3 PAWR LAmax (in) Field study by Basner et al. [22, 23].
fn4 PAWR LAmax (in) Laboratory study by Basner et al. [22].
fn5 PAWR LAmax (out) Loudness approach by Hofmann (internal report [29]), purely mathematical function

developed for this study.

to the functions fn1 and fd1 −fd4. While the latter directly
link an acoustic measure to a conscious negative judge-
ment, the functions fn2 − fn5 yield behavioural reactions
(nmax and AWR) from which the %HSD, i.e., again a con-
scious negative judgement similar to the %HA, are esti-
mated by means of a ‘calibration’, be it a function or a
constant, which generally is not 1, but an unknown quan-
tity that first has to be defined. Thus, the %HSD differ from
the %HA insofar as the latter are directly related to the
judgment of noise affected residents, while the %HSD are
to a large part related to the judgment of scientists.

2.4.2. Parameter settings

For the development of the ZFI calculation, some of the
exposure–response functions (Table I) were modified, and
corresponding parameter settings were established as fol-
lows.

Firstly, for the %HA (fd1 − fd4), the equivalent con-
tinuous sound level of the day from 06–22 h (LAeq,16; see
also section 2.4.3) was used as acoustic input, as it is de-
termined for Zurich airport on a yearly basis according
to NAO [20]. The original equation of fd3 was therefore
modified (section 2.2).

Secondly, for the %HSD (fn1 − fn5), the LAeq,8 or the
frequency distributions of the LAmax of the night from 22–
06 h were used as acoustic inputs, as they, like the LAeq,16,
are annually determined. Thus, the Ln used in fn1 and fn2
was replaced by the LAeq,8. As the functions fn3 − fn5 es-
timate the effect of a single aircraft event on sleep, they
were applied to complete LAmax frequency distributions,
and the effect of all aircraft events on sleep (AWR) was
obtained by summing them up.

Thirdly, the acoustic inputs correspond to either out-
door or indoor sound levels (Table I). As the aircraft noise
calculations (cf. section 3.2) yield outdoor levels, they
were converted to indoor levels where applicable (i.e., for

fn2−fn4), using a sound level attenuation (cf. section 2.2)
set to −15 dB for tilted windows [24].
Fourthly, the nmax(fn2) and AWR (fn3−fn5) were multi-

plied by a constant factor (FSD; SD= ‘strong disturbance’)
to convert them into the dimension of %HSD used in equa-
tion (3). This assumes a linear relation between nmax or
AWR and disturbance. The factor FSD is defined as

FSD = 100 · rpop,HSD

rcrit · nnull
, (7)

where rpop,HSD is the fraction of the population characteriz-
ing itself as highly sleep disturbed, rcrit is the critical frac-
tion of sleep reactions to aircraft noise, and nnull is the av-
erage number of spontaneous AWR or nmax per night occur-
ring without any noise event. With the latter being 24 for
AWR [22] and 1.6 for nmax [30], the critical number of reac-
tions set to 4% of the spontaneous reactions (rcrit = 0.04),
and assuming 25% of the population to feel highly sleep
disturbed for rcrit · nnull (rpop = 0.25, corresponding to the
25% often used to determine exposure limits [31, 32]) one
obtains FSD = 26 for AWR and FSD = 391 for nmax. (Note
that different values for FSD were tested, but as FSD simply
scales the nmax or AWR, only the results based on the final
values are discussed here.)
Finally, the calcultions were confined to certain peri-

meters for the day and the night. Perimeters are neces-
sary [5], as considering too large areas in the calculations
would result in the ZFI reacting very sluggishly to changes
in the population or air traffic. Here, the perimeters were
acoustically defined as the areas enclosed by LAeq,16 =
47 dB for the day (HA) (exception: LAeq,16 = 54 dB for
fd1: Figure 1) and LAeq,8 = 37 dB for the night (HSD).
Figure 1 compares the final equations (after parameter

settings) of functions fd1 − fd4 and fn1 − fn5. In order
to display fn1 − fn5 in the same graph, the LAeq,8 of fn1
and fn2 was converted to LAmax (for the graph only). As
Figure 1 shows, the functions yield very disparate results.
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2.4.3. Penalties for early and late hours of the day

While the major part of the HA determination described in
section 2.4.2 was based on the LAeq,16, discussion was also
raised about increased sensitivity of early and late daytime
hours. Responding to this, penalties of 5 or 10 dB for the
sound levels of the first (06–07 h) and/or of 5 dB for the
sound levels of the last hour of the day (21–22 h) were
tested and found to increase the resulting HA by 1–51%,
depending on the exposure–response function, penalty and
scenario. Accounting for these effects was therefore de-
cided to be essential, and in the official calculation rule
(section 2.2), the sound levels of the first and last hour of
the day are charged with penalties of 5 dB each to obtain
the L∗

Aeq,16. The L
∗
Aeq,16 and LAeq,16 may locally distinctly

differ in the case of Zurich airport, as the flight regime
strongly varies over the day, e.g., due to restrictions to the
air traffic over south German territory during early and late
daytime hours.
The results obtained during development of the ZFI cal-

culation are therefore based on the LAeq,16, while those of
the official calculation rule use the L∗

Aeq,16 as input.

2.4.4. Insights

For the development of the ZFI calculation, 14 air traf-
fic scenarios were tested, using population census data of
the year 2000. These scenarios are not further discussed,
as their main purpose was to yield the data basis to test
different exposure–response functions. Figure 2 shows the
scatter of calculated ZFI values obtained with the stud-
ied exposure–response functions. The functions yield very
disparate absolute values, with ratios of maximum to min-
imum values of 2.2–3.0 for the HA and 7.6–8.7 for the
HSD. For the HA, the function fd1 yields the smallest val-
ues due to the restrictive calculation perimeter (LAeq,16 ≥
54 dB instead of 47 dB, section 2.4.2), and fd2, which was
derived from data of the same study, yields only slightly
larger values. In contrast, fd3 and fd4 yield substantially
larger values. For the HSD, fn1, fn3 and fn5 give similar
results, while fn2 and in particular also fn4 yield substan-
tially larger values. Nevertheless, the resulting values are
mostly highly correlated (r = 0.916–0.999, P < 0.0001 for
theHA and r = 0803–0.997, P < 0.01–0.0001 for theHSD,
cf. Figure 2). While correlations do not consider that the
results obtained with the different functions deviate from
the 1:1 line (cf. Figure 2), with differences generally large
and strongly varying with number of affected persons (or
underlying sound levels), the results may be quite reliably
converted into one another, e.g., by doing regression for
nonuniform differences (details see [33]).
Depending on the functions used to determine the HA

and HSD, very disparate ZFI values result. Combining the
minimum (fd1, fn5) and maximum (fd4, fn4) values for
theHA andHSD (Figure 2) yields a wide range of ZFI val-
ues differing by factors of 3.1–5.0. While scattering more
than the HA and HSD values (not shown), the maximum
and minimum ZFI values are still moderately correlated to
each other (r = 0.763, P < 0.002).

Figure 1. Exposure-response relationships for the fractions of (a)
the highly annoyed persons (fd1 − fd4 for %HA) as a function
of the equivalent continuous sound level of the day (LAeq,16) and
(b) the highly sleep disturbed persons (fn1 − fn5 for %HSD) as
a function of the maximum sound level (LAmax). The relation-
ships displayed for the %HSD assume 20 flight events. Details
see Table I and text.

Given the primary aim of the ZFI to compare scenar-
ios, especially with regard to the question whether a sce-
nario complies with the guide value, it is thus not critical
which function to choose, because the results, while very
different in absolute numbers, are highly correlated. Based
on these insights, the functions fd3 and fn3 were chosen
for the official calculation rule (section 2.2), as the former
is one of the well established relationships sometimes re-
ferred to as ‘EU standard curves’ (e.g., [34]), while the
latter was derived from an extensive field study [22, 23]
and should thus reliably represent real conditions.

2.5. Calculation uncertainties

The standard uncertainties of the estimated HA, HSD and
ZFI values result from uncertainties of the aircraft noise
calculations and of the fitting parameters of the exposure–
response functions. For sound levels relevant according to
NAO [20], the standard uncertainties of calculated LAeq
values obtained from the simulation model FLULA2 (see
below) range from 0.6 dB(A) for the day to 1.0 dB(A) or
more for the night for ‘real’ (past time) scenarios [35].
They are larger (up to about double) for larger distances
from frequented air routes and therefore for lower sound
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Figure 2. Scatter diagrams of the results obtained with different
exposure–response relationships for (a) the highly annoyed (HA)
(fd1, fd2, fd4 vs. fd3) and (b) the highly sleep disturbed persons
(HSD) (fn1, fn2, fn4, fn5 vs. fn3).

levels as still relevant for the ZFI, as well as for prognoses.
The uncertainties of the fitting parameters strongly depend
on the function. The total uncertainties, while difficult to
determine, will add up to 10–35% for the HA, 40% for the
HSD [19], and, accordingly, 10–30% for the ZFI. While
these figures seem rather large, the ZFI is well suited as
a tool to compare scenarios (including comparison to the
guide value), as in comparisons the relevant uncertainty
decreases to about 10% [19].

3. Input data, scenarios, and calculations

3.1. ZFI scenarios

The calculations according to the official calculation rule
were done for (i) the reference scenario, (ii) the time se-
ries of 1998–2009 using the population data of the year
2000, showing the influence of changes in air traffic on the
ZFI, and (iii) the time series of 2000 and 2005–2009 us-
ing the population data of the respective years, revealing
the mutual effects of changes in air traffic and population
growth.
In addition, eight sensitivity analyses were performed

in total, studying short-term changes between two subse-
quent years as well as long term changes between recent
years and the year 2000 or the reference scenario. Below,

some of these results illustrate the information to be gained
by the sensitivity analysis.

3.2. Aircraft noise exposure

Aircraft noise calculations were made with the simulation
program FLULA2 [36, 37]. In short, FLULA2 considers
(i) the sound source data (source intensity and directivity
patterns) of individual aircraft [38], (ii) the statistics of
movements per aircraft type, air route and period of day,
(iii) the detailed flight geometries determined from radar
data (several 10’000 flight paths per calculation), and (iv)
the topography (terrain only).
For the calculation of the HA, the HSD and the ZFI, the

L∗
Aeq,16 (or LAeq,16: section 2.4) of the average day (06–
22 h), and the LAeq,8 as well as the LAmax frequency dis-
tributions of the average night (22–06 h) were determined.
In the calculations, large aircraft only are considered, with
maximum take-off weights > 8�618 kg according to NAO
[20], in agreement with Annex 16, Volume I of ICAO [39].
Small aircraft (≤ 8�618 kg) are omitted in the calcula-
tion as at Zurich airport their contribution to the overall
sound levels is small. In the aircraft noise modelling (years
1998–2009), 51–58 reference aircraft types on 14–20 de-
parture routes and 4–14 approach routes were taken into
account per year. An illustration of the current air routes is
given in [40]. The allocation of the movements to the air
routes strongly varies over the years. In particular, three
air routes (X16, Y16, Z16) passing over densely popu-
lated areas south of the airport were only used for two
months in 2000 during construction work on the airport
(5th Expansion Project), and the flight regime, i.e., the
allocation of movements to different air routes, strongly
changed between 2001 and 2002 due to restrictions in air
traffic over south German territory during early and late
daytime hours. In 2003–2004, an important change in air-
craft fleet took place when the Swiss International Airlines
Company replaced the MD11 by the less noisy A340-300.
As Figure 3 shows, the number of movements strongly

changed over the years. Accordingly, also the calculation
perimeters for the HA and the HSD strongly varied in
shape (not shown) as well as in area (Figure 4a). The
area depends on the number of movements, but also on
the allocation of the movements to air routes and on the
aircraft fleet. The latter two also determine the shape of
the perimeters.

3.3. Population

Population census data was available on a hectare grid-
for the years 2000 and 2005–2009. As Figure 4b shows,
the population within the calculation perimeters of the re-
spective years decreased between 2000 and 2005 by 29%
(day) and 24% (night), steadily increased from 2005–
2008, and slightly decreased again between 2008 and 2009
to reach final values of 80% (day) and 100% (night) of
the year 2000 (= 100%). The decreases from 2000–2005
and 2008–2009 were evoked by shrinking perimeters (Fig-
ure 4a), while the increase from 2005–2008 was caused
by expanding areas, but in particular also by population
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Figure 3. Number of movements of large aircraft (maximum
take-offweight> 8�618 kg) on Zurich airport during the day (06–
22 h, top) and the night (22–06 h, bottom) for the reference sce-
nario (RS) and the years 1998–2009. The day is subdivided into
the first (T1, 06–07 h) and last hour of the day (T16, 21–22 h),
and the remaining hours (T2-T15, 07–21 h). Note the different
scales of the two figures.

growth. In fact, within the perimeters of 2009, the popu-
lation grew continually from 2000–2009, and by 2009 it
was 13% (day) and 15% (night) larger than in 2000. The
pronounced increases are caused by disproportional popu-
lation growth in the vicinity of Zurich airport, as the area
is attractive for residents (e.g., favourable job situation).
During the same time period, the population grew only by
9% within the whole canton of Zurich, but by 18% within
14 municipalities in the close vicinity of the airport.

3.4. Number of affected persons according to Swiss
federal legislation

‘Affected persons’ are fundamentally differently defined
by the ZFI concept and by NAO [20] (for details see [32]).
Exposure limits of NAO [20] are usually set such that at
the so-called ‘impact thresholds’, not more than 25% of
the population are highly annoyed [32, 41]. Thus, even
below the exposure limits a considerable fraction of the
population is affected by aircraft noise. In contrast, the
ZFI concept also considers a large part of this fraction,
accounting for populated areas exposed to aircraft noise
well below the exposure limits. On the other hand, in ar-
eas where the exposure limits of NAO are exceeded, only
the fraction of people that is (highly) affected by aircraft
noise is effectively accounted for by the ZFI, while the
whole population is counted in the quantifications accord-
ing to NAO [20], thus overestimating the noise impact on

Figure 4. Calculation perimeters. (a) Areas of the perimeters
used for the calculation of the highly annoyed (perimeter HA)
and highly sleep disturbed persons (perimeter HSD) for the ref-
erence scenario (RS) and the years 1998–2009. (b) Population
of the RS and the years 2000 and 2005–2009 in the calculation
perimeters of the respective years.

the population. Finally, NAO [20], in contrast to the ZFI,
does not allow for double counts.
To study the comparability of these two quantifications,

the number of residents in areas where the impact thresh-
olds are exceeded were determined, separately for (i) the
day, (ii) the night, and (iii) in total (envelope of the day
and the night). The results were compared with the ZFI
approach, namely, (i) with the HA, (ii) with the HSD and
(iii) with the ZFI. Calculations were done for the years
1998–2009, using population data of the year 2000.

4. Results

4.1. Official calculation rule

4.1.1. ZFI Mapping

Figure 5 shows the spatial distribution of the ZFI around
Zurich airport, exemplarily for the year 2008. Similar
maps apply to the other years, and to the HA and HSD
alone (not shown). As expected, the population of areas in
the vicinity of the airport and close to highly frequented
air routes (e.g., approach route P28 east of runway 28) is
particularly affected, as the exposure to aircraft noise is
pronounced there. In fact, while 104–137 municipalities
lay within one or both calculation perimeters of the years
2000 and 2005–2009, 10 municipalities in the vicinity of
the airport accounted for as much as 52–60% of the total
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10'000 m

ZFI per hectare

L* = 47 dBAeq,16

LAeq,8 = 37 dB

Calculation perimeters

Figure 5. ZFI mapping. The Zurich Aircraft Noise Index (ZFI)
around Zurich airport for the year 2008. The areas with affected
people are delimited by the calculation perimeters for the highly
annoyed (L∗

Aeq,16 = 47 dB) and the highly sleep disturbed persons
(LAeq,8 = 37 dB). Areas within both perimeters allow for double
counts (see text).

ZFI (sum of all ZFI values per hectare). However, also ar-
eas with moderate aircraft noise levels far away from the
airport, which still lie within the perimeters, considerably
contributed to the ZFI.

4.1.2. ZFI time series

Figure 6a shows the HA, HSD and ZFI of the reference
scenario and of the years 1998–2009 (population data of
2000). The reference scenario yields a ZFI value of 47’450
persons, based on which the guide value of 47’000 was es-
tablished. As Figure 6a shows, the ZFI strongly varies over
the years, which is caused by changes in the air traffic pa-
rameters (e.g., number of movements: Figure 3; see also
section 4.2). Reaching its maximum in 2000, the ZFI ex-
ceeded the guide value in 1999–2001, but complied with
it thereafter. However, Figure 6a ignores changes in the
population since 2000, although the latter will affect the
results.

Air traffic and population changes were therefore both
accounted for in a next step. Figure 6b shows the HA,HSD
and ZFI of the reference scenario and of the years 2000
and 2005–2009, based on the population of the respective
years. Note that these are the official ZFI values accord-
ing to legislation [13]. Between 2000 and 2005, the ZFI
strongly decreased by one third. Thereafter, it steadily in-
creased from 2005–2008. In 2008, the ZFI exceeded the
guide value by more than 2’000 persons. From 2008–2009
the ZFI again decreased to just below the guide value. To
the changes in the ZFI from 2005–2009, particularly the
pronounced changes in the HSD contributed, while the HA
varied only moderately. The official ZFI values of 2005–
2009 are distinctly larger (Figure 6b) than those not ac-
counting for population growth (Figure 6a).

Figure 6. ZFI time series. (a) Combination of the number of
highly annoyed (HA) and highly sleep disturbed persons (HSD)
to the Zurich Aircraft Noise Index (ZFI = HA + HSD) for the
reference scenario (RS) and the years 1998–2009, based on the
population data of 2000. (b) HA, HSD and ZFI of the RS and the
years 2000 and 2005–2009, based on the population data of the
respective years. Bold dashed line: guide value of 47’000 per-
sons. RS and year 2000 of (b) are taken from (a).

4.2. Sensitivity analysis

4.2.1. Quantifications

In a first step, the influence of the population growth and
air traffic as a whole on the ZFI was studied. Figure 7
shows the relative changes in the HA, HSD and ZFI be-
tween the reference scenario (= 100%) and the years 2000
and 2005–2009 as caused by the changes in the popula-
tion (differences in the HA, HSD and ZFI between Fig-
ures 6b and 6a) and air traffic (remaining difference to
obtain the total difference in Figure 6b between the ref-
erence scenario and the respective year). The ZFI of the
year 2000 was 26% larger than the ZFI of the reference
scenario, which is exclusively attributable to the air traf-
fic (same population data: section 2.2). For the day of
the subsequent years 2005–2009, the population growth
was more than compensated by the advantageous develop-
ment in the air traffic parameters (i.e., reducing the HA)
compared to the reference scenario. For the night, in con-
trast, the same is true only for 2005 and 2006. In the other
years, the air traffic either did not compensate the popula-
tion growth (2009) or even contributed to the increasing
HSD values (2007–2008). In its sum (ZFI), the air traffic
more than compensated the population growth, except for
the year 2008. In fact, if only the population, but not the
air traffic had changed compared to the reference scenario,
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Figure 7. Influence of the changes in the population
and air traffic around Zurich airport between the ref-
erence scenario (RS) and the years 2000 and 2005–
2009 on the Zurich Aircraft Noise Index (ZFI): dif-
ferences (percentages relative to the values of the
RS) in the highly annoyed (HA, left) and highly
sleep disturbed persons (HSD, middle), and the ZFI
(right).

the ZFI would have continually increased by 14% to more
than 54’000 in 2009.

In a second step, the four air traffic parameters were
separately analysed for their influence on the ZFI. While
the parameters were found to affect the ZFI between two
scenarios to different degrees, depending on their respec-
tive changes, several general features of the parameters,
as well as of the sensitivity analysis in general, were
found. Firstly, decreasing and increasing population and
number of movements always (by necessity) decrease and
increase, respectively, the values of HA, HSD and ZFI.
For example, the population growth between the reference
scenario and 2007 increased the ZFI by 9% (Figure 7),
while the decreasing number of movements reduced the
ZFI by 20% in the same period. Secondly, the aircraft
fleet will generally reduce the ZFI if development goes
towards a less noisy fleet (as long as the number of air-
craft movements does not change at the same time, an
inherent assumption of the ceteris paribus method). Ac-
cordingly, the changes in the aircraft fleet after 2000 were
found to strongly reduce the HA by 20–26% and thus the
ZFI by 15–17% between 2000 and 2007–2009 (year 2000
= 100%). Thirdly, the allocation of movements to dif-
ferent air routes and the flight geometries affect the ZFI
by determining whether densely or weakly populated ar-
eas are passed. For example, an additional calculation of
the year 2000, proportionally relocating the movements
on routes X16, Y16 and Z16 (section 3.2) to the remain-
ing routes, revealed that this scenario would have yielded
a 7% smaller ZFI value (55’381) than it effectively was
(59’580). Fourthly, different parameters may partly com-
pensate each other, and their extent may differ for the
HA and the HSD. Finally, the effects of different param-
eters are not completely separable. For example, the air-
craft fleet and flight geometries (containing information
on flight performance) are strongly interrelated. While an
aircraft fleet developing towards a less noisy fleet should
decrease the ZFI, the opposite was observed for the HSD
in the sensitivity analyses of the years 2007–2009 vs.
2000: Replacing the MD11 (noisy, but strong climb per-

Figure 8. Sum of the individual differences of the five influenc-
ing parameters as obtained by 8 separate sensitivity analyses vs.
effective differences between the scenarios in the highly annoyed
(HA) and highly sleep disturbed persons (HSD), and the Zurich
Aircraft Noise Index (ZFI).

formance) by the A340-300 (less noisy, but poor climb
performance) (section 3.2) on average decreased the dis-
tances between the aircraft and population, and thus in-
creased the sound immission.
As the effects cannot be completely separated, the sum

of the individual differences of the parameters will not ex-
actly add up to the effective difference between two scenar-
ios (Figure 8). While the differences mostly closely corre-
spond to each other, deviations do occur, particularly for
effective differences close to 0, as small differences may
not efficiently be separated.

4.2.2. Consequences of surpassing the guide value
As the cantonal government has to prevent the guide value
from being exceeded ([12, 13]; section 2.1), the results of
the sensitivity analysis may help to identify adequate pre-
ventive measures. According to these results, measures to
reduce the ZFI should particularly concentrate on the night
(HSD, cf. Figure 7). One should mainly focus on the popu-
lation (namely, land use planning) and on the allocation of
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Figure 9. Scatter diagram of highly annoyed (HA) and highly
sleep disturbed persons (HSD), and Zurich Aircraft Noise Index
(ZFI) vs. number of persons exposed to sound immissions ex-
ceeding the impact thresholds of Swiss legislation [20] of the
day, the night, and in total, respectively.

the movements to air routes as well as on the flight geome-
tries. Aircraft fleet and number of movements, in contrast,
are economically driven factors which are difficult to influ-
ence. While the air traffic could in principle be restricted
for certain times of the day, it would be impractical if not
impossible for Zurich as a hub airport not to operate in
the (sensitive) early morning and late daytime/early night-
time hours. For the identification of particularly advanta-
geous air routes affecting a minimum of people, noise ef-
fect maps (Figure 5) may be of help. Partly based on these
findings, the Office of Transport of the canton of Zurich
worked out a concept of measures to reduce the ZFI [42].

4.3. Comparison: ZFI vs. Swiss federal legislation

Similar to the results of different exposure–response rela-
tionships (section 2.4.4), also the quantifications accord-
ing to NAO [20] yield results that are quite closely cor-
related to those obtained with the official ZFI calcula-
tion rule (r = 0.846–0.971, P < 0.001–0.0001: Figure 9).
While the HA are larger by a factor of 1.30–2.72 and
the HSD smaller by a factor 0.35–0.59 than the respec-
tive number of persons according to NAO, the ZFI val-
ues closely correspond to those according to NAO (fac-
tor 1.01–1.38) (Figure 9). However, while the numbers
of the two quantifications are closely correlated to each
other, they comprise different persons from different areas
exposed to considerably different sound levels.

5. Discussion

This paper reports on the ZFI, a noise effect index devel-
oped for Zurich airport and included in the cantonal legis-
lation [13]. Various exposure–response functions and pa-
rameter settings were tested as a basis to establish the of-
ficial calculation rule [19]. With the latter, the ZFI was
determined for a time series of 12 years based on very de-
tailed and reliable acoustic and population data, and rea-

sons for its variations were studied. While noise effect in-
dices have been critically discussed recently [5, 11, 18],
the authors are not aware of a comparably detailed report
of such an index in the literature.

5.1. Comparability of results from different
exposure–response functions

While the tested exposure–response functions yield very
different absolute HA, HSD and ZFI values, their results
are strongly correlated (Figure 2). Interestingly, even the
quantifications according to NAO [20], though based on a
quite different calculation approach, yield results that are
closely correlated to the ZFI values (Figure 9). However,
the latter rather indicates that summing up the number of
persons to a single value may alleviate differences between
different calculation procedures to some degree.
The ‘exact’ (unknown) absolute values of HA, HSD and

ZFI are very difficult, if not impossible to estimate, as they
are afflicted with great uncertainty (section 2.5). Besides,
various effects may not or only grossly be modelled. For
example, aircraft noise calculations do not account for lo-
cal effects such as reflections or shielding, which may af-
fect results [43]. Furthermore, the aggregated population
data (hectare grid) do not consider specific housing condi-
tions, over-reactions of annoyance due to step changes in
aircraft noise exposure (e.g., [44, 45]) remain unaccounted
for, and only average reactions of sleep to aircraft noise
events are considered, although they strongly depend on
sleep duration, on the slope of rise of events, and on the
noise-free time between events (e.g., [46]). Particularly ig-
noring over-reactions may strongly affect the results. Peo-
ple voluntarily moving to areas close to an airport will be
more ‘noise resistant’ than people involuntarily exposed
to ‘new’ noise due to changes in flight regime. However,
applying several exposure–response functions for differ-
ent areas around an airport to account for differing sit-
uations would be impractical, if not impossible. Finally,
only aircraft noise is considered. Particularly in areas far
away from the airport, the (calculated) aircraft noise may
lie well below the background noise, inducing errors in
the HA or HSD calculation [47]. However, as the ZFI was
essentially designed as a tool to compare scenarios (in par-
ticular to the guide value), the absolute HA, HSD and ZFI
values are not of utmost importance, and consequently, as
the different functions yield highly correlated results, their
choice is not crucial. Thus, it would be reasonable to de-
termine the relative monitoring values in percentage of the
guide value, instead of absolute (but uncertain) numbers.
The guide value would then be set to 100%, and the mon-
itoring value would adopt values ≤ 100% if complying
with the guide value and > 100% if exceeding it.
The pivotal point for accomplishing the aims of the ZFI

concept is to use the functions consistently. Once a guide
value has been established with an aircraft noise model and
exposure–response functions, the monitoring values must
be determined in exactly the same way. For example, us-
ing fd4 instead of fd3 for the HA would have yielded a
guide value of ∼50’000 instead of 47’000, and comparing
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the official ZFI values (Figure 6b) with this larger guide
value would lead to wrong decisions. However, even when
using the functions consistently, one may not completely
exclude a certain dependency of results and/or decisions
on the chosen functions due to their quite disparate curve
progressions (Figure 1). In addition, it may become in-
evitable to modify the calculation rule and thus also the
guide value from time to time, be it because the exposure–
response functions become outdated (cf. section 5.2.2) or
because the aircraft noise calculation model has to be up-
dated.

5.2. Official calculation rule

5.2.1. Advantages of the ZFI concept

The ZFI concept has strong features. Firstly, the (single
number) ZFI monitoring value representing the integral
effects on the population allows for simple comparisons
between scenarios, and to decide whether measures have
to be taken, by comparing it to the guide value. Secondly,
it considers the population even in areas with sound im-
missions well below the exposure limits of NAO [20],
which usually remain unaccounted for. The ZFI (as other
noise effect indices) may therefore complement legal ex-
posure limits [5]. Here, however, a fundamental difference
between the ZFI concept and NAO [20] must be kept in
mind: The NAO is the basis for a legal assessment of a
situation, in particular for the claim of individuals against
responsible(s) for the noise. In contrast, the ZFI concept
is a political tool for the assessment of the general situa-
tion around the airport, which contains a certain ethics in
the sense that noise relieve in densely populated areas is
more valuable than the disadvantages of noise augmenta-
tion in weakly populated areas. Thirdly, the ZFI monitors
the development of the number of affected persons, in-
stead of purely acoustic measures such as the LAeq or Ldn
which are of importance only in areas where people live.
Fourthly, it reacts sensitively to changes between scenarios
(Figures 6 and 7). Fifthly, the reasons for variations in the
ZFI may be studied by sensitivity analysis, and the spa-
tial distribution of the ZFI can be displayed in noise effect
maps (Figure 5) to identify areas of increased ZFI. Both
help to find out how/where the ZFI and thus the number of
persons affected by aircraft noise may be most effectively
reduced. Noise mitigation strategies (e.g., [48]) may ben-
efit from such insights. Finally, the ZFI may be well com-
municated to the population. The meaning of the ‘number
of affected persons’ is easier to comprehend than acoustic
measures. The government of the canton of Zurich has cre-
ated a good internet platform to publish and communicate
the ZFI data [49].

5.2.2. Criticism of the ZFI concept

Despite the advantages of the ZFI, criticism has also been
raised, which, however, potentially applies to any noise ef-
fect index. Various aspects have been discussed recently,
and the authors refer to the respective publications for de-
tails [5, 11, 18]. Here some of these aspects are discussed
in relation to the data and insights obtained with the ZFI.

Figure 10. Comparison of the calculation perimeter for the highly
sleep disturbed (LAeq,8 = 37 dB) with the additional awakening
reactions (AWR) for Zurich airport in the years 2004 (top) and
2008 (bottom).

Firstly, the question of the ‘optimal’ exposure–response
relationship remains unsolved. The generalized EU stan-
dard curve by Miedema and Oudshoorn [21] (fd3 for the
HA) is based on a wide range of studies, which however
date back to 1965–1992, while a trend of increasing an-
noyance towards noise exposure has been observed in the
last decades (e.g., [31, 34]). This relationship is therefore
considered to be outdated; it leads to at least conserva-
tive estimations of the %HA. While a regional curve, as
used, e.g., for the ‘Frankfurt Aircraft Noise Index’ [17],
may represent the local situation more adequately, data of
a recent noise study on Zurich airport (‘Lärmstudie 2000’
[44]) was not available at the time the ZFI was developed,
neither other recent studies, such as those described in
[10, 34]. Whether local or generalized, every relationship
will be outdated one day if sensitivities to aircraft noise
change with time. Therefore, exposure–response functions
of a noise effect index should be checked periodically
and, where applicable, updated or replaced by more recent
functions from time to time.
Secondly, replacing the Ldn of the original exposure–

response function by Miedema and Oudshoorn [21] by the
LAeq,16 or L∗

Aeq,16 instead of either converting the latter
into the Ldn or modifying the parameters of the equation is
delicate. Nevertheless, as the Ldn, LAeq,16 and L∗

Aeq,16 are
closely related to each other in the case of Zurich airport,
and as Schreckenberg et al. [11] recently reported that to-
tal aircraft noise annoyance around Frankfurt airport was
more closely related to daytime than nighttime sound ex-
posure, this step does not seem to be critical.
Thirdly, the definition of perimeters, while necessary, is

arbitrary and depends on the aim and scope of an index
[5]. One may define acoustical or effect-oriented perime-
ters, although the latter are probably preferable [5, 11]. For
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daytime, the (acoustically defined) perimeter is equivalent
to an effect-oriented one, as the L∗

Aeq,16 of 47 dB directly
corresponds to %HA of 2.7% (section 2.2). For the night,
however, this is not the case, as Figure 10 illustrates. While
an LAeq,8 of 37 dB closely corresponds to AWR of ∼0.1 for
2004, large areas with AWR > 0.1 are excluded in 2008,
because the relationship between the LAmax and LAeq,8 is
not unique. This problem is partly mitigated as the areas
accounted for are in any case much larger than existing
effect-oriented perimeters, such as for the ‘Frankfurt Night
Index’ (AWR = 0.5 [11, 17] or = 0.75 [50]) or the noise
protection zone for Leipzig/Halle airport (AWR = 1.0 [23])
(Figure 10). Defining perimeters may affect the ranking of
scenarios [11] and even bias results [18]. However, while
the HA, HSD and ZFI of the ‘official’ ZFI scenarios (Fig-
ure 6b) are 13–17%, 68–95% and 28–39%, respectively,
larger without than with perimeters, the values are highly
correlated (r = 0.935–0.998, P < 0.003–0.0001), and the
ranking of the scenarios with respect to the values of the
ZFI (while not HA and HSD) remain the same. This indi-
cates that setting the perimeter demarcation lines close to
the response threshold of exposure–response relationships
(0% HA and HSD), as is the case for the ZFI, overcomes
at least parts of the potential problems.
Fourthly, dividing the 24 h of a day into apt time peri-

ods to determine theHA andHSD is demanding. Accuracy
may be increased with a refined calculation [5, 11].
Fifthly, linearly converting the AWR into HSD by a fac-

tor FSD is rather daring, as such a conversion lacks sci-
entific basis, and as it is questionable to compare verbal
responses about the quality of nighttime sleep (assessed
during daytime) with electrophysiological reactions dur-
ing the night. However, the HSD values obtained with the
official calculation (fn3) closely correspond to those of
self-reported sleep disturbance (fn1) (Figure 2), indicating
that the conversion yields reasonable results, at least for
fn3. Also, the underlying AWR can be easily re-calculated
(AWR = %HSD/FSD), allowing for comparison with other
indices such as the Frankfurt Night Index [17]. Never-
theless, the conversion needs verification. This includes
the underlying parameters of FSD (section 2.4.2) and de-
termining whether a linear conversion is appropriate, or
whether sleep disturbance depends on the AWR by a higher
power.
Sixthly, summing up the two effect dimensions HA and

HSD to a single number (ZFI), the former representing
verbal responses of the day and the latter – despite transla-
tion of AWR into HSD – electrophysiological responses of
the night, assumes comparability between them, as well as
equivalence (1HA = 1HSD). However, this assumption
lacks any scientific basis. Also, summing up the HA and
HSD bears the problem that the HA and HSD (or AWR)
can be mutually compensated, despite their different effect
dimensions (less annoyance cannot compensate for more
sleep disturbance and vice versa). This step is therefore
questionable, if not improper. This problem was overcome
by the more recently developed Frankfurt Aircraft Noise
Index [17], by introducing a second, separate Frankfurt

Night Index, with both indices needing to comply to cer-
tain limits.
Seventhly, the question was raised whether or not to

account for passive noise reduction measures [11]. To
date, the official ZFI values (Figure 6b) do not include
such measures (cf. section 2.2). However, complementary
calculations for the year 2009, accounting for buildings
with low-energy standard and sound insulated ventilation,
showed that these measures may be well considered [51].
Their implementation in the official ZFI calculation thus
remains a political decision. With the revised legislation
[52] coming into effect in March 2012 and replacing [13],
they are to be considered for the monitoring value in fu-
ture. The rest of the calculation rule remains unchanged.
Finally, while the ZFI effectively reveals conflicts be-

tween the development of the air traffic and the growing
population as well as the reasons, measures to reduce the
ZFI are difficult to take. Not only does the cantonal law not
clearly define the kind of measures. Also, because the ZFI
concept is based on (subordinate) cantonal law, the canton
of Zurich is not entitled to enforce regulations to the su-
perordinate Swiss federation which supervises the airport.
Particularly in areas where superordinate sound exposure
limits by federal law [20] are not exceeded, measures are
almost impossible to take, because other – again superor-
dinate – interests such as land use planning are often of
higher priority. The latter point, however, is a Swiss pecu-
liarity that does not necessarily apply to other countries.
In summary, the ZFI calculation rule could be scientifi-

cally improved in particular by replacing the EU standard
curve by Miedema and Oudshoorn for the estimation of
the HA [21] by a more recent function, by not summing
up the two effect dimensions annoyance and disturbance
and instead establishing two separate guide values, and
by directly using the AWR instead of converting them into
%HSD. Such modifications, however, by necessity need
to be involved in a political process as they also mean a
change in policy.

5.3. Refinement of the ZFI calculation
In this study, also a refined approach to determine the HA
and HSD according to Brink et al. [5, 53] was imple-
mented. This approach divides the day into 24 time slices
of 1 h duration, accounts for the hourly proportions of peo-
ple asleep and awake, charges the LAeq and LAmax of each
hour with specific penalties as level adjustments for the
diurnal variations in annoyance and awakening probabil-
ity, respectively, and uses hourly FSD values to convert
the AWR to %HSD. For the years 2000 and 2004, this ap-
proach yielded substantially larger ZFI values than the of-
ficial calculation rule, namely 78’164 (+31%) and 54’837
(+44%), respectively, with the HA values being smaller
(−8% and −14%) and the HSD much larger (+141% and
+208%). While the refined approach is thus realizable, it
still has certain shortcomings. Calculation is quite time
consuming, the required parameters are afflicted with in-
creased uncertainty, and further effects such as the mobil-
ity of the population [51] still remain unaccounted for. In
future, however, such approaches may become of interest.
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6. Conclusions

The ZFI, a recently developed noise effect index, is a mon-
itoring tool for the number of persons affected by aircraft
noise around Zurich airport, serving noise abatement pol-
icy in the canton of Zurich since 2007. The ZFI concept
aims at limiting the effects of aircraft noise on the popula-
tion, instead of primarily restricting the air traffic.
Studying various exposure–response functions and pa-

rameter settings showed that it is not critical which func-
tion to choose, as the main goal of the ZFI concept is to
compare scenarios, particularly to the guide value, rather
than yielding absolute numbers of affected persons. The
absolute values, however, are afflicted with large uncer-
tainty, as various effects, such as over-reactions to step
changes in aircraft noise exposure, remain unaccounted
for. Consequently, it would be reasonable to determine rel-
ative monitoring values in percentage of the guide value,
instead of absolute (but uncertain) numbers. Crucial, in
contrast, is that one strictly sticks to a certain calcula-
tion rule once a guide value has been established. Re-
sults obtained with the official calculation rule for 12 years
show that changes in the population and air traffic param-
eters strongly affect the ZFI. While scientific debate is
still ongoing on several aspects such as critical parameter
settings, the update of exposure–response functions, the
summation of the effect dimensions annoyance and distur-
bance, or the conversion of awakening reactions into sleep
disturbance, the ZFI was found to be a powerful tool in
assessing the integral effects of aircraft noise on the pop-
ulation, helping to identify the parameters by which the
ZFI and thus the number of affected persons may be most
effectively reduced.
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