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Aircraft noise contours are estimated using model calculations and, due to their impact on land use

planning, they need to be highly accurate. During night time, not only the number and dominant

types of aircraft may differ from daytime but also the flight paths flown may differ. To determine to

which detail these variations in flight paths need to be considered, calculations were performed

exemplarily for two airports using all available radar data over 1 year, taking into account their

changes over the day. The results of this approach were compared with results of a simpler

approach which does not consider such changes. While both calculations yielded similar results for

the day and close to the airport, differences increased with distance as well as with the period of

day (day < first hour of the night < second hour of the night, respectively, day < evening < night).

Only the detailed calculation always accounted for the flight path changes in full detail. Possible

legal consequences of such different modeling approaches are estimated, and the model results are

compared to monitoring measurements. Finally, the situations for which the simpler approach is

sufficiently accurate are ascertained.VC 2011 Acoustical Society of America.
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I. INTRODUCTION

Aircraft noise affects millions of people in Europe (MPD,

2007). The population exposed to aircraft noise is likely to

increase in future (MPD, 2007), because air traffic as well as

the population around airports will continue to increase rather

than decrease. Aircraft noise has various aspects (Bolt, 1953).

It may annoy people (e.g., Miedema and Vos, 1998; Brink

et al., 2008), disturb them in their sleep (Pearsons et al., 1995;

Basner et al., 2006; Michaud et al., 2007), and have deleterious

health effects such as hypertension (Jarup et al., 2008), besides

economical consequences (e.g., for land use planning). It, there-

fore, often causes intensive political (e.g., Kroesen and Bröer,

2009) and scientific debates, necessitating its accurate assess-

ment. However, while much research focuses on the effects of

aircraft noise, studies on aircraft noise modeling are rare.

The characteristics of air traffic may vary during the time

of day. The topic is not the changes in runway usage that will

be accounted for in noise calculations anyway but more subtle

variations. For instance, long range flights with poor climb per-

formance due to large take-off weight may start preferably in

the evening/beginning of the night. Or there may be operational

constraints for noise mitigation leading to the non-use of spe-

cific corridors during night time. The present paper investigates

these effects on noise contours by comparing a high precision

calculation using all available radar data and considering the

time of day of the flights with a calculation using averaged sub-

sets of flight geometries. (While other factors such as atmos-

pheric effects or sound source conditions may also affect the

results, they are not the focus of this paper.)

The dependence of noise contours on the time of day

arises especially with the requirements of Swiss legislation

(Noise Abatement Ordinance, NAO, 1986), which differenti-

ates four time periods within the 24 h of a day: One for the

day lasting for 16 h and three separate night periods, each

lasting for 1 h (plus a flight curfew of 5 h). A similar depend-

ence of noise contours on the time of day may also arise for

the day–evening–night level Lden used in the European Union

or for the day–night level Ldn used in the United States.

The large areas covered by aircraft noise (MPD, 2007)

make it impractical to assess the noise contours with meas-

urements. Instead, aircraft noise contours are determined

with model calculations, as explicitly required also by vari-

ous legislations (e.g., NAO, 1986; 1. FlugLSV, 2008; or

FAA regulations in the United States such as 14 CFR Part

150: CFR, 1984). As the model results have important con-

sequences for land use planning and payments of compensa-

tion, the model calculations need to be highly accurate. The

question arises as to what degree of detail one needs to

account for in the air traffic, particularly, changes with time

of day. This study focuses on the question of how to handle

the variation in input parameters in calculation projects. This

applies to any acoustic model used for the calculations. As

reviewed in detail by B€utikofer (2007), different generations

of aircraft noise models exist with various levels of sophisti-

cation, such as the former AzB (Der Bundesminister des

Inneren, 1975), the current AzB (1. FlugLSV, 2008), INM
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(Gulding et al., 1999; Olmstead et al., 2001), Doc.29 3rd

Edition (ECAC, 2005a,b), RNM (Page et al., 2001), or

FLULA2 (Pietrzko and Hofmann, 1988; Empa, 2010). The

present study was made with the simulation model FLULA2

which allows for very detailed air traffic modeling.

Any aircraft noise calculation is split in two major parts:

(1) the concentration of the real world situation with all air-

craft movements into a few input parameters and (2) the

acoustic calculations based on these input data. The set of

input parameters is often called “scenario.” It consists of the

indication of “When flew? How many aircraft? Of what air-

craft/engine type? Where in the air?,” which translates into

tracks, climb, and thrust profiles (or, alternatively, flight

paths defined from radar data), aircraft grouping, and num-

ber of movements (B€utikofer, 2007). Data collection and

processing are time-consuming tasks and depend on the

complexity of the scenario, which is determined by the

required level of accuracy: For surveys, a coarse description

is appropriate, whereas for precision calculations, the sce-

nario is rather complex and may take into account the varia-

tion in air traffic in the various time periods of the day.

The acoustic calculations for one specific flight path of a

specific aircraft type may take a relatively long time, espe-

cially with simulation models also taking into account shield-

ing by the topography. One strategy to keep total calculation

times down to hours or days is to calculate first the sound

immission (usually the A-weighted LAE) on all receiver points

(arranged in a grid) for one aircraft movement of a specific

aircraft/engine type along a specific flight path. This result is

called “footprint.” With footprints available, it is then rela-

tively simple to add up energetically all the specific footprints,

weighted with the number of corresponding movements, and

finally to calculate the noise contours. It is straightforward to

account for the changes in air traffic with the time of day by

considering the number of movements in the various time

slots. However, if also variations in flight performance or in

the usage of flight corridors occur, then the use of “typical”

footprints may no longer be appropriate, but more specific

footprints may have to be calculated to reflect these changes.

How are footprints calculated? There are two main

approaches: averaging of flight geometries and averaging of

the acoustic immission (B€utikofer and Thomann, 2001).

When using averaged flight geometries, a set of statistically

representative idealized flight paths are usually generated

from flight tracks (projections of the flight paths to the hori-

zontal plane) and flight profiles (altitude, speed, and thrust as

a function of the flown distance). The flight tracks are usually

obtained from nominal track descriptions of airports (e.g.,

aeronautical information publications) and possibly furnished

with some side tracks to account for the horizontal dispersion

in the flight paths. Flight profiles may be estimated from air-

craft performance data, as implemented in INM (Gulding et

al., 1999; Olmstead et al., 2001) or Doc.29 3rd Edition

(ECAC, 2005a,b). This, however, suffers from the affliction

of considerable uncertainty and may cause large errors in the

resulting sound levels (Clemente et al., 2005). A further short-

coming of such flight profiles is that they represent arithmetic

averages while sound levels add up energetically, which may

further affect predicted sound levels (B€utikofer et al., 1999).

The calculation of footprints using averaging of the

acoustic immission works like a sound level meter. Usually

based on individual radar recordings from air traffic control,

many individual aircraft movements (of one aircraft/engine

type on a specified air route) are calculated separately, their

noise immission levels are summed up energetically in the

grid points, and finally, the total noise immission is rescaled

to one flight operation to obtain the footprint. This method has

been used at the authors’ institution (Empa) for several years.

To date, a subset of flight paths is randomly selected from all

available radar data over 1 year, irrespective of the time of

day the corresponding flights took place, to calculate mean

footprints, representing averages resulting from the air traffic

of a whole day on a yearly basis. Thus the flight path disper-

sion is more realistically considered, simulating the way that

monitoring stations would record and average aircraft events.

However, possible changes in flight paths over the 24 h of a

day remain unaccounted for, although they may affect the

resulting noise contours. Also, only using a subset of radar

data instead of a complete dataset may further influence the

results. Except for a recent conference paper (Sch€affer et al.,

2009; see below), the authors are not aware of other studies

on such effects, and they may prove significant.

Taking into account the variation in flight paths over the

24 h of a day, as determined from a complete radar dataset

over 1 year, will obviously enhance the accuracy of the noise

contours. The question remains, however, for which situations

the variation in flight paths may be sufficiently accounted by a

subset of radar data and for which situations a complete radar

dataset is necessary. To answer this question, calculations

were performed exemplarily for two airports (Zurich and Ge-

neva, Switzerland), using all of the available radar data over 1

year and accounting for variations in flight paths over the 24 h

of a day. The results of this extended modeling approach were

compared with results of the simpler approach which uses a

subset of radar data only and does not consider their time-of-

day-specific variations. Then the situations were determined

for which the modeling approaches are equivalent.

Sch€affer et al. (2009) presented, for Zurich airport, the

effects on the model results of using a complete radar dataset

and taking into account the variations in flight paths over the

24 h of a day. The current article extends the analysis to Ge-

neva airport. Further, the effects of using a complete radar

dataset (instead of only a subset) and accounting for the var-

iations in flight paths over the 24 h of a day are separated.

For the present paper, the authors also studied possible legal

consequences and the potential to reproduce monitoring

measurements in more detail. Finally, they determined the

situations for which the modeling approaches are equivalent.

The additional insights allow for more comprehensive dis-

cussion and conclusions.

II. METHODS

A. Aircraft noise modeling

1. Data processing and acoustic model

The inputs provided by the airports consist of radar data

from air traffic control of all the flights over 1 year, and lists
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of the movements. Data processing comprises identifying

each aircraft by its tail number and generating the statistics

of movements per aircraft type (or aircraft group), air route,

and period of day. Thereafter, radar data are inspected for

physically plausible aircraft movements and extended to the

runway. Finally, the acoustic calculations are made with the

simulation program FLULA2. The model, its principal prem-

ises and the underlying acoustic data base are described in

detail by Pietrzko and Hofmann (1988), Krebs et al. (2004),

and Empa (2010). In short, FLULA2 considers (1) the sound

source data (source intensity and directivity patterns) of indi-

vidual aircraft types, (2) the statistics of movements, (3) the

detailed flight geometries, and (4) the topography. For this

study, three modeling approaches were realized to account

for changes in air traffic with time of day, as discussed in the

next section.

2. Modeling approaches to account for changes in air
traffic with time of day

a. Calculation of averaged footprints based on a sub-
set of flight geometries (CAS). This is the standard way of

operation used in FLULA2 to calculate aircraft noise based on

radar data. In this approach, FLULA2 randomly selects a sub-

set of up to 100 flight paths per aircraft type and air route

from the complete radar dataset over 1 year, irrespective of

the time of day the corresponding flights occurred. If less

than 100 flights took place for a given aircraft type on a

defined air route, all of them are selected, while exactly 100

flight paths are selected where more are available. For each

aircraft type/air route combination, FLULA2 calculates the

mean LAE to determine the footprints. Their determination is

referred to as “footprint-calculation” in the following

account. The resulting footprints represent yearly averages

over the 24 h of a day.

b. Calculation of period-of-day-specific footprints
based on a subset of flight geometries (CPS). In order to

investigate the effect of accounting for time-of-day-specific

changes in the flight geometries, a random subset of up to

100 flight paths per aircraft type and air route is still used,

while now the time of day the corresponding flights occurred

is taken into account by selecting all flight paths belonging

to the respective periods of day, and performing separate

footprint-calculations for each of these periods. Thus one

obtains period-of-day-specific footprints, i.e., one footprint

per aircraft type, air route, and period of day. In this study

exactly the same subset of flight paths was used for the CAS

and CPS approach. The CPS approach was performed for

Zurich airport only.

c. Calculation of period-of-day-specific footprints
based on a complete set of flight geometries (CPC). In

order to investigate also the effect of using the complete ra-

dar dataset instead of only a subset, time-of-day-specific

footprints are calculated as with CPS but using all available

flight geometries over 1 year’s flight operation. Thus, the

“real” flight dispersion is exactly accounted for instead of

being approximated by a statistical subset. As radar data

cover only about 95% of all flights, the footprints are still

scaled to one movement.

Once the footprints are calculated with one of the three

approaches, they are weighted with the statistics of move-

ments to obtain period-of-day-specific noise contours. Thus,

differences in air traffic between different periods of day on

a yearly average are considered in the CAS approach by

means of weighting the footprints only. In contrast, the CPS

and CPC approaches consider operational variation also in

the footprint-calculations (period-of-day-specific flight geo-

metries), in addition to weighting the footprints. [Note that

while CAS, CPS, and CPC are strictly defined in this study,

there are other options to define CAS and CPS. Sch€affer et

al. (2009) referred to CAS as “statistical choice calculation

(SCC)” and to CPC as “complete time-of-day-specific calcu-

lation (CTC),” while they did not include CPS in their

study.]

B. The scenarios for the model calculations

1. Large and small aircraft

Swiss legislation requires separate calculations for the

sound exposure of “small” (maximum take-off weight

� 8618 kg) and “large” aircraft (> 8618 kg) during the day

and of large aircraft during the night (NAO, 1986). (All

movements of small aircraft are attributed to the day period.)

Discriminating between large and small aircraft is meaning-

ful also with respect to modeling. Small aircraft usually do

not have or use transponders, and thus radar data are often

missing, requiring the use of idealized flight paths, which is

not the focus of this paper. In the case of Zurich and Geneva

airports, the noise of small aircraft is much smaller than the

one of large aircraft, and the calculations were made for the

latter category only.

2. Airports, air traffic, and performance

The model calculations were made exemplarily for Zur-

ich and Geneva airports. These two airports have very dis-

parate flight regimes. While Zurich airport has a complex

runway system with various air traffic directions, Geneva

airport has a single runway, and its air traffic is mostly ori-

ented north-east/south-west accordingly (cf. Fig. 1).

a. Zurich airport. For Zurich airport (47�2703000N,

8�3205300E), the model calculations (CAS, CPS, and CPC)

were performed for the year 2006 with 235 120 movements

of large aircraft (Table I). Figure 1(a) shows the runway sys-

tem and the corresponding air routes. The 14 departure

routes represent an aggregation of several standard instru-

mental departures, and the four approach routes are based on

instrumental landing systems. By grouping, i.e., substitution

of aircraft with missing acoustical data by reference types of

similar known characteristics, the number of aircraft types

was reduced to a total of 51. (The grouping is based exclu-

sively on acoustical criterions. The flight paths and resulting

footprints of certain reference types may, therefore, contain

a fraction of small aircraft. Discrimination of large and small

aircraft by means of the maximum take-off weight is
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effected during weighting of the footprints with the statistics

of movements.) Different power settings were taken into

account by using sound directivity patterns for maximum

power and derated (flex) power for departures where the

actual take-off weight was greater than and less than/equal

to, respectively, 85% of the maximum take-off weight

(Krebs et al., 2004).

b. Geneva airport. For Geneva airport (46�1401800N,

6�603400E), the model calculations (CAS and CPC) were per-

formed for the year 2008 with 159 817 movements of large

aircraft (Table I). The runway system and air routes are dis-

played in Fig. 1(b). In total, six departure routes (including

one visual departure route, D23V), four approach routes

(including two visual approach routes, A05V and A23V),

and (after grouping) 55 aircraft types were modeled. Differ-

ent power settings were taken into account as for Zurich

airport.

3. Time periods and noise metrics

The model calculations were performed according to

Swiss legislation (NAO, 1986). For CAS, one footprint-cal-

culation was performed (see above), while with CPS and

CPC, four separate footprint-calculations were performed

for the required time periods, namely for the day (06–22 h),

and the first (22–23 h), second (23–24 h), and last hour of

the night (05–06 h), with flights from 00 to 05 h assigned to

the second hour of the night (NAO, 1986). As there is a flight

curfew in Switzerland from 00 to 06 h (i.e., 1 h longer than

in the rating sound concept of NAO, 1986, see above) with

only a few emergency flights taking place, the noise of the

last hour of the night (LAeq,n3) is negligible and not discussed

in the following. Based on the footprints obtained with the

modeling approaches, the following equivalent continuous

sound levels (LAeq) were calculated as prescribed by NAO

(1986). [Note that the NAO (1986) defines rating sound lev-

els (see BAFU, 2002, for details), which in the case of large

aircraft are equal to the LAeq.]

• LAeq,d: Noise of the traffic of large aircraft during the day

from 06 to 22 h on a yearly average.
• LAeq,n1: Noise of the traffic of large aircraft during the first

hour of the night from 22 to 23 h on a yearly average.
• LAeq,n2: Noise of the traffic of large aircraft during the sec-

ond hour of the night from 23 to 24 h on a yearly average.

For Geneva airport, also the Lden was calculated for the

traffic of large aircraft using CAS and CPC. While for CAS

the same footprints as for LAeq,d, LAeq,n1, and LAeq,n2 were

used, three additional footprint-calculations had to be per-

formed for CPC, namely for the day (06–18 h), evening

(18–22 h), and night (22–06 h). Based on the footprints, the

FIG. 1. Runway systems (gray), the schematic air routes (departure, solid;

approach, dashed), and the locations of the monitoring stations. Top (a):

Zurich airport with three (two directional) runways, 14 departure routes and

4 approach routes, and monitoring stations M1 to M9. Bottom (b): Geneva

airport with one (two directional) runway, 6 departure routes and 4 approach

routes, and monitoring stations M1 to M15. Background: Topography taken

into account in the calculations.

TABLE I. Number of movements of large aircraft (maximum take-off weight > 8618 kg) per period of day

according to NAO (1986) for Zurich airport in the year 2006 and for Geneva airport in the year 2008.

Zurich airport, 2006 Geneva airport, 2008

Period of day Starts Approaches Total Starts Approaches Total

Day (06–22 h) 113 473 113 743 227 216 78 505 72 936 151 441

First hour of the night (22–23 h) 2969 3425 6394 1089 4590 5679

Second hour of the night (23–05 h) 1115 393 1508 303 2388 2691

Last hour of the night (05–06 h) 1 1 2 2 4 6

Total 117 558 117 562 235 120 79 899 79 918 159 817
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LAeq of the three time periods was calculated (denoted as Ld,

Le, and Ln in the following) and energetically summed up,

adding 5 dB to Le and 10 dB to Ln to obtain the Lden (Euro-

pean Union, 2002). While the study focuses on the noise

exposures according to NAO (1986), these results are dis-

cussed as well, because the Lden is used in various studies

(e.g., Miedema and Oudshoorn, 2001; Brink et al., 2008)

and guidelines (European Union, 2002).

C. Comparisons

1. Flight paths and resulting footprints

The flight paths used for the footprint-calculations of

CAS and CPC and the resulting footprints were compared

for Zurich airport for selected aircraft types and air routes.

All other input data (sound source data, statistics of

movements, and topography) are identical for the model-

ing approaches and are, therefore, not discussed in the

following.

2. Sound levels

The sound levels (LAeq,d, LAeq,n1, and LAeq,n2; Ld, Le, Ln,

and Lden) obtained with the modeling approaches were com-

pared cartographically, qualitatively by overlaying the noise

contours, and quantitatively as differences in the sound

levels.

In addition, the mean differences and standard devia-

tions in the sound levels at the grid points were calculated as

a function of the sound level in steps of 1 dB, i.e., for classes

of 1 dB width. The results show the differences between the

modeling approaches at grid points in areas exposed to the

respective sound levels. Only sound levels from 43 to 70 dB

were taken into account, as sound exposures below 43 dB

are not legally relevant (NAO, 1986), while those above 70

dB occur mostly within the premises of Zurich and Geneva

airports and are, therefore, not of interest.

3. Areas and persons above exposure limits

In order to estimate possible legal consequences of the

modeling approaches, the authors determined the size of

the areas and number of affected persons where the exposure

limits according to NAO (1986), i.e., planning values

< impact thresholds < alarm values, are exceeded (see

BAFU, 2002, for details). [As NAO, 1986, has the require-

ment to account also for the sound exposures of small air-

craft during the day (see above), the authors estimated these

by scaling existing calculations of previous years with the

number of movements of the model years (Zurich: 25 298

movements; Geneva: 30 228 movements), and then added

them energetically to the LAeq,d.] The exceedances of the ex-

posure limits were determined separately for the individual

sound levels according to NAO (1986) (noise of small air-

craft alone, LAeq,d including the noise of small aircraft,

LAeq,n1, LAeq,n2, and LAeq,n3) as well as for their envelopes,

i.e., their set union. For the calculations the population cen-

sus data of the year 2000 (Zurich airport), respectively, of

2008 (Geneva airport) were used.

4. Comparison with monitoring data

Finally, the sound levels obtained with the modeling

approaches (LAeq,d, LAeq,n1, and LAeq,n2; Ld, Le, Ln, and Lden)

were compared with measurements of several monitoring

stations in the vicinity of Zurich and Geneva airports (cf.

Fig. 1) to determine which modeling approach represents

measurements most precisely. Although only large aircraft

are considered in the calculations, comparison is possible

because the sound of small aircraft often lies below the

detection limits of the monitoring stations. For the determi-

nation of the LAeq, the monitoring stations take into account

events only which are attributable to an aircraft fly-over. For

Zurich airport, the trigger thresholds used to separate aircraft

noise events from background noise lay—depending on the

location—between 56 and 67 dB. For Geneva airport, the

trigger thresholds of monitoring stations 2–14 lay 5 dB

above the background noise of the last 30 s preceding an

event. Monitoring station 1 was discarded from the compari-

sons because its measurements were strongly biased by high

levels of local background noise.

5. When to use which modeling approach

Based on the differences in the sound levels between

CPC and CAS (cf. Sec. II C 2) the situations (i.e., where and

when) were determined for which CPC and CAS yield

equivalent results. Given the standard uncertainties of air-

craft noise calculations of up to 61.0 dB (Thomann, 2007),

the grid points were determined, where

DL ¼ LðCPCÞ � LðCASÞj j < 1dB; (1)

with DL being the absolute difference in the sound immis-

sion levels as determined by CPC [L(CPC)] and CAS

[L(CAS)], and L representing any sound level (LAeq,d,

LAeq,n1, and LAeq,n2; Ld, Le, Ln, and Lden). For these grid

points, the modeling approaches are considered to be equiva-

lent, i.e., complete radar dataset (CPC) data may be replaced

by the subset (CAS), while for all other grid points (i.e., for

DL � 1 dB), CPC should be used. For the latter grid points

the cumulative frequency distribution was calculated to

determine the fractions of the areas with DL not fulfilling

Eq. (1) as a function of the distance from the airports.

D. Number of footprint-calculations

The number of flight paths used to calculate the foot-

prints is almost nine times larger for CPC than for CAS/CPS

(Table II). Thereof, the fraction of small aircraft (see above)

is 0%–3% (Zurich airport) and 0%–6% (Geneva airport),

depending on the period of day. The number of calculated

footprints increases in the order CAS < CPS < CPC.

In a few cases, there are missing flight paths of certain

aircraft types on given air routes due to missing radar data,

and substitution or neglect of the corresponding movements

is necessary. This applies to all methods. However, with

increasing number of footprint-calculations, respectively,

with decreasing number of flight paths considered per foot-

print-calculation, the number of missing footprints increases,
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namely in the order CAS < CPC < CPS (Table II). A large

number of missing footprints increases the uncertainty of the

calculations. While for CPC the corresponding additional

uncertainty is negligible, it is not for CPS.

III. RESULTS

A. Flight paths and resulting footprints

Figures 2 and 3 show, exemplarily for two aircraft types

and air routes of Zurich airport, the flight paths taken into

account in the footprint-calculations of CAS and CPC. The

subset used for CPS corresponds to a mix of the sets used by

CAS (same subset of flight paths) and CPC (same periods of

day taken into account) (not shown).

Generally, the random selection of flight paths for a sin-

gle footprint-calculation (CAS) adequately represents the

dispersion of the flight paths of the day, and the resulting

footprints of CAS and CPC are similar [cf. Figs. 2(a) and

3(a)]. The same is true also for night, given that the disper-

sion of the flight paths corresponds to that of the day. This

applies, e.g., to the approaches after the aircraft line up,

because the flight dispersion (horizontal and vertical) is

small and time invariable due to the instrumental landing

system. In contrast, where the flight paths differ from those

of the day, or where only few flight paths exist, the random

selection of flight paths may not adequately represent the

dispersion of the flight paths of the night, and the resulting

footprints of CAS and CPC will differ. Figure 2 shows the

situation where the vertical flight dispersion remains time in-

variable, while the horizontal dispersion strongly varies over

the 24 h of a day due to changes in flight allocation to differ-

ent standard instrumental departures. The fact that the Avro

RJ100 did not turn east during the second hour of the night

cannot be taken into account with CAS, and the resulting

footprint is very inaccurate [Fig. 2(c)]. The same as for the

flight tracks applies to the vertical dispersion of the flight

paths (Fig. 3). Large differences are observed in the night

even if the horizontal dispersion remains time invariable if

heavy aircraft start for intercontinental flights, having

smaller angles of climb than during the day, which may only

be accounted for by CPC [Figs. 3(b) and 3(c)]. As the flight

paths concentrate within narrow corridors in the vicinity of

airports but fan out further away, the differences between the

footprints increase with distance from the airports (Figs. 2

and 3). In the next section, the effects of these differences on

the resulting noise contours are discussed.

B. Sound levels and noise contours

Figures 4 and 5 compare the LAeq,d, LAeq,n1, and LAeq,n2
around Zurich and Geneva airports as determined by CPC

and CAS. For both airports, large positive and negative differ-

ences occur locally, which increase with distance from the air-

ports and also, more importantly, with distance from the

center lines of frequented air routes (cf. Fig. 1 and further

below) (i.e., with decreasing sound levels) as well as with the

period of day (day < first hour of the night < second hour of

the night) (Fig. 4). However, within the sound contours rele-

vant for NAO (1986), i.e., for LAeq,d � 53 dB, LAeq,n1 � 43

dB, and LAeq,n2 � 43 dB, differences remain small (mostly

< 1 dB). Only in the north-east of Geneva airport, larger dif-

ferences of up to 2 dB occur during the night (Fig. 4) due to

aircraft on air route A23CC (cf. Fig. 1) lining up further to the

north-east during the day than during the night (not shown).

During the day, the mean differences in LAeq,d per dB-class

between CAS and CPC are negligible, adopting values of

–0.01 to þ0.02 dB [Fig. 5(a), Table III]. While for LAeq,n1 the

differences of –0.32 to þ0.10 dB remain moderate, they get

as large as –0.33 to þ0.24 dB for LAeq,n2 [Figs. 5(b) and 5(c),

Table III]. For Zurich airport, LAeq,d, LAeq,n1, and LAeq,n2 of

CPC by trend are higher than those of CAS for sound levels

relevant for NAO (1986) (Fig. 5). For Geneva airport, the

same is observed for LAeq,d, and for LAeq,n1 above 55 dB,

while the opposite is true for LAeq,n1 and LAeq,n2 below 55 dB

(Fig. 5), due to the differences in the north-east.

Similar results as for LAeq,d, LAeq,n1, and LAeq,n2 also

apply to Ld, Le, and Ln of Geneva airport. Large local differ-

ences occur which increase with distance from the airports/

air routes and with the period of day (day < evening

< night). The differences in Ld and LAeq,d are very similar,

while those of Ln are smaller than those of LAeq,n1 and

LAeq,n2 (not shown). Thus, the differences not only increase

with the time of day, but also with decreasing length and

thus decreasing number of flight paths within a time period,

because the subset of radar data used in CAS becomes less

representative. The differences between CPC and CAS in

the resulting Lden per dB-class remain small (–0.08 to þ0.02

dB between 43 and 70 dB).

The period-of-day-specific footprint-calculation and the

choice of all flight paths contributed to different degrees to

the differences in LAeq,n1 and LAeq,n2 between CPC and CAS

observed above, depending on the period of day. For LAeq,n1,

CPS yielded very similar results as CPC, and the major

TABLE II. Time periods, number of considered flight paths, number of calculated footprints, and number of missing footprints/number of corresponding

movements for the modeling approaches CAS, CPS, and CPC (see Nomenclature and text for definition and explanation) for Zurich and Geneva airports.

Airport

Calculation

according to

Modeling

approach Time periods

Number of

flight paths

Number of

footprints

Number of missing footprints/

Number of movements

Zurich NAO (1986) CAS 24 h 27 078 560 19=27

CPS Day, first, second, last hour of night 27 078 785 64=279

CPC Day, first, second, last hour of night 235 895 824 26=37

Geneva NAO (1986) CAS 24 h 18 372 337 15=37

CPC Day, first, second, last hour of night 162 869 632 26=51

Lden CAS 24 h 18 372 337 16=37

CPC Day, evening, night 162 869 788 28=73
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differences occurred between CPS and CAS [Fig. 5(b),

Table III]. Here, the use of all available flight paths did not

further improve the results. In contrast, for LAeq,n2 both the

period-of-day-specific footprint-calculation and the choice

of all flight paths equally contributed to the differences

between CPC and CAS [Fig. 5(c), Table III]. Here, using all

flight paths did enhance the accuracy of the results. CPC

mostly yielded higher sound levels than CPS, particularly

for LAeq,d and LAeq,n2 (Fig. 5). Using all flight paths in the

calculations probably increased their overall horizontal and

vertical dispersion, which in turn caused higher sound levels,

as the LAE of single flight events add up energetically.

Despite local areas of large differences (Fig. 4), the

mean differences per sound level class between the calcula-

tions remained small for every period of day, compared to

the standard deviations of up to 60.4 dB (Zurich airport)

and 60.7 dB (Geneva airport) (Fig. 5) and, in particular,

also to the standard uncertainties of aircraft noise

FIG. 2. Effects of the modeling approach (CAS and CPC; see Nomenclature and text for definition and explanation) on the footprint: variation in track usage

(example for starts of Avro RJ100 on air route N32 of Zurich airport). Left side: Tracks and in the inserted figures the respective climb profiles (bold lines,

mean profiles; thin lines, standard deviations). Right side: resulting footprints (LAE, scaled to one movement) as well as differences (CPC � CAS; “þ” indi-

cates positive differences, “–” indicates negative differences) as shadings (white for absolute differences � 0.5 dB; increasing gray levels for 0.5 dB < abso-

lute differences � 2 dB) and as thin solid lines (1 dB steps). Top (a) day (06–22 h), middle (b) first hour of the night (22–23 h), and bottom (c) second hour of

the night (23–24 h).
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calculations of 60.5 dB for the day and 61.0 dB for the

night (Thomann, 2007). For LAeq,d, the mean differences per

sound level class were of the same magnitude as, while for

LAeq,n1 and LAeq,n2 they were larger than the differences

attributable to the statistical choice of flight paths: An addi-

tional CAS calculation for Zurich airport based on a different

subset of flight paths revealed that the mean differences per

dB-class between two CAS calculations ranged from –0.02

to þ0.01 dB for LAeq,d, from 0 to þ0.07 dB for LAeq,n1, and

from þ0.01 to þ0.16 dB for LAeq,n2.

Interestingly, areas of large sound level differences

(positive or negative) occur at approximately the same loca-

tions for all three periods of day (Fig. 4) and partly coincide

with landscape formations such as mountains (cf. Fig. 1).

However, scatter plots of these differences vs ground level

elevation revealed that there was great scatter and no close,

if any, relation between the data (not shown). The set of

flight paths used in the calculations is thus much more im-

portant for the resulting differences.

Figure 4 reveals large local differences of linear shape in

the west and south-east of Zurich airport. These differences

are caused by individual short flight paths, e.g., of aircraft aim-

ing for a close air field, which were tracked a short distance

only by the radar system. Short flight paths by default are ex-

trapolated linearly for the calculations. Where the last part of

the flight paths progresses horizontally, this leads to inaccurate

extrapolations closely following the ground. For Geneva air-

port, in contrast to Zurich airport, such flight paths were not

extrapolated. The artifacts in the calculation of Zurich airport

were not corrected because (1) the differences occur in areas

only where the sound levels are well below the exposure limits

of NAO (1986) and are, thus, irrelevant and (2) the differences

show the advantage of accounting for all available radar data,

as even single flight events, if exceptional, may strongly affect

the resulting noise contours locally.

C. Areas and number of persons above exposure
limits

As expected from the differences between the LAeq (see

Sec. III B), the differences between CPC and CAS in areas

with relevant individual sound exposures exceeding the

exposure limits of NAO (1986) increased in the order day

< first hour of the night < second hour of the night for both,

Zurich and Geneva airport, and the results obtained with

CPS tended to be closer to CPC than for CAS (not shown).

For the number of persons within these areas, similar trends

were observed, although they were less clear, as not only the

areas but also the location of the sound contours with respect

to populated areas plays a role.

The areas of the resulting envelopes of Zurich airport

determined with CPC differed by less than 1% from those

obtained with CAS, while for Geneva airport differences

became as large as 3.5% (Table IV). The corresponding

number of persons was up to 2% larger for CPC than for

CAS in the case of Zurich airport, while it differed less than

1% between CPC and CAS for Geneva airport (Table IV).

According to literature, a variation in sound level of 1 dB

will generate a change in the respective areas of the noise

FIG. 3. Effects of the modeling approach (CAS

and CPC; see Nomenclature and text for defini-

tion and explanation) on the footprint: variation

in climb profiles (example for starts of Airbus

A340-300 on air route F16 of Zurich airport).

Left side: Climb profiles (bold lines, mean pro-

files; thin lines, standard deviations) and in the

inserted figures the flight tracks. Right side:

resulting footprints and differences between

CPC and CAS (see header of Fig. 2, for details).

Top (a) day (06–22 h), middle (b) first hour of

the night (22–23 h), and bottom (c) second hour

of the night (23–24 h).
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contours of 17%–22% (Isermann et al., 1989), and in the

number of persons of 20%–30% (Empa, unpublished report

No. 427733-1). Given the standard uncertainties of aircraft

noise calculations [60.5 dB (day) and 61.0 dB (night), see

Sec. III B], the standard uncertainties of the areas where ex-

posure limits are exceeded add up to approximately 610%

(day) to 620% (night), and those of the number of persons to

615% (day) to 630% (night). Compared to these uncertain-

ties the differences between CPC and CAS are all very small.

D. Comparison with monitoring data

Figure 6 shows the scatter between calculated and meas-

ured LAeq. The calculations mostly yield higher sound levels

on a yearly average than the measurements. While the calcu-

lations represent the measurements very accurately for LAeq
� 55 dB, the discrepancies between calculations and meas-

urements increase with decreasing sound levels. This is

mainly a consequence of incomplete recordings of the moni-

toring stations due to the trigger thresholds (B€utikofer and

Thomann, 2009) and is probably in part also due to missing

information on the actual take-off weight of aircraft, leading

to inaccurate power settings in the calculations. In particular,

the large differences for Zurich airport for LAeq < 42 dB

measured during the night (Fig. 6) origin from measurements

of the monitoring stations 2, 7, and 8 which are located far

away from the air routes most frequented in the night (N32,

O32, N34, O34, and P28; cf. Fig. 1). However, with respect

to legal requirements, calculations and measurements agree

well for the day, i.e., for LAeq,d � 53 dB, and satisfactorily

for the night, i.e., for LAeq,n1 and LAeq,n2 � 43 dB (Fig. 6).

Correcting the measurements for bias (B€utikofer and Tho-

mann, 2009) would further improve the agreement between

calculations and measurements.

The differences between measurements and calculations

are almost identical for CAS, CPC (Fig. 6) and CPS (not

shown) in all three periods of day, i.e., for LAeq,d, LAeq,n1, and

LAeq,n2. Analogous results apply to Ld, Le, Ln, and resulting

Lden for Geneva airport, namely, a good agreement between

calculations and measurements for sound levels above 55 dB,

increasing differences below, and the same agreement for CPC

and CAS (not shown). Therefore, the modeling approaches

CAS, CPS, and CPC are equivalent in their potential to repre-

sent monitoring measurements in the vicinity of airports.

E. When to use which modeling approach

Figure 4 shows the areas where, according to Eq. (1),

CPC and CAS yield equivalent (DL < 1 dB) and different

results (DL � 1 dB). Neglecting the artifacts of linear shape

FIG. 4. Effects of the modeling approach

(CAS and CPC; see Nomenclature and text

for definition and explanation) on the noise

contours for the complete air traffic over 1

year for large aircraft. Left side: Zurich air-

port, right side: Geneva airport. Top (a) day

(LAeq,d, 06–22 h), middle (b) first hour of

the night (LAeq,n1, 22–23 h), and bottom (c)

second hour of the night (LAeq,n2, 23–24 h).

Each picture shows the noise contours cal-

culated with CPC and—where a difference

is visible—those calculated with CAS. Fur-

ther, the differences CPC � CAS (“þ” indi-

cates positive differences, “–” indicates

negative differences) are shown as shadings

[white for absolute differences DL < 1 dB

according to Eq. (1); gray for DL � 1 dB]

and as thin solid lines (0.5 dB steps).
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for Zurich airport (cf. Sec. III B), CPC and CAS yield equiv-

alent results for the day and both airports (no or negligible

areas with DL � 1 dB for LAeq,d), while for the night, large

areas with DL � 1 dB occur (Fig. 4). As the cumulative fre-

quency distributions of these areas show (Fig. 7), their frac-

tion increases faster with distance (1) for LAeq,n2 than for

LAeq,n1 and (2) for Geneva airport with its preferential orien-

tation in air traffic [Fig. 1(b)] than for Zurich airport with its

FIG. 5. Sound level differences between

CPC, CPS, and CAS (see Nomenclature and

text for definition and explanation) as a func-

tion of the sound level (bins of 1 dB width),

in the LAeq of large aircraft during (a) day

(LAeq,d, 06–22 h), (b) first hour of the night

(LAeq,n1, 22–23 h), and (c) second hour of the

night (LAeq,n2, 23–24 h). Mean values (CPS

� CAS, CPC � CPS, and CPC � CAS) plus

standard difference bars. Top: Zurich airport,

bottom: Geneva airport (CPC � CAS only).

TABLE III. Minimum (Dmin) and maximum (Dmax) differences of the sound level classes (i.e., minimum and maximum of the mean differences per sound

level class in Fig. 5) and averaged differences of all sound level classes (Dmean) for LAeq,d from 06 to 22 h (70 dB � LAeq,d � 53 dB), LAeq,n1 from 22 to 23 h

(70 dB � LAeq,n1 � 43 dB), and LAeq,n2 from 23 to 24 h (70 dB � LAeq,n2 � 43 dB) between the modeling approaches CAS, CPS, and CPC (see Nomenclature

and text for definition and explanation), for Zurich and Geneva airports.

LAeq,d (dB) LAeq,n1 (dB) LAeq,n2 (dB)

Airport Modeling approaches Dmin Dmax Dmean Dmin Dmax Dmean Dmin Dmax Dmean

Zurich CPS – CAS –0.01 0 0 –0.01 þ0.15 þ0.07 –0.02 þ0.20 þ0.06

CPC – CPS 0 þ0.02 þ0.01 –0.08 þ0.03 –0.01 –0.09 þ0.09 þ0.05

CPC – CAS –0.01 þ0.02 þ0.01 0 þ0.10 þ0.06 þ0.04 þ0.24 þ0.11

Geneva CPC – CAS –0.01 þ0.01 þ0.01 –0.32 þ0.03 –0.04 –0.33 þ0.06 –0.06
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various air traffic directions [Fig. 1(a)]. Within a perimeter

for distances of up to at least �8 km, CPC and CAS are

equivalent for both airports and all periods of day (DL � 1

dB for only 1% of the areas in the case of LAeq,n2), while for

double distances (16–17 km), DL � 1 dB occurs for up to

10% (LAeq,n2) of the area already. Beyond, the areas strongly

increase for both, LAeq,n1 and LAeq,n2, and CAS is not suffi-

ciently accurate anymore. Similar results as for LAeq,d,

LAeq,n1, and LAeq,n2 again apply to Ld, Le, and Ln of Geneva

airport (Ld, Le, and Lden: no or negligible areas with DL � 1

dB; Ln: 1% and 10% of the areas with DL � 1 dB within

perimeters for distances of �11 and 17 km, respectively).

F. Extension to 1 h time slices

To study in what detail one needs to account for the vari-

ation in air traffic over the 24 h of the day, an additional cal-

culation was done for Zurich airport, using all available flight

paths as with CPC, but performing 24 separate footprint-

TABLE IV. Areas and number of persons above exposure limits of NAO (1986) for Zurich and Geneva airports

as determined by the modeling approaches CAS, CPS, and CPC (see Nomenclature and text for definition and

explanation), and differences between the methods. Areas and persons determined for the envelopes, i.e., the set

union of relevant sound levels (see text).

Alarm

value

Impact

threshold

Planning

value

Alarm

value

Impact

threshold

Planning

value

Airport Method Areas (km2) Persons (—)

Zurich airport CAS 58.5 404.5 574.1 2581 30 597 77 957

CPS 58.7 408.8 572.5 2581 30 653 78 841

CPC 58.7 407.2 571.9 2622 31 203 78 640

Geneva airport CAS 22.3 167.7 230.1 440 19 373 47 005

CPC 22.4 163.2 222.0 436 19 412 46 835

Differences (%)

Zurich airport CPS – CAS þ0.4 þ1.1 �0.3 þ0.0 þ0.2 þ1.1

CPC – CPS �0.1 �0.4 �0.1 þ1.6 þ1.8 �0.3

CPC – CAS þ0.4 þ0.7 �0.4 þ1.6 þ2.0 þ0.9

Geneva airport CPC – CAS þ0.2 �2.7 �3.5 �0.9 þ0.2 �0.4

FIG. 6. Scatter diagrams of the LAeq for the day (LAeq,d, 06–22 h), first hour of the

night (LAeq,n1, 22–23 h) and second hour of the night (LAeq,n2, 23–24 h), as deter-

mined with monitoring measurements and by calculation with CPC and CAS (see

Nomenclature and text for definition and explanation), for (a) Zurich airport and

(b) Geneva airport. Light gray area: LAeq� 53 dB; dark gray area: LAeq� 43 dB.

FIG. 7. Cumulative frequency distributions of the grid points with differen-

ces in the sound levels � 1 dB (gray areas in Fig. 4) as a function of the dis-

tance to the airports (reference points: Zurich airport 47�2703000N,

8�3205300E; Geneva airport 46�1401800N, 6�603400E), for the first (LAeq,n1, 22–

23 h) and second hours of the night (LAeq,n2, 23–24 h). The maximum dis-

tances (Zurich airport: 25.0 km; Geneva airport: 21.6 km) correspond to the

radius of the largest circle completely contained within the rectangular cal-

culation areas. The percentages refer to the fraction of the areas to the total

areas of the largest circles. No/negligible areas with differences � 1 dB for

the day.
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calculations, one for every hour of the day, thus accounting

for diurnal variations in flight paths in great detail.

The comparison between this calculation and CPC gave

the following results. First, both calculations yield (by neces-

sity) identical noise exposures where the same time periods

are modeled, namely for the first and last hour of the night.

Second, the calculated noise exposures of the remaining two

time periods are almost identical (absolute differences per

dB-class < 0.015 dB for the day and < 0.001 dB for the sec-

ond hour of the night). The (negligible) differences are at-

tributable to additional missing footprints which had to be

substituted in the case of the more detailed calculation,

namely 93 footprints with 118 movements in total, compared

to 26 footprints with 37 movements in the case of CPC

(Table II). These numbers will increase with decreasing

length of the time periods of the footprint-calculations.

Third, over the time of day, no trends with respect to the

magnitude of the differences were observed.

IV. DISCUSSION

In this study, the noise contours around two airports

were calculated based on a complete radar dataset over a

whole year, accounting for their variation over the 24 h of a

day. The authors are not aware of any other study accounting

for such variation, in addition to the changes in the number

of movements. Usually, the flight paths are represented by a

limited number of idealized flight paths only (e.g., Clemente

et al., 2005). Accounting for their variation with the time of

day using idealized flight paths would be much more diffi-

cult, as sufficient information is usually lacking. The present

approach therefore allows modeling the air traffic in great

detail.

Three approaches (CAS, CPS, and CPC) to account for

changes in air traffic were tested, and their effects on calcu-

lated time-of-day-specific noise contours were studied exem-

plarily for Zurich and Geneva airports. Despite the different

flight regimes and shapes of the noise contours of the two

airports, similar results were obtained for both airports, and

also for different sound metrics (LAeq according to Swiss

legislation, as well as Lden). For the day, CAS, CPS, and

CPC yielded almost identical LAeq, while differences

increased in the order day < first hour of the night < second

hour of the night (respectively, day < evening < night).

Thus, CAS may sufficiently account for the dispersion of the

flight paths during the day. This was expected, as even CAS

chooses 100 flight paths per aircraft type and air route where

available, while only 4–5 flight paths per aircraft type may

suffice to model the noise exposure (B€utikofer et al., 1999;

Thomann, 2007). The increasing differences with the time of

day are caused by the less representative selection of flight

paths used for CAS. However, while CAS, CPS, and CPC

may yield very disparate footprints (Figs. 2 and 3), these dif-

ferences are leveled out largely in the summing up of the

footprints to obtain the total sound exposures (Figs. 4 and 5),

as the differences between footprints vary locally. With

regard to legal requirements, CAS is therefore sufficiently

accurate, and also, according to Eq. (1), CAS and CPC are

equivalent for distances of at least 8 km from the airports for

all periods of day (Fig. 7). Nevertheless, even small differen-

ces may still entail not least legal consequences (Table IV),

particularly on a local scale affecting individual commun-

ities, and further away from the airport, large areas with dif-

ferences � 1 dB may occur (Fig. 7: 10% of the total area

within a perimeter for distances of 16–17 km for LAeq,n2).

The differences in sound levels may obviously be minimized

by choosing a representative subset of radar data with CAS.

The radar dataset contains information on the flight tracks

and profiles (altitude and speed), and on their dispersion and

variation over the 24 h of a day. Both the horizontal (Fig. 2)

and vertical dispersion (Fig. 3) needs to be accurately

accounted for. But also speed is important as it affects the

total immission time and thus the LAE of flyovers. Other

characteristics such as thrust, in contrast, are not covered by

radar data. They have to be estimated from other sources and

may, therefore, not be improved by the choice of the radar

dataset. These considerations apply also to other aircraft

noise models.

The results on when to use which modeling approach

[Eq. (1), Fig. 7] cannot be easily generalized for other air-

ports. The differences not only depend on the absolute dis-

tance from an airport but rather on the number of annual

movements, the distances flown by the aircraft (fanning out

of flight tracks), and the distances of the receiver points to

the center lines of the frequented air routes (cf. Fig. 4: small

differences for LAeq,n1 and LAeq,n2 close to the major depar-

ture routes of the night, N32, N34, O32, and O34). To ascer-

tain the situations for other airports for which CAS is

sufficiently accurate, one may calculate the sound immission

levels using both CAS and CPC to determine the areas satis-

fying Eq. (1). In subsequent calculations, CAS may be safely

used for these areas, given that the flight regime did not sub-

stantially differ between calculated scenarios.

Both the period-of-day-specific footprint-calculations

and using a complete radar dataset contributed to the differ-

ences between CPC and CAS. Thus only CPC by using all

flight paths guarantees that any variation in the dispersion of

flight paths is adequately modeled. The drawback of the

detailed modeling of CPC is that it requires eight to nine

times longer computational times than CAS (�9–12 days for

the footprint-calculations of CPC when using 20 processors

on a computational cluster for Zurich airport), and that CPC

is also more time consuming for the user due to increased

data handling. Further, while the same footprints are used

for every period of day in the case of CAS, CPC requires

separate footprint-calculations for every period.

The methods (CAS, CPS, and CPC) are equivalent in

their potential to represent monitoring measurements in the

vicinity of airports. In remote areas, however, one may

expect CPC to be more accurate than CAS and also CPS, as

with increasing distance from the airport, the fanning out of

the flight paths will be less accurately taken into account by

CAS and CPS (cf. Figs. 2 and 3). As monitoring stations can

only be operated where aircraft sound levels emerge clearly

from background noise, i.e., close to airports, this hypothesis

cannot be tested.

The results of this study may be relevant for various

topics related to aircraft noise calculations. Studies on the
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effects of aircraft noise on people (annoyance, sleep disturb-

ance, or medical effects, see Introduction section) heavily

rely on acoustic data, and the reliability of results may be

enhanced by more accurate aircraft noise calculations. Par-

ticularly, studies on the effects on sleep should be based on

nighttime exposures determined with the CPC approach

wherever possible, at least for areas further than a few kilo-

meters away from an airport of comparable size, respec-

tively, from frequented air routes. But also changed flight

regimes on airports may be studied in great detail using

CPC. For example, the effect of rerouting aircraft departures

or approaches, which may efficiently reduce aircraft noise in

populated areas (Makarewicz, 2004, 2010), may be realisti-

cally accounted for.

It has been shown that proper modeling of the input data

improves the overall results, but that not always the most

detailed modeling approach needs to be used. Further, using

radar data instead of geometric input for the tracks and per-

formance calculations for the climb profiles is another big

step toward more realistic results. Radar data have the

advantage that all factors influencing an aircraft’s position

such as head or side wind, climb performance, and weight

are already accounted for. Finally, the performance of the

acoustic calculation itself must be considered. Further

improvement may be achieved through refinements of the

model(s) and/or their database(s). First, lateral sound attenu-

ation may be important. It comprises ground effects (e.g.,

Boulanger et al., 1997; Buret et al., 2006) as well as atmos-

pheric effects (Gilbert et al., 1990; Embleton, 1996; Salo-

mons, 2001). Scherebnyj and Hodgson (2007), for example,

found that wind and atmospheric type strongly influence pre-

dicted sound levels of aircraft during run-ups, which may

also affect sound levels of aircraft in flight. Lateral attenua-

tion is also affected by aircraft configuration (Fleming et al.,

2002). To date, these effects are usually only roughly

accounted for by empirical formulas (Krebs and Thomann,

2009). Second, updating and refining existing sound source

data for a larger number of reference types, and probably

extending them to three-dimensional sound directivity

(Krebs et al., 2003, 2006) may further improve the results.

Third, including small-scale effects such as reflections in

street canyons in urban environments would locally improve

the model results (Ismail and Oldham, 2002), though at the

expense of substantially increased computational times.

Finally, a more detailed description of the source condition

(e.g., power setting) reflecting different flight configurations

would enhance model accuracy. Due to the lack of informa-

tion, however, the latter effects are very difficult do model.

These are possible topics for future research.

V. CONCLUSIONS

For the investigated scenarios, the modeling approaches

CAS, CPS, and CPC on how to account for flight geometries

yielded equivalent results for the long (16 h) time period of

the day. For the shorter time periods of the evening and par-

ticularly night, differences showed up (Figs. 2–5, Table III),

indicating that using average data (statistical sample of oper-

ations over the 24 h of a day as in CAS) represents the air

traffic in such time slices less accurately. However, CAS and

CPC were found to yield equivalent results within an area of

at least 8 km from the airports for all periods of day, with

differences between calculated sound levels being mostly

small (< 1 dB), and also for legal requirements, already the

simplest approach (CAS) describes time-of-day-specific

changes in air traffic with sufficient accuracy. Also, the com-

parison with monitoring measurements in the vicinity of the

airports does not allow preferring one or the other method

(Fig. 6). Larger differences in sound levels mostly occur in

regions further away from the airports (within a perimeter of

16–17 km around the airports, 10% of the total area showed

differences � 1 dB). Thus, CAS will usually yield suffi-

ciently accurate results, at least for surveys. Nevertheless,

CPC with its great level of detail has important advantages

over CPS and particularly also over CAS: CPC completely

accounts for any variation in flight paths and their dispersion

over the 24 h of a day, yielding more accurate results than

CPS and CAS, particularly for short time periods and remote

areas. Also, CPC considers every single flight over 1 year’s

flight operation. This avoids any discussion of not having

taken into consideration exceptional flight events, which will

in turn increase the acceptance in the population and will

thus be politically important.

As the simulation program FLULA2 already used radar

data in calculations prior to this study whenever available

(B€utikofer et al., 1999), the step from a random selection of

a subset of flight paths (CAS) to specific footprint-calcula-

tions per time period based on a complete radar dataset

(CPC) was relatively small, and the required extra effort

(mostly computational time and data handling) is managea-

ble, though not negligible. The main disadvantage is that one

needs to perform separate footprint-calculations for every

required period of day, in comparison to one single foot-

print-calculation of CAS (Table II). Nevertheless, as CPC

enhances the accuracy of the noise contours, and as these

entail important legal consequences, the authors think that

CPC is well worth the extra effort and recommend applying

this approach wherever radar data are available. The CPC

approach represents the state of the art of aircraft noise cal-

culation in Switzerland. It has been used to determine the

noise contours around Zurich airport since 2006, and was

also successfully applied to Geneva airport for 2008. Thus

CPC is not just an “academic solution” but also an engineer-

ing model applicable in practice. Future research to improve

results should focus on the implementation of meteorologi-

cal and ground effects, refined sound source data, and in par-

ticular on more detailed power settings to consider variations

in aircraft performance during departure or approach.
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NOMENCLATURE

CAS Modeling approach: Calculation of averaged foot-

prints based on a subset of flight geometries (one

footprint per aircraft type and air route as an aver-

age over the 24 h of a day)

CPC Modeling approach: Calculation of period-of-day-

specific footprints based on a complete set of flight

geometries (one footprint per aircraft type, air

route, and period of day)

CPS Modeling approach: Calculation of period-of-day-

specific footprints based on a subset of flight geo-

metries (one footprint per aircraft type, air route,

and period of day)

L Sound level (e.g., LAeq,d, LAeq,n1, and LAeq,n2; Ld,

Le, Ln, and Lden)

LAE Single event level

LAeq Equivalent continuous sound level

LAeq,d Noise of the traffic of large aircraft during the day

from 06 to 22 h on a yearly average

LAeq,n1 Noise of the traffic of large aircraft during the first

hour of the night from 22 to 23 h on a yearly

average

LAeq,n2 Noise of the traffic of large aircraft during the sec-

ond hour of the night from 23 to 24 h on a yearly

average

LAeq,n3 Noise of the traffic of large aircraft during the last

hour of the night from 05 to 06 h on a yearly

average

Ld Noise of the traffic of large aircraft during the day

from 06 to 18 h on a yearly average used to deter-

mine the Lden
Lden Day-evening-night level

Le Noise of the traffic of large aircraft during the eve-

ning from 18 to 22 h on a yearly average used to

determine the Lden
Ln Noise of the traffic of large aircraft during the

night from 22 to 06 h on a yearly average used to

determine the Lden
NAO Noise abatement ordinance (Swiss legislation)

DL Absolute difference in the sound immission levels
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