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Abstract

In the past years, consciousness about health and environment are forcing each
day to restrict the maximum allowed noise levels at the cities and big urban areas,
leading to more accurate noise prediction tools that can include a much bigger number
of parameters that influence the propagation itself as well as achieve a more complex
propagation model with less computational demand and which is more user friendly,
promoting this way that further developments can be made faster and better.
This dissertation work starts by presenting the fundamentals of acoustic physics,
and then the used numerical method that predict the sound propagation in the
atmosphere as well as its limitations.
The main goal of this thesis is to study the sound propagation in the atmosphere
produced by an aircraft’s departure from Montijo’s airport and to use a numerical
application which allows to incorporate the variance in the source position with some
of the parameters that were used in the C language program which perform the
calculations.
In order to achieve so, it was elaborated a Matlab script that generate the inputs of
the executable and allows to obtain the noise levels for different situations of interest,
accordingly to ANP database procedures for aircraft departures within the flight path
suggested by the NAV-Portugal.
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1. Introduction

Humanity is living in a world with perma-
nent contact with noise, remaining each day
less places on Earth where we are totally
free from undesirable sounds. Noise can
frustrate and impede speech communication
and it can represent a physical health haz-
ard as well since the exposure to high noise
levels can cause permanent hearing loss be-
sides depression and anxiety.

In the last years, society’s growing envi-

ronmental and health conscience has leaded
the national authorities to reinforce existing
legislation concerning the maximum permis-
sible noise levels. Towards the described
context, the knowledge of the sound propa-
gation assumes a growing importance.

Nowadays all the previous studies asso-
ciated with the construction of new infras-
tructures or the renewing of another ones,
that can generate significant levels of noise,
namely airports, evolves the need for count-
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less studies, which take into account an in-
credible amount of parameters in order to
achieve precise results. In this scope, there
has been a continuos effort to decrease air-
craft noise emissions through specified plan-
ning of procedures for the flight paths al-
lowed in the vinicity of airports.

The existent methods to calculate the
sound level in a given atmosphere, have dif-
ferent degrees of complexity, accuracy and
speed. Some of them do not incorporate
many parameters that influence the real at-
mospheric sound behavior or are computa-
tionally inefficient. As proven in previous
studys [3], the GFPE method is the most
suitable one to study sound propagation in
the atmosphere. Using this method, it was
developed in previous studys a computa-
tional program in C language to calculate
the sound field between a sourcer and a
receiver, where it’s included several inputs
that represent the most significant parame-
ters of sound propagation phenomena. This
method puts together the best accuracy and
computational effort of each of the existing
methods and its results were validated by
comparison to well known benchmark re-
sults.

Finally, in order to apply the sound prop-
agation to a real case scenario, it was de-
veloped a Matlab program in which is cal-
culated an aircraft departure trajectory fol-
lowing the ECAC Vol.II procedures along
the flight path suggested by NAV-Portugal.

2. Theoretical Fundamentals
Sound is a mechanical wave, which is an os-
cillation of pressure transmitted through a
medium, composed of frequencies within the
range of hearing and with a level sufficiently
strong to be felt by human eardrums and
that ultimately results in listening.

Sound pressure in a atmosphere is the lo-
cal pressure deviation from the average at-
mospheric pressure caused by a sound wave.
The sound pressure level (SPL) is a logarith-
mic measure of the effective sound pressure
of a sound relative to a reference value. Its

value is measured in decibel and is given by
the following equation,

LP = 10log10

(
1

2

|p2
c |

p2
ref

)
(1)

It is also useful for benchmarking pur-
poses to define another parameter called
Sound Transmission Loss [9] which is a
quantification in decibels of how much en-
ergy is prevented from traveling through a
medium and it can be obtained by,

STL = 10log10
|pc|2

|pfree|2r=1

(2)

Where |pfree|2r=1 is the sound pressure
from a direct acoustic field at 1 meter from
the source.

2.1. Homogeneous Atmosphere
In a homogeneous atmosphere with no
wind neither boundaries or surfaces, sound
propagation is strictly axisymmetric and
there is no angle dependence.It is also
assumed that average density and pressure
remain constant and therefore the sound
wave propagation is influenced by three
main cases:
1 - Acoustic spreading - The sound wave
travels from a source with an increasing
radius through distance,where the sound
intensity decreases as the surface of the
wave front expands. The resulting dissi-
pation is dependent on the propagation
distance and independent of frequency.
2 - Atmospheric absorption - As sound
waves pass through the atmosphere, they
lose energy in a gradual process that
depends on air temperature, humidity and
also atmospheric pressure. Air absorption
attenuates high frequency components
faster than low frequency ones and this is
why the sound from distant traffic or jets
usually have a low rumbling character.
3 - Ground absorption - The proximity to a
ground surface results in a complex interac-
tion between the sound waves causing local
cancellation of direct and ground-reflected
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sound waves. Considering an aircraft flying
situation where it is not bounded by any
ground surfaces, there are still sound waves
that reach the ground, where part of each is
reflected to the air and other part absorbed
by the ground.

2.2. Inhomogeneous Atmosphere
Acoustical propagation direction is largely
affected by wind gradients as well as tem-
perature gradients. Regarding wind effect,
when it blows from the receiver to the source
direction, it makes the sound waves to bend
upwards from the ground. This create a
zone of quiet at large distances, and this
zone it is called sound shadow. When the
wind blows in the same direction as the
sound, sound waves are bended downwards,
which can increase significantly the level of
noise reaching distant receivers [4].

Regarding temperature gradients, they
produce similar bending effects. During
daytime conditions, when usually air is
warmer near the ground, sound is bent up-
wards away from the ground which under
calm conditions may cause sounds shadows
in all directions from the source.

In this thesis it will be incorporated
the effect of atmospheric refraction, which
means that the sound speed in the at-
mosphere depends on temperature, where
higher temperature yields faster sound
propagation. The sound speed expression
is presented below.

c = c0

√
T

T0

(3)

3. GFPE Formulation
3.1. Inhomogeneous Helmholtz equation
Considering a monopole source in a mov-
ing atmosphere with a non constant sound
speed profile, the corresponding three di-
mensional Helmholtz equation is

k2
eff∇.(k−2

eff∇.pc) + k2
eff∇pc = 0 (4)

As the majority of sound propagation
models is based on a two-dimensional atmo-

sphere, further simplifications may be ap-
plied to the three dimensional Helmholtz
equation, obtaining the following expression

1
r
d
dr

(r dpc
dr

)+k2eff
d
dz

(k−2
eff

dpc
dz

)+ 1
r2

d2pc
dφ2

+k2effpc=0 (5)

In the axisymmetric simplification we
consider that the sound field is independent
of the azimuthal angle and therefore we can
neglect the third term on the left-hand side
of the previous equation while assuming the
far-field approximation, where the resulting
equation is

d2qc
dr2

+ k2
eff

d

dz
(k−2
eff

dqc
dz

) + k2
effqc = 0 (6)

For most numerical applications, the sec-
ond term of previous equation can be ap-
proximated by [8]

k2
eff

d

dz
(k−2
eff

dqc
dz

) ≈ d2qc
dz2

(7)

Resulting in the final equation which is
the basis for the derivation of the GFPE
propagation model.

d2q

dr2
+
d2q

dz2
+ k2q = 0 (8)

3.2. Kirchhoff-Helmholtz integral equation
The two dimensional Kirchhoff-Helmholtz
equation can be obtained assuming that the
wave field P(r) is independent of the y co-
ordinate [6]

P (rA)=− 1
4π

∫
C [P (r)∇g2(r,rA)−g2(r,rA)∇P (r)]ndS (9)

It is possible to rewrite the two dimen-
sional Helmholtz equation by the following
expression,

∇2P (r) + k2(r)P (r) = 0 (10)

The integral known in acoustics as the
Rayleigh II integral is expressed as

P (rA) =
1

2π

∫ +∞

−∞
(P (r)

dg(r, rA)

dx
)x=x0dz

(11)
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A derivation of the governing equation of
the GFPE method can be obtained by ap-
plying the residue theorem and manipulat-
ing the integrals in order to get a unique
dependence on the wave number [8],

q(∆r + r, z) =
1

2π

∫ +∞

−∞
ei∆r
√
k20−k2z

eikzzdkz

∫ +∞

0

e−ikzz
′
q(r, z′)dz′

+
1

2π

∫ +∞

−∞
R(Kz)e

i∆r
√
k20−k2z

eikzzdkz

∫ +∞

0

eikzz
′
q(r, z′)dz′

+2iβe−iβzei∆r
√
k20−β2

∫ +∞

0

e−iβz
′
q(r, z′)dz′

(12)
The three terms of the right hand side

of the equation above represents the sum
of different types of sound waves. The first
term represents the direct wave, the second
term represents the wave reflected by the
ground and the third term represents the
surface wave. This is the applied equation
for the Green’s Function Parabolic Equation
method.

4. Numerical Implementation
As the GFPE method is a step by step ex-
trapolation of the sound field , a two di-
mensional rectangular grid is used, with two
grid parameters (horizontal spacing and ver-
tical spacing ) depending on frequency. The
length of the numerical grid is defined by the
number of horizontal steps necessary to re-
produce the horizontal distance between the
source and the receiver.

4.1. Starting Field
It is used a Gaussian starting field defined
as

q(0,z)=e
−k2az

2

B
√
ika(A0+A2k2az

2+A4k4az
4+A6k6az

6+A8k8az
8)

(13)
where the coefficients A and B are depen-

dent on the order of the Gaussian field and
for convenience are presented on the follow-
ing table

Figure 1: Values of coefficients A and B

4.2. Artificial Absorption Layer
The discrete formulation of the governing
equations requires a finite length of the at-
mosphere and consequently introduces un-
wanted and unrealistic reflections of sound
waves at the top of the numerical grid.

This numerical error can be eliminated
by introducing an artificial absorption layer
at the top of the grid which attenuates the
sound waves travelling upwards and reach-
ing the maximum height discretized.

The implementation of such attenuation
layer involves the manipulation of the wave
number at the affected grid points by adding
an imaginary part to its real value as fol-
lows,

kabs = k(z) + iα(z) (14)

Where,

α(z) = A(
z − zabs
ztop − zabs

)2 (15)

and A is a frequency dependent attenuation
factor,zabs is the initial height of the absorp-
tion layer and ztop is the maximum height of
the numerical grid.

The absorption layer used has a thick-
ness based on the wavelength of travelling
sound waves and is typically delimited by
50λ and 100λ to avoid increasing the size of
the Fourier transforms used in this propa-
gation method.

4.3. Window Function
The window function acts like a numerical
filter in k domain, suppressing the errors
caused by the discrete sampling of the in-
verse Fourier Transform, without changing
the value of the cumulative sum given by,

C(kn) =
n∑
i=0

S(ki) (16)
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The summand is multiplied by the win-
dow function to suppress its rapid oscilla-
tions

1, |k| < 0.5Ka

cos2(π(|k|−0.5ka)
ka

), 0.5ka ≤ |k| ≤ ka

0, |k| > ka

(17)

4.4. Alternate Refraction Factor
In the Green’s Function Parabolic Equation
method, atmospheric refraction was taken
into account by multiplying the solution by
a exponential factor given by

ei∆rδk
2(z) (18)

4.5. GFPE’s Validation
The following figure describes the three test
cases, which have a non-refracting atmo-
sphere, where the sound speed profiles for
each test case are given by the following fig-
ure,

Figure 2: Sound speed profiles for each test
case

For the simulation, were assumed three
source frequencies and two different ranges
for the observer: 10Hz, 100Hz and 1000Hz
and considering a range of R=200m and
R=2000m and the ground is assumed to be
transversely uniform, to have range inde-
pendent properties and to be a completely
flat ground surface.

Figure 3: Ground parameters for the test
cases

The ground impedance values are ob-
tained with the following equation [1],

Zg =
wρb
kbρ0c0

(19)

Some of test case results are displayed be-
low and were successfully compared to the
benchmark results found in the literature [2]

Figure 4: Transmission loss for 10Hz - Test
case 1

Figure 5: Transmission loss for 100Hz - Test
case 1

Figure 6: Transmission loss for 10Hz - Test
case 2

Figure 7: Transmission loss for 100Hz - Test
case 2

Figure 8: Transmission loss for 10Hz - Test
case 3
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Figure 9: Transmission loss for 100Hz - Test
case 3

5. ECAC Trajectory Model
Typically, modelling systems comprise
three main elements, starting by an input
of airport and aircraft data such as the
runway heading and altitude and weather
conditions, the aircraft’s engines and flaps
coefficients and a set of procedural steps
to be modelled.This is followed by the
application of the model, which processes
the given input and converts it into an
accurate and detailed flight path, which is
then used to calculate the noise levels at
the observer due to that flight departure.
A briefly description of the steps in this
process are the following:
1. Pre-Processing of Airport Data
2. Definition of Flight Path
3. Noise level at the observer

Having a trajectory defined by a sequence
of points and the mentioned parameters at
each of them, it is possible to start calcu-
lating noise levels received in different lo-
cations relatively to a single aircraft. The
most common metrics used in modern air-
craft noise indices are single-event sound ex-
posure levels LE which take into account all
the sound energy in the events, and its exact
values are given by the following equation,

LE = 10 log(
1

t0

∫ t2

t1

10
L(t)
10 dt) (20)

Where t0 corresponds to a reference time
value, L(t) is a noise level curve in function
of time and [t1, t2] is the time interval which
should be chosen in such way that ensures
that all the sound resulting from the event
is comprised.

It is also used the metric Lmax that is
the maximum instantaneous level in the

event.These two metrics will be calculated
in this model in a different scale of noise,
using the A-weighted filter to represent the
human ear’s sensitivity to different frequen-
cies, resulting in the metrics LAmax and
LAE. This last one can be obtained through
the following expression,

LAE = 10 log(
1

t0

∫ t2

t1

10
LA(t)

10 dt) (21)

with t0 = 1 second.

5.1. Coordinate System
It was necessary to define the coordinate
systems to be used. With this in mind it
was chosen a fixed local coordinate system
with its origin at the Montijo’s aerodrome
track.

It was also necessary a one dimensional
coordinate system which follows the ground
track,where its axis is the ground track dis-
tance s and has its center on the start of
roll in the runway in use. This will be the
main system used while modelling the flight
paths as it’s specific for each ground track,
representing a distance s measured along
the track throughout the flight direction. In
this system, any flight operation parameter
is function of the distance s. For the scope
of this thesis, all the distances refered to
Montijo’s Aerodrome used were measured
acquired through Google Maps Tools.

A third and last reference system fixed to
the aircraft will be used in situations where
it’s important to know the aircraft’s posi-
tion.

5.2. Aircraft Trajectory
The modeling approach presented in this
thesis evaluates procedures to define a small
set of trajectory model parameters. The
model parameters are grouped according to
typical phases of flight. It is in the scope
of this thesis to calculate the trajectory of
an aircraft departure, in which are included
the following stages of a flight:
1. Take-off Roll
2. Take Off
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3. Initial Climb
It was assumed changes of flight parame-
ters between flight-phase events and all air-
craft accelerations and decelerations were
executed at a constant rate. Most flight
phases defined here involve one speed tran-
sition where a new target airspeed is estab-
lished at the beginning of a phase and main-
tained throughout the remainder of a phase
[7].

5.3. Flight Profile

The parameters describing each flight
profile segment at the start and end of the
segment are:
s1, s2 distance along the runway
z1, z2 aircraft altitude
V1, V2 aircraft groundspeed
P1, P2 power parameter
ζ1, ζ2 bank angle

To build a flight profile from a set
of procedural steps (flight path synthe-
sis), segments are constructed in sequence
to achieve required conditions at the end
points[10]. The end-point parameters for
each segment become the start-point pa-
rameters for the next segment.

In any segment calculation the parame-
ters are known at the start; required con-
ditions at the end are specified by the pro-
cedural step and the steps themselves are
defined by the ANP database. The end con-
ditions are usually height and speed and
the profile building task is to determine
the track distance covered in reaching those
conditions.

The result is a sequence of co-ordinate
sets (x, y, z), each being either a node of the
segmented ground track, a node of the flight
profile or both, the profile points being ac-
companied by the corresponding values of
height z, ground speed V , bank angle ζ and
engine power P .

5.4. Departure Flight Path

The script reads the information from
the CSV datasheets from ANP Database

refering to Airbus A320-211 with motors
CFM565 and reads the parameters to ex-
ecute the flight path segmentation. All the
trajectories follow the procedural departure
steps from ECAC Vol.II and simultaneously
the flight path sugested by the NAV study
[5] with 10% climb rate.

For the several simulated trajectories it
was adopted a turning radius of 5.000ft (test
case 1), 10.000ft (test case 2) and 20.000ft
(test case 3) and for all and each one of them
the climbing rate was constant.

It is generated a text file with the sev-
eral coordinates (x, y, z) of the aircraft for
the coordinate system framed in Montijo’s
groundtrack and also the absolute distance
from the aircraft to the observer.

The the several trajectory plots for each
test case are displayed below, with the inter-
est zones PISCO and DANIL zones marked.

Figure 10: Flight path - Test case 1 with
turning radius of 5.000ft

Figure 11: Flight path - Test case 2 with
turning radius of 10.000ft

6. Noise Levels Results

The obtained noise levels are related to a
fixed receiver located at EXPO woth coor-
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dinates 38◦46009.5”N9◦05032.9”W during
the aircraft departure from Montijo.

Figure 12: Test case 1 - Homogeneous

Figure 13: Test case 1 - Downward

Figure 14: Test case 1 - Upward

Figure 15: Test case 2 - Homogeneous

Figure 16: Test case 2 - Downward

Figure 17: Test case 2 - Upward

Figure 18: Test case 3 - Homogeneous

Figure 19: Test case 3 - Downward

The results suggest that there are very
little differences for the three test case tra-
jectorys and that is because the three have
the turning zone situated at the same loca-
tion in which the distance is minimum to the
observer. This results in approximately the
same range between the source and the re-
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Figure 20: Test case 3 - Upward

ceiver and therefore it is not expected that
the noise levels vary that much. We can
also notice that the maximum noise levels
at the observer have a similar evolution for
the homogeneous and the downward refract-
ing atmosphere and that is supported by
the fact of the distance being large where
the noise levels are not that much changed.
Also for every plot we can see a displace-
ment between the minimum distance and
the maximum noise which has the value of
the time that sound needs to propagate in
the atmosphere. In other words, when the
aircraft is at its nearest position from the
receiver, it takes a certain time to travel
and therefore the maximum noise level its
just perceived at the receiver after a while,
corresponding to the time that the sound
takes to travel along the distance between
them for a constant sound speed. In the
test case 1 trajectory the maximum noise
level at the observer is 50 dB for the homo-
geneous atmosphere while for the downward
refracting atmosphere is 53 dB. This small
change is due to the fact that the sound
waves are bend downward through out its
path and this allows to reach higher lev-
els for the same travelled distance, however
since the distance is very large the differ-
ence is very little and probably unnoticed
by the observer. For the upward refract-
ing atmosphere simulation the noise levels
are more attenuated than in the other types
and only reach a maximum level of approx-
imately 46 dB with a much more smooth
evolution along the time history. Therefore

it is possible to conclude that an upward
refracting atmosphere is better for attenu-
ating noise levels generated by aircraft de-
partures. For the test case 2 and 3 trajec-
torys the noise levels perceived by the ob-
server are in the same range of values that
the test case 1 and this suggests that the
turning radius after the PISCO zone does
not influence much the noise levels at the
observer since that the difference of the dis-
tances between the observer and the source
are very small when compared to the over-
all distance that the sound travels. From a
practical point of view it is possible to claim
that taking into account the predicted levels
of noise at the specified observer, the Mon-
tijo’s future airport won’t generate signifi-
cant levels of noise at the riverside zone of
Lisbon since these noise levels are similar to
those generated in a normal conversation.
Taking into account that in this zone there
is a considerable ammount of cars traffic and
that it has a large train station where it is
expected that the normal noise levels in this
zone reach near 80 dB during the most busy
hours, we can affirm that the noise gener-
ated by an aircraft departure is almost or
totally unnoticed at the observer location.

Finally, the Sound Exposure Level (SEL),
which accounts the integration of the SPL
curve during the aricraft departure proce-
dure, was obtained. As the relevant sound
energy for the 10 dB down integration is
concentrated around the maximum SPL
value, only a small part of the aircraft’s tra-
jectory is considered in the calculations due
to the rapid evolution of the SPL curve at
the proximity of the maximum SPL value.

Figure 21: LAE and Lmax values for Test
case 1
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Figure 22: LAE and Lmax values for Test
case 2

Figure 23: LAE and Lmax values for Test
case 3

Conclusion

The results obtained in this thesis include
multiple simplifications that should be con-
sidered, as for example the exclusion of tur-
bulence and wind, however, for the purpose
of this thesis, it was possible to take a no-
tion of how much predicted impact the noise
produced by an aircraft takes on a person
while within a radius of considerable large
distance. The obtained results made possi-
ble to take some conclusions, being briefly
concluded that for an Airbus A320 with mo-
tors CFM565, a single individual would per-
ceive a very low noise level during a Mon-
tijo’s airbase departure, and therefore, the
impact generated for the Oriente living zone
is predicted to be insignificant when com-
pared to the noise levels already existing.

For a more realistic and accurate study,
several developments should be included
as for example the consideration of a tur-
bulent atmosphere and also atmospheric
wind. The ground surface should be de-
veloped in detail in order to be possible
to simulate noise barriers and other topo-
graphic features and obstacles, and should
even be considered different ground mate-
rials not forgeting the aircraft cinematics,
which also play a very important role, and
which should be included with much more
detail in the algorithm to allow to obtain a
more realistic flight path.
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