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ABSTRACT

Aircraft noise models generally simplify the atmosphere as homogenous and constant over time. However,
momentary local conditions of wind, humidity and temperature influence the sound exposure level and
become relevant for the calculation of single flights.

This paper presents a method to classify the atmospheric conditions with idealized vertical profiles derived
from weather data of a monitoring station in combination with a radiation balance. The differences of the
propagation in a homogenous and a stratified atmosphere are analyzed by exemplary overflights.
Additionally, the attenuations due to idealized profiles are compared to those of vertical profiles obtained
from flight data records and profiles from a meteorological prediction model.

The comparison between the different profiles shows good agreement for temperature, except for the
transition between stable and unstable stratification, but larger deviations for humidity. Furthermore it can be
shown that the reproduction of a stratified atmosphere in the propagation calculation has a beneficial effect
on the accuracy of the resulting sound exposure level and should therefore be taken into account for
sophisticated aircraft noise modelling. Therefore, input data of a meteorological prediction model should be
used where available, asidealized profiles do not always reproduce the atmosphere accurately.

Keywords. Sound propagation, Aircraft noise, Modelling
I-INCE Classification of Subjects Numbers. 24.6, 76.1.3

1. INTRODUCTION

Sound propagation through the atmosphere is influenced by local conditions of temperature,
humidity and wind speed. For aircraft noise the predominant meteorological effect on sound
propagation is dissipation. Second order effectsinclude level fluctuations caused by turbulence and on
rare occasions with sound paths close to the ground the evolution of acoustical shadow zones and
influences on barrier effects as a consequence of temperature and wind gradients with height.

Many aircraft noise models (1, 2) have been developed with the purpose of calculating yearly air
traffic scenarios. In general the motives are either to reproduce current situations for legal compliance
purposes or to study future situations as a basis for land-use planning. Here, the atmosphere is usually
represented in a highly simplified way as being homogenous and constant over time. Such a
simplification seems to be valid for yearly scenarios. Binder showed that the effect of changing
atmospheric conditions on A-weighted level tends to average out over time (3).

Other aircraft noise models (4, 5) are developed with the aim of detailed noise calculations for
single flights and the optimization of flight procedures. For such applications the source models have
to be more detailed, but also the propagation models have to be more sophisticated, including a
momentary representation of the atmosphere.

Another aircraft noise model for singleflights, called sonAlR, is currently developed at the authors’
institution (6). A key element is the separation of the source model and the propagation model. The
source model is based on a semi-empirical approach and will account for airframe and engine noise of
different flight conditions. The sound propagation model, called sonX, has been developed in previous
projects and has so far been applied for railway noise (7, 8) and shooting noise (9). sonX is currently
adapted to the specific issues of aircraft noise calculations. Apart from the detailed propagation
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calculation for the prognosis of singleflightsit isalso used to reversely transform measured data at the
receiver to the source. Here, the exact atmospheric reproduction is particularly crucial.

A sophisticated propagation model also requires ahigher level of detail and quality of the input data.
Appropriate data of the vertical profile of the atmosphere can be obtained from different sources:

e From weather balloons or from measurements of the aircraft itself.

e From simulation results of numerical weather prediction models such as COSMO for many
European countries (10).

e Based on measurements of ground stations, in combination with idealized profiles.

In this paper we present and compare meteorological data from the three different sources and
assess their impact on the resulting sound attenuation for different source-receiver-geometries. In
section 2 a method is described to derive idealized profiles from meteorological data of ground
stations. Based on these results the benefit of a detailed modelling of the atmosphere is discussed in
comparison with the assumption of a homogenous atmosphere.

2. METHODS

2.1 Propagation model

All propagation calculations in the present paper were done by the sonX model. The calculation
from a point source to a receiver is conducted in two steps. First, the direct sound propagation for a
uniform atmosphere with averaged conditions is calculated according to Eq. (1). It accounts for
geometrical divergence (Agiy) and atmospheric dissipation (Axms) in dependence of the frequency f
according to 1SO 9613-1 (11). The model also accounts for barrier and ground effects (Agr/par,r) as well
as foliage attenuation (Ay f), Which are negligible for the consideration in this paper.

Agasic,t = Adiv + Aamt + Agrbar i T Aot (@0}

Second, additional meteorological effects like atmospheric dissipation (Aatmmeteo) due to local
temperature and humidity conditions are calculated by Eq. (2). The attenuations are reported in level
differencesin comparison to the basic attenuations of Eq. (1). In addition, changes of shielding effects
and the evolution of acoustical shadow zones due to temperature and wind gradients (Dye) are
calculated by using aray tracing algorithm. These effects are not relevant for the current analysis.

Aveteo = (AatmMeteo — Patm pasic) T (Aol Meteo — Atol Basic) — Dimet (2

The sonX model also includes models for reflections at buildings, walls and other rigid surfaces as
well as diffuse reflections at forest edges and cliffs. However these parts are also not relevant in this
context and are therefore omitted here. For a detailed description as well as further references of the
propagation model we refer to (9, 12).

Information about the vertical profile of the atmosphere can be supplied as individual profiles (i.e.
from prediction models or flight record data) or as idealized profiles (cf. Sec. 2.3). For the latter a
classification scheme has been introduced (Table 1). The classification is based on the scheme of
Polster (13), but reduced to the three main classes unstable (U), neutral (N) and stable (S). Depending
on the wind speed at 10 m height and the current radiation balance a corresponding class can be
determined for any specific atmospheric condition.

Table 1 — Classification scheme for different weather conditions

Wind speed v, m/s Radiation balance Q
Range  Average Unstable Neutral Stable
<-18 W/m? > 180 W/m?
0-1 0.0 uo NO SO
1-2 1.5 Ul N1 S1
2-3 2.5 uz2 N2 S2
3-5 4.0 U3 N3 S3
>5 6.0 U4 N4 4
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2.2 Radiation balance and development of idealized profiles

The measurement of the radiation balance is possible but not always available as several sensorsare
needed. In Switzerland typically only the incoming short-wave radiation is available, measured by a
Pyranometer. Therefore, the determination of the radiation balance follows the VDI-Standard 3789
Part 2 (14). Regarding a horizontal areathe radiation balance is the sum of the solar short-wave and
terrestrial long-wave radiation, Eq. (3). The solar short-wave radiation is the difference of the global
radiation (G) and its reflection (R) which depends on the short-wave albedo of the earth’s surface. The
emitted thermal radiation (E) of the earth can be simplified for natural ground surfaces as a black body
that emits energy with the fourth power to the surface temperature. Atmospheric gases and clouds
reflect back to the earth (A).

Q=(G-R)+(A-E) ©)

The radiation balance was calculated for each day of the acoustical measurements (15) to collect
sonAlR source data (Figure 1, top). Weather data at station height (Station KLO at airport Zurich, 426
m above M SL) in ten minutes resolution was used as input for the radiation balance. The cloud cover
N in eightsisavisually observed parameter with a resolution of one hour, thus it was interpolated by
a piecewise cubic hermite interpolating polynomial to guarantee a smooth curve of the
counterradiation. By means of the radiation balance and the wind speed the classification scheme from
Table 1 was implemented as shown in Figure 1 (bottom).

For each classin Table 1, predefined LinLog-profiles of the temperature, wind and humidity have
been calculated (16), which represent idealized profiles for the meteorological class and different
ground types. For the application under specific conditions the profiles were shifted towards the
current temperature and humidity at the ground. The weather data used here had reference heights of 2
meters for temperature and humidity and 6 meters for wind direction. The profiles show considerable
variations close to the ground. However, towards greater heights (more than 100 m) they exhibit a
uniform behaviour with constant wind speed and direction, and an adiabatic lapse rate of 9.8 K/km for
unsaturated air respectively 6.5 K/km for saturated air. Absolut humidity is assumed to be unchanged
and hence relative humidity increases with height up to a maximum of 100%.
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Figure 1 — Radiation balance for an exemplary day in September 2013 at Zurich airport (top). In combination
with the wind speed the meteorological classes represent the different conditions during daytime (bottom).
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2.3 Profile data

The study includes flight data records (FDR) for 223 departures at Zurich airport, which are
provided by Swiss International Airlines for the sonAIR project. From this data, the air temperature
and the wind speed and its direction were processed to create vertical profiles like in Figure 2. In
sonAlR the FDR will further be processed in combination with the acoustical measurements (15) to
develop the sound emission model in function of the flight configuration.

All data considered in this paper originate from flights that have been measured within four weeks
between August 21 and September 13in 2013. Most of the departures of the A320-family took place at
daytime between 9 am. and 4 p.m. While variations of atmospheric conditions are therefore limited,
the temperatures still varied between 12°C and 28°C and the humidity between 20% and 80%. In
addition ten flights of the A340-300 and three other types were measured at night around 11 p.m.,
where the temperature was still around 17°C to 20°C and the humidity some 65%.

As an alternative, profile data of the numerical weather prediction model COSMO-2 was used as
input data for the propagation calculation. COSMO is the Consortium for Small-Scale Modelling of
the national weather services of Germany, Greece, Italy, Poland, Romania, Russia, and Switzerland
(10). MeteoSwiss, who provided the data, uses the local scale model COSMO-2 with agrid spacing of
2.2 km, which also includes the Alpine arc (17). In fact, the numerical model assimilates atmospheric
observation data from radiosonde, aircraft, wind profiler, and surface-level data. The provided hourly
profiles include temperature, humidity, and wind speed and direction for the level-surfaces 24 to 60
equaling heights above ground of approx. 10 m to 4900 m.

In Figure 2 the four types of profiles are exemplarily compared with each other. For a comparison
with a homogenous atmosphere based on momentary conditions, weather data at Zurich airport was
used at areference height of 2 m and is also plotted over height. Figure 2 shows an unstable situation
at 10 am., for which all data sources show asimilar pattern over the entire range of height up to 800 m.
In contrast Figure 3 depicts a situation where the different profiles deviate considerably. The
temperature decreases with increasing height for the COSMO-2 and FDR profiles, indicating an
unstable stratification. In contrast the idealized profile already assumes a neutral condition. In the
same way the humidity profiles differ strongly.
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Figure 2 — Temperature, wind and humidity profiles for an exemplary day at 10 am. in September 2013 at
Zurich airport. This example shows idealized profiles (blue solid line) in good agreement with profiles from
the numerical model COSMO-2 (magenta dashed line) and FDR data (red dash-dotted line). The dashed

black line represents a homogenous atmosphere with values measured at station height.
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Figure 3 — Temperature, wind and humidity profiles for an exemplary day at 9 a.m. in September 2013 at
Zurich airport. This example showsidealized profiles (blue solid line) in high divergence to profiles from the
numerical model COSM O-2 (magenta dashed line) and FDR data (red dash-dotted line). The dashed black
line represents a homogenous atmosphere with values measured at station height.

Further, the idealized profiles could not always reproduce the temporal transition of a stable
boundary layer at night to atypically unstable layer at a sunny day correctly. In Figure 4 the vertical
profiles of the idealized profiles and COSMO-2 data are compared for three different times of the day
between 9.30 a.m. and noon. For this sunny day (see Figure 1) the sunrisesalready at 7.30 a.m. and the
radiation balance leads to an unstable stratification already 2 hours later if the classification schemeis
applied. In contrast, the data of COSMO-2 indicate that the change of the stratification up to 500 mis
still ongoing until noon, the temperature and humidity profiles converge only slowly.
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Figure 4 — Selected temperature and humidity profiles for an exemplary day between 9 am. and 12 noon in

September 2013 at Zurich airport. The numerical model COSMO-2 (magenta dashed line) indicates that the

stratification from a stable boundary layer at night to atypically unstable layer at asunny day is still ongoing
until noon. The classification scheme already assumes an unstable stratification (blue solid line).
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In summary, FDR and COSMO-2 profiles of wind and temperature are generally highly consistent.
The extrapolation of temperature from ground conditions to greater heights as performed by the
idealized profiles seems to be valid in most cases. However wind and humidity profiles differ
significantly compared to the more sophisticated profiles from the COSMO-2 model.

2.4 Propagation calculation

In this paper only the influence of the atmosphere on sound propagation shall be analyzed.
Although the flight path of the 223 used departuresis available, the same generic source points from a
virtual flight path have been used for all flights to avoid differences in propagation due to different
flight path geometry. The scenario depicted in Figure 5 shows the three different source positions (S),
one 500 m above receiver R; and the othersin 45° and 30° angle with respect to the flight direction. A
second receiver R, was set 500 m sidewise. The receivers are set 4 m above a plain grassland terrain.

S, Flight path
> ——

%yl
\
\ ¢

Plane terrain, grasiand oR1

Figure 5 — Calculation scenario

In the following, the results are presented as attenuations Aweeo (EQ. (2)) of the propagation
calculation to show the differences between a homogenous atmosphere based on momentary local
conditions (LC) and on averaged conditions for Switzerland. Furthermore the results of the COSMO-2
data are compared to those of the homogenous atmosphere based on momentary conditions (Eq. (4)).
In addition the results of the idealized standard profiles (IP) are compared to those of COMSO-2
profiles (Eq.(5)). The differences of the attenuations for each one-third octave band up to 5 kHz are
shown in Sec. 3.1 and 3.2. In Sec. 3.3 the influence on the A-weighted sound exposure level Lag is
discussed.

As FDR data do not provide information on humidity data, this information was taken from
COM SO-2 for the sound propagation cal culation. However the results turned out to be very similar to
the calculations with COSMO-2 profiles and are therefore not shown and discussed further.

AA c_cosvo = AMeteo,LC - AMeteo,COSMO (4)

AAp_cosvo = AMeteo,IP - AMeteo,COSMO (5)

3. RESULTS

Distributions of the calculated differences of air absorption are presented for the 223 departures
respectively their assigned meteorological situations. For each one-third octave band the differences
are shown as Box-Whiskers-plots (cf. legend in Figure 6). Providing the most reliable data COM SO-2
will be used as reference for the comparison of results.

3.1 Differences between homogenous atmospheres

In afirst step, the attenuation of a homogenous atmosphere based on momentary conditions at the
ground is compared to the attenuation of homogenous atmosphere with averaged values of 8°C and
76% for Switzerland. The results for the closest point of approach (CPA) in Figure 6 showed only
minor variations less than 0.6 dB below 500 Hz. Between 500 Hz and 1.6 kHz mean values of approx.
+0.5 dB resulted with maximum values of +1.9 dB and positive minima (except for 1.6 kHz). Hence
the momentary conditions always led to higher attenuations than the averaged atmosphere. For high
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frequencies the trend changed to negative differences but showed much higher variations in both
directions. The mean value of the 5-kHz-band was —4.3 dB with a minimum value of —10.3 dB and a
maximum of +15.0 dB.

Figure 7 shows the attenuation spectra for the largest propagation distance of 1118 m. The same
trend is observed as for the CPA with aturn to negative values at 2 kHz. The mean values for 500 Hz
to 1.6 kHz ranged from +0.5 dB to +1.0 dB with maximal values from +2.0 dB to +4.3 dB and also
positive minima. The high frequencies showed higher negative mean dissipation for an atmosphere

based on momentary conditions, again with large deviations between —23 dB to +34 dB.
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Figure 6 — Variation of air absorption of ahomogenous atmosphere shifted to momentary conditionsat 2 mto
auniform atmosphere with averaged conditions. Results for the propagation S1 to R1 at 500 m distance.
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Figure 7 — Variation of air absorption of ahomogenous atmosphere shifted to momentary conditionsat 2 mto
a uniform atmosphere with averaged conditions. Results for the propagation S3 to R2 at 1118 m distance.

3.2 Differences of the profile data sources

In this section the results are presented only for 250 Hz to 5 kHz because the variation of low

frequencies is negligible. Figure 8 (left) shows the variations in air absorption between the
homogenous atmosphere at momentary conditions and the COSMO-2 profiles for S1 to R1. Below 2
kHz the mean values were slightly positive. In contrast, above 2 kHz the mean differencesincreased up
to —3.6 dB for 5 kHz with large variations of —17.4 dB to +5.7 dB. Figure 8 (right) compares the
propagation from S3to R2. Thetrend issimilar, but with larger variations for mid and high frequencies
as a consequence of the greater propagation distance.

The variance of the idealized profiles compared to the COM SO-2 profilesis presented in Figure 9.
For both spectra there were no variations higher than 0.5 dB below 1 kHz. For higher frequencies the
mean valuesfor Figure 9 (Ieft) decreased to 4.2 dB at 5 kHz varying from-17.3 dB to 2.3 dB. In Figure
9 (right) the mean values also decreased to 3.4 dB but varied from —15.1 dB to 8.1 dB.
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Figure 8 — Differencesin air absorption between a homogenous atmosphere at momentary conditions and
COSMO-2 profiles. Results for the propagation S1 to R1 (500 m) and S3 to R2 (1118 m).
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Figure 9 — Differencesin air absorption between idealized profiles and COSMO-2 profiles. Results for the
propagation S1 to R1 (500 m) and S3 to R2 (1118 m).

3.3 Influence on the resulting sound exposure level

Theresultsin Sec. 3.1 demonstrate considerable variations of air absorption for frequencies above
250 Hz. The question thus arises how relevant these variations are for the resulting Lag. Therefore
sound emission directivities of 35 Airbus A320 were averaged and the resulting A-weighted spectraas
well asthe total Lag at receiver R1 were calculated (Figure 10). Then, the differences to the Lag were
determined for the mean difference and minimal and maximal variations of Sec. 3.1.

Variations at frequencies above 2.5 kHz have almost no influence on the Lag (<0.1 dB(A)),
particularly due to the high absolute atmospheric absorption. The same applies for frequencies below
125 Hz that are highly attenuated by the A-weighting. The influence between a homogenous
atmosphere at local and average conditions on the Lag for 500 m (S1R1) is—0.2 dB(A) as a mean but
variesfrom-1.4dB(A) to 0.3dB(A) for singleflights. At 1000 m (S3R1) the mean variation on the Lag
is—0.6 dB(A) with arange from —2.6 dB(A) to 0.2 dB(A).

In the same way the influence of the differences in air absorption between a homogenous
atmosphere at momentary conditions and COSMO-2 profilesare—0.6 dB(A) to 1.3 dB(A) at 500 m and
—-0.9 dB(A) to 0.4 dB(A) at 1000 m. The differences in calculated air absorption of idealized and
COSMO-2 profiles change the Lag from —0.2 dB(A) to 1.5 dB(A) at 500 m and from —0.5 dB(A) to 0.7
dB(A) at 1000 m.

As Figure 9 shows, the differences between idealized and COSMO-2 profiles at frequencies above
1 kHz are of the same order of magnitude as the variance between the homogenous atmosphere at
momentary conditions and COMSO-2. However, for mid-frequencies below 1 kHz, which strongly
influence the L g, the variations are small.
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Figure 10 — Influence of the variance of dissipation on the A-weighted spectrum at the receiver R1 of the
A320 for theincidence from S1 (90°) and from the front at S3 (30°). The indicators represent the minimal and
maximal variations between the homogenous atmospheres at momentary resp. averaged conditions.

4. DISCUSSION

In this study, a considerable dependence of the sound level at higher frequencies on varying
conditions of temperature and humidity were found. For the frequency bands considerably effecting
the resulting A-weighted level the differences are smaller but still in the range of several decibel.
Looking at the mean values it can be seen that the deviations between the different datasets show a
clear trend, hence having a systematic influence also on the resulting long-term averages.

Comparing the different sources for meteorological data, prediction models such as COSMO-2
seem most reliable. While FDR data are in good agreement with COSM O-2 for wind and temperature
(Sec. 2.3), they provide no humidity data. In addition to the fact that FDR-data cannot be used as sole
data source, the availability of FDR data is usually restricted and also the accuracy of input data
depends on the type of aircraft. Therefore FDR data alone is not an appropriate source for
meteorological data.

The use of standardized profiles of the atmosphere which are normalized to conditions at the
ground as shown in Sec. 2.2 has a beneficial effect on the accuracy of the sound propagation
calculation compared to the assumption of a homogenous atmosphere. The advantage of this approach
is that profiles can be generated with very few, easily accessible input data. However the identified
weakness in reproducing correct humidity profiles|eadsto considerable differences of theresulting air
absorptions compared to calculations based on COSMO-2 data.

When generalizing the results, one must consider that this study its base on data of four weeksin
late summer only. For cold and dry days the trend of the differences between homogenous atmospheres
may reverse. However, the variance of air absorption is expected to be of the same order of magnitude
as the results presented here. In contrast, the variations between the homogenous atmosphere at
momentary conditions and idealized profiles to the COSMO-2 profiles are not expected to change
considerably and the following conclusions can also be regarded as generally applicable.

5. CONCLUSIONS

The use of momentary ground conditions of temperature and humidity isan important improvement
compared to a uniform atmosphere with averaged conditions for the calculation of single flights.
Additionally a correct reproduction of the stratification in the propagation calculation has again a
beneficial effect on the accuracy of the resulting Lag. In particular, the use of data from weather
prediction models such as COSMO-2 is assumed to be the most accurate solution. Specifically for the
development of the emission model, in which single flight events are reversely transformed to the
source, it isrecommended to make use of such detailed input data. Although high frequencies over 2.5
kHz are negligible for the Lag above 500 m, the large variation of the air absorption could lead to large
errorsin this band.
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It turned out that idealized profiles are not able to replace the more detailed profiles from
COSMO-2. The assumptions, particularly for the humidity but also for the temperature above 100 m
often lead to an extrapolation of the ground conditions, which is not valid for greater heights. Hence,
the differences in air absorption compared to the COSMO-2 profiles, which are considerable for
frequencies above 1 kHz, change the Lae and result in aless accurate prognosis for single flights.
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