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Abstract

There is an extensive literature on the effects
on noise of ground impedance and barriers [1-
4] and atmospheric attenuation and wind [5-10]
These effects are particularly important for heli-
copters, due to their ability to operate in limited
spaces near populated areas; the full exploitation
of the dynamical abilities of helicopters can be
restricted by noise limits. Within the noise limits
the ground and atmospheric effects can influence
the operational envelope of the helicopter.

The present paper contains 6 models of heli-
copter noise addressing specifically the effects of
sound reflection and atmospheric absorption.

The baseline model I is a single reflection
point over flat ground and relies on the following
assumptions: (i) isotropic, point source of sound
emitting spherical waves (valid if the distance of
observer is large relative to the helicopter size);
(ii) static source (neglects Doppler effects for he-
licopter speed small relative to sound speed); (iii)
flat, horizontal ground (excludes mountainous
ground and obstacles, hence no multipath effects
or wide area or multiple scattering); (iv) homoge-
neous atmosphere (neglects density and tempera-
ture, or sound speed, stratification, hence refrac-
tion effects); (v) atmosphere at rest (no wind or
mean flow convection effects on sound); (vi) uni-
form ground impedance (same ground composi-
tion everywhere all the time, excludes different
soils, humidity changes during the day, etc.)

The following extensions relax some restric-

tions of the baseline model to include: (i) non-
flat ground including multiple paths in model II;
(ii) wide area scattering by flat ground in model
III; (iii) single scattering by mountainous ground
in model IV. Besides effects of ground reflec-
tion, those of atmospheric absorption are also
considered in the same instances: (i) atmospheric
absorption over flat ground extends model II to
model V; (ii) atmospheric absorption in the case
of uneven ground, including wide area scattering
extends model III to model VI. The application of
all six models depend on the calculation of reflec-
tion points, which is done for: (i) reflection from
flat ground, applicable to models I and V; (ii) re-
flection from a two-dimensional slice of ground,
applicable to model II; (iii) reflection from a line
or region over three-dimensional rough ground,
applicable to models III, IV, and VI. For each of
these models, formulas for the SPL (sound pres-
sure level) variation and the phase shift of acous-
tic pressure are presented.

The methods presented are illustrated by ap-
plying models I and V to horizontal flight over
flat ground with uniform impedance.

1 Sound reflection from flat or uneven
ground

The ground effect on sound reflection is consid-
ered starting with flat ground, and then proceed-
ing through mountainous ground in two and three
dimensions to wide area scattering.
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1.1 Baseline model I of reflection by flat
ground

The baseline model I relies on the assumptions
indicated in the introduction.

The Figure 1 shows thesource-observer co-
ordinate system: (i) thex-axis is horizontal and
the z-axis vertical in the vertical plane passing
through sourceS and observerO; (ii) the y-axis
forms a right-handed triad, and the origin is any
point on the intersection of the vertical plane with
the ground. For definiteness the origin may be
taken on the ground, in the vertical through the
observer, in which casexO = 0.

(xs , zs)

S

(x0, z0)

O

r1

r2

r3

R xr x

z

θ θ

Fig. 1 Source-Observer coordinate system:
sound sources atS = (xs,zs) and observer atO =
(x0,z0).

Using the vertical plane through the source
and observer, i. e. the line-of-sight plane, the di-
rect received acoustic pressure is:

p0 = eikr1/r1 (1)

where a constant amplitude is ommited, andr1 is
the distance from observer to source:

r1 ≡
∣

∣(x0− xs)
2+(z0− zs)

2
∣

∣

1/2
. (2)

Line-of-sight reflection occurs at the reflection
point R ≡ (xr,0), such that the angles of inci-
dence and reflectionθ are the same,

(x0− xr)/z0 = tanθ = (xr − xs)/zs. (3)

This can be solved forxr:

xr = (x0zs + xsz0)/(z0+ zs), (4)

to specify the position of the point-of-reflection.
The sound field reflected in line-of-sight:

pr = R
eik(r2+r3)

(r2+ r3)
, (5)

consists of: (i) a spherical wave from the sound
source to the reflection point at distance:

r2 ≡
∣

∣(xs − xr)
2+(zs)

2
∣

∣

1/2
, (6)

and from the reflection point to the observer, at a
distance:

r3 ≡
∣

∣(x0− xr)
2+(z0)

2
∣

∣

1/2
. (7)

(ii) a reflection coefficient, which can have a
modulus|R| < 1 and a phase arg(R) and depends
on ground properties. The total acoustic field

pI = p0 + pr =
eikr1

r1
+R

eik(r2+r3)

(r2+ r3)
, (8)

is the sum of the direct (1) and reflected (5) fields.
The effect on the acoustic energy of the

ground reflection of the free acoustic field:

EI = |pI|
2/|p0|

2 = |1+ pr/p0|
2 (9)

in the present case is:

EI =
∣

∣

∣
1+[r1/(r2+ r3)]Reik(r2+r3−r1)

∣

∣

∣

2
. (10a)

This corresponds to a change in SPL (sound pres-
sure level) in a decibel (dB) scale:

AI = 10logEI =

10log

{

1+

[

r1

r2+ r3

]2

|R|2+

2r1|R|
r2+ r3

cos[k(r2+ r3− r1)+arg(R)] .

}

(10b)

The phase of the acoustic pressure has a varia-
tion:

ΦI = arg(pI)−arg(p0) = arg(pI/p0) =

arccot[Re(pI/p0)/Im(pI/p0)], (11a)
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and is given in the case (10b) by

ΦI = arccot

{

cot[k(r2+ r3− r1)+arg(R)]+

[

r2 + r3

r1|R|

]

csc[k(r2+ r3− r1)+arg(R)]

}

(11b)

The change in SPL in (10b) and the change in
phase of the acoustic pressure (11b) are valid for
arbitrary reflection factorR, which may involve
an amplitudeR and a phase arg(R).

1.2 Model II for multiple path in mountain-
ous terrain

The extension to non-flat ground requires knowl-
edge of the terrain profile

z = h(x), (12)

in the plane of line-of-sight, i. e. in the source-
observer coordinate system. The formula for the
reflected (5) and hence for the total (8) acoustic
pressure remains valid if the slope of the terrain
is neglected:

(

dh
dx

)2

≪ 1, (13)

so that the angles of incidence and reflection are
still measured from a vertical normal direction.
The difference from the case of flat ground is that
the location of the reflection point is no longer
given by (3)≡(4), because the reflection point is
no longer at zero height:

Q ≡ (xr,h(xr)). (14)

Thus the condition (3) is replaced by:

[z0−h(xr)]

(xr − x0)
= cotθ =

[zs −h(xr)]

(xs − xr)
, (15a)

which states again the equality of the angles of
incidence and reflection. In (15a) the terms de-
pendent on the reflection pointxr are separated
on the r.h.s.:

x0zs + xsz0

z0 + zs
= xr +

x0 + xs −2xr

z0+ zs
h(xr). (15b)

Given the sourceS ≡ (xs,zs) and observerO ≡
(x0,z0) position, the solutions of (15b) forxr give
the reflection(s) point(s) in line-of-sight. There
may be onexr or severalxr j , with j = 1, . . . ,M,
depending on the terrain (12). The total sound
field:

pII =
eikr1

r1
+

M

∑
j=1

R j
eik(r2 j+r3 j )

r2j + r3j

, (16)

involve a sum over all the reflection points, where
the reflection factorR j may vary with the reflec-
tion point andr2j andr3j are the distances from
the source and observer, respectively, to thej-th
reflection point. The effect on the acoustic energy
is obtained substituting (16) in (9):

EII = |pII/p0|
2 =

∣

∣

∣

∣

∣

1+
M

∑
j=1

R j
[

r1/(r2j + r3j)
]

eik(r2 j+r3 j−r1)

∣

∣

∣

∣

∣

2

,

(17a)

or, the change in SPL on a decibel scale:

AII ≡ 10logEII =

10log

{

1+
M

∑
j=1

[

r1/(r2j + r3j)
]2
|R j|

2+

2
M

∑
j=1

r1

r2j + r3j

cos
[

k(r2j + r3j − r1)+arg(R j)
]

+

2
M

∑
j=1

j−1

∑
l=1

r1

(r2j + r3j)

r1

(r2l + r3l )

∣

∣R j
∣

∣ |Rl|×

cos
[

k
(

r2j + r3j − r2l − r3l

)

+

arg(R j)−arg(Rl)
]

}

. (17b)

The change of phase of the acoustic pressure:

ΦII = arg(pII)−arg(p0) =

arccot[Re(pII/p0)/Im(pII/p0)] , (18a)
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is given by

ΦII = arccot

{

[

1+

M

∑
j=1

|R j|r1

(r2j + r3j)
cos

[

k(r2j + r3j − r1)+arg(R j)
]

]

/

[

M

∑
j=1

|R j|r1

(r2j + r3j)
sin

[

k(r2j + r3j − r1)+arg(R j)
]

]}

(18b)

In the case of a single reflection pointj = l =
M = 1, then (17b) and (18b) reduce respectively
to (10b) and (11b).

1.3 Model III of scattering from a flat wide
area

If reflection is considered from all points on the
ground, then the preceding analysis needs exten-
sion, first in the cases of flat ground. Consid-
ering the sound sourceR ≡ (xs,ys,zs) and ob-
serverO ≡ (x0,y0,z0) at arbitrary positions over
a flat ground, scattering is possible at all posi-
tionsQ ≡ (ξ,η,0) on the ground and thus the to-
tal acoustic field (8) is now given by

pIII =
eikr1

r1
+

∫ +∞

−∞
dξ

∫ +∞

−∞
dηR(ξ,η)

eik(r2+r2)

r2 + r3
,

(19)
where: (i) the distance from the observer to
source is constant:

r1 ≡
∣

∣(x0− xs)
2+(y0− ys)

2+(z0− zs)
2
∣

∣

1/2
;

(20)
(ii) the distance from the source to scattering
point r2 and from scattering point to observerr3

are now

r2 ≡
∣

∣(xs −ξ)2+(ys −η)2 +(zs)
2
∣

∣

1/2
, (21)

r3 ≡
∣

∣(x0−ξ)2+(y0−η)2+(z0)
2
∣

∣

1/2
, (22)

and depend onξ, η; (iii) the reflection factorR
does not depend onξ, η for an homogeneous
ground and is taken to be zero outside the reflec-
tion area. The effect on acoustic energy is ob-

tained substituting (19) in (9):

EIII ≡ |pIII/p0|
2 =

∣

∣

∣

∣

1+
∫ +∞

−∞
dξ

∫ +∞

−∞
dηR(ξ,η)

r1

r2+ r3
eik(r2+r3−r1)

∣

∣

∣

∣

2

,

(23a)

or, the SPL on a decibel scale,

AIII = 10 logEIII =

10 log

{

1+2
∫ +∞

−∞
dξ

∫ +∞

−∞
dη

r1

r2+ r3
|R(ξ,η)|×

cos{k(r2+ r3− r1)+arg[R(ξ,η)]}+
∫ +∞

−∞
dξ

∫ +∞

−∞
dη

∫ +∞

−∞
dξ′

∫ +∞

−∞
dη′

[

r1

r2+ r3
×

r1

r′2 + r′3
|R(ξ,η)|

∣

∣R(ξ′,η′)
∣

∣×

cos
(

k(r2+ r3− r′2− r′3)+

argR(ξ,η)−argR(ξ′,η′)
)

]

}

(23b)

where r′2,r
′
3 are the same functions ofξ′,η′ as

r2,r3 are ofξ,η in (21) and (22). The phase dif-
ference of the acoustic pressure is given by:

ΦIII = arg(pIII/p0) =

arccot

{

[

1+
∫ +∞

−∞
dξ

∫ +∞

−∞
dη

r1

r′2+ r′3
|R(ξ,η)|

cos
(

k(r2+ r3− r1)+argR(ξ,η)
)]

}

/

{

[

1+
∫ +∞

−∞
dξ

∫ +∞

−∞
dη

r1

r′2+ r′3
|R(ξ,η)|×

cos
(

k(r2+ r3− r1)+argR(ξ,η)
)

]

}

(24)

In the case of single-point reflection, the integra-
tions in (23b) and (24) are omitted, withξ = ξ′,
η = η′ and hencer′2 = r2, r′3 = r3, and respec-
tively (10b) and (11b) are obtained.
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1.4 Model IV on single scattering from ter-
rain

The results (23b) and (24) also apply to the single
scattering from terrain with altitude profile:

z = H(x,y), (25)

bearing in mind that the coordinate of the scatter-
ing points are now:

Q ≡
(

ξ,η,H(ξ,η)
)

, (26)

and thus the distances to sourcer2 and observer
r3 become

r2 ≡
∣

∣

∣
(xs −ξ)2 +(ys −η)2+

(

zs −h(ξ,η)
)2

∣

∣

∣

1/2
,

(27a)

r3 ≡
∣

∣

∣
(x0−ξ)2 +(y0−η)2 +

(

z0−h(ξ,η)
)2

∣

∣

∣

1/2
.

(27b)

The restriction to single scattering excludes mul-
tiple reflections from the terrain.

2 Atmospheric absorption over smooth or
mountainous ground

The effects of atmospheric absorption are con-
sidered first for sound propagation and reflection
by flat ground, and then extended to mountainous
ground and wide-area scattering.

2.1 Model V for the effects of atmospheric
attenuation

It is assumed that the atmosphere is homoge-
neous and at rest, so that the attenuationδ(r) de-
pends only on the distance of propagation,viz.
(8) is replaced by:

pV =
eikr1−δ1

r1
+R

eik(r2+r3)−δ2−δ3

r2+ r3
, (28)

where in the case of uniform atmospheric absorp-
tion per unit length:

ε = const. : {δ1,δ2,δ3} = ε{r1,r2,r3}.
(29)

The effect of ground reflections

pV =
eikr1−δ1

r1
F, (30)

is equivalent to multiplication by a factor

F = 1+RG, (31a)

Which differs from unity on account: (i) of the
geometrical factor

G ≡
r1

r2+ r3
eik(r2+r3−r1)+δ1−δ2−δ3, (31b)

which depends only on observer and source posi-
tion; (ii) the reflection factorR, which depends on
ground properties. The effect on acoustic energy
(9) is now:

EV =
∣

∣

∣
pV eδ1/p0

∣

∣

∣

2
= |1+RG|2 =

∣

∣

∣
1+R [r1/(r2+ r3)]e

ik(r2+r3−r1)+δ1−δ2−δ3

∣

∣

∣

2

(32a)

i. e. the change in SPL is:

AV = 10logEV =

10log

{

1+

[

r1

r2+ r3

]2

|R|2e2δ1−2δ2−2δ3+

2
r1

r2+ r3
|R| exp(δ1−δ2−δ3)×

cos[k(r2+ r3− r1)+arg(R)]

}

(32b)

The change in phase of the acoustic pressure is:

ΦV = arg(pV eδ1/p0) =

arccot
{

cot[k(r2+ r3− r1)+arg(R)]+

r2+ r3

r1|R|
eδ2+δ3−δ1 csc[k(r2+ r3− r1)+arg(R)]

}

(33)

In the absence of atmospheric attenuationδ1 =
δ2 = δ3 = 0 then (32b) and (33) reduce respec-
tively to (10b) and (11b).

The simplest form of the reflection coefficient
R is:

R =
1−R0

1+R0
, (34)
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for an homogeneous ground of densityρ1, gener-
ally much higher than the air densityρ0:

R0 = ρ0κ′/ρ1κ (35)

where the vertical wavenumbers of incidenceκ
and transmissionκ′ are given by

κ =
ω
a0

cosθ, (36a)

κ′ =
ω
a1

cosθ′, (36b)

where a0, a1 are the sound speeds in air and
ground, and the angles of incidenceθ and trans-
missionθ′ are related by Snell’s law:

sinθ
a0

=
sinθ′

a1
, (37)

stating the continuity of the transverse wavenum-
ber. Substituting (37) in (36) and then into (35)
leads to

R =
ρ0a0

ρ1a1

√

sec2θ− (a1/a0)2cot2 θ, (38)

which specifies the reflection factor (31b) in
terms of the angleθ in (3) or (15a).

Many more sophisticated forms of reflection
coefficients exist to represent different types of
ground.

2.2 Model VI on the wide area effect of at-
mospheric attenuation

The effect of atmospheric attenuation can be ex-
tended from line-of-sight reflection (28) to scat-
tering from terrain (19),viz.:

pV I =
eikr1−δ1

r1
+

∫ +∞

−∞
dξ

∫ +∞

−∞
dη R(ξ,η)

eik(r2+r3)−δ2−δ3

r2+ r3
, (39)

where, since the attenuation depends on distance
δ(r), thenδ1 = δ(r1) is constant, butδ2 = δ(r2)
and δ3 = δ(r3) depend on the scattering point.

This leads by (9) to the effect on acoustic energy:

EV I =
∣

∣

∣
pV Ie

δ1/p0

∣

∣

∣

2
=

∣

∣

∣

∣

∫ +∞

−∞
dξ

∫ +∞

−∞
dη R(ξ,η)

r1

r2+ r3
×

exp
[

ik(r2+ r3− r1)+δ1−δ2−δ3
]

∣

∣

∣

∣

2

, (40a)

or hence to the SPL change on a decibel scale:

AV I = 10 logEV I =

10 log

{

1+

∫ +∞

−∞
dξ

∫ +∞

−∞
dη

r1

r2+ r3
|R(ξ,η)|×

eδ1−δ2−δ3 cos{k(r2+ r3− r1)+arg[R(ξ,η)]}+
∫ +∞

−∞
dξ

∫ +∞

−∞
dη

∫ +∞

−∞
dξ′

∫ +∞

−∞
dη′

[

r1

r2+ r3

r1

r′2+ r′3
×

∣

∣R(ξ,η)
∣

∣

∣

∣R(ξ′,η′)
∣

∣ exp(δ′2+δ′3−δ2−δ3)×

cos
[

k(r2+ r3− r′2− r′3)+

argR(ξ,η)−argR(ξ′,η′)
]

]

}

(40b)

wherer′2, r′3, δ′2, δ′3 are functions ofξ′, η′ asr2,
r3, δ2, δ3 are functions ofξ, η. The change in
phase of the acoustic pressure is given by:

ΦV I = arg(pV Ie
δ1/p0) =

arccot

{

{

1+

∫ +∞

−∞
dξ

∫ +∞

−∞
dη |R(ξ,η)|×

eδ1−δ2−δ3 cos[k(r2+ r3− r1)+arg(R(ξ,η))]

}

/

{

∫ +∞

−∞
dξ

∫ +∞

−∞
dη |R(ξ,η)|eδ1−δ2−δ3×

sin[k(r2+ r3− r1)+arg(R(ξ,η))]

}

}

. (41)

In the case of point reflection, since all primed
and unprimed quantities coincide, (40b) and (41)
reduce to (32b) and (33).

3 Determination of the coordinates of reflec-
tion points

The calculation of the effect of ground reflection
and atmospheric absorption on helicopter noise
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depends on the location of the reflection point(s).
The latter affects the length of the ray path, and
hence the amplitude decay and phase shift. The
location of the reflection point(s) is calculated in
the microphone reference system in three cases:
(§3.1) flat ground; (§3.2) two-dimensional slice
of rough ground; (§3.3) three-dimensional rough
ground.

3.1 Reflection from flat ground

Each of the six preceding models leads to a for-
mula for the effects of ground reflection and at-
mospheric absorption on the acoustic pressurep,
which specifies: (i) the difference in acoustic en-
ergy or difference in SPL in dB:

A = 10 log10|E| = 20 log10|p/p0|; (42)

(ii) the phase shift of the acoustic pressure:

Φ = argp/p0 = arg(p)−arg(p0). (43)

These outputs depend on the calculation of the
reflection point(s). The simplest case is a flat
ground, for which there is a single reflection
point.

S

O

d

θ

Fig. 2 Relative position of source and observer
over flat ground.

The sourceR ≡ (Xs,Ys,Zs) and observerO ≡
(Xo,Yo,Zo) positions in the microphone refer-
ence system are given (Figure 2); their horizon-
tal projections are at distanced; the line join-
ing the horizontal projections makes an angleθ
with the X -axis. Making a section by a ver-
tical plane passing through the source and ob-
server positions and choosing cartesian coordi-
nates withOx-axis on the ground andOy-axis

passing through the observer, leads to coordi-
nates in the source-observer reference system:

xo = 0 yo = Zo, (44)

as observer coordinates, and

ys = Zs xs = d ≡
∣

∣(Xs−Xo)
2+(Ys −Yo)

2
∣

∣

1/2

(45)
as source coordinates. The location of the reflec-
tion point and effects on acoustic energy follow
as in (§1.1) of for model I in (§1.1) and its exten-
sion to include atmospheric absorption in model
IV in (§2.1).

3.2 Two-dimensional slice of rough ground

Let the height of the rough ground be given by:

Z = H(X ,Y). (46)

The two-dimensional slice made as before (§3.1)
leads for an arbitrary pointP ≡ (X ,Y,Z) to anx-
coordinate in the source-observer coordinate sys-
tem:

x =
∣

∣(X −Xo)
2+(Y −Yo)

2
∣

∣

1/2
, (47)

and angleϕ with thex-axis:

tanϕ =
Y −Yo

X −Xo
. (48)

Using the transformation:

X = Xs + xcosϕ (49a)

Y = Ys − xsinϕ (49b)

the two-dimensional slice through the rough
ground is specified in the source-observer coor-
dinate system by:

y = h(x) = H(Xs + xcosϕ,Ys − xsinϕ). (50)

This specifies the terrain profile function (12)
used in model II in (§1.2) and its extensions to
include atmospheric absorption in model V in
(§2.1).
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3.3 Three-dimensional rough ground

The case of three-dimensional rough ground can
be treated without the assumption made in (§3.1)
that the reflection point lies in the vertical plane
through the source and observer. Let a reflection
point beR ≡ (Xr,Yr,Zr ≡ H(Xr,Yr)). The unit
vector in the direction from the source to reflec-
tion point is

∇(SR) = {Xs−Xr,Ys −Yr,Zs −H(Xr,Yr)}×
∣

∣

∣
(Xs−Xr)

2+(Ys −Yr)
2+[Zs −H(Xr,Yr)]

2
∣

∣

∣

−1/2

(51a)

and the unit vector from reflection point to ob-
server is:

∇(RO) = {Xr −Xo,Yr −Yo,H(Xr,Yr)−Zo}×
∣

∣

∣
(Xr −Xo)

2+(Yr −Yo)
2+[H(Xr,Yr)−Zo]

2
∣

∣

∣

−1/2

(51b)

The normal direction at the reflection point is
specified by:

~N = ∇Z−H(X ,Y) = {−∂H/∂X ,−∂H/∂Y,1}.
(52)

The reflection point satisfied the condition that
the observer and source directions make the same
angle with the normal:

~N ·∇(SR) = ~N ·∇(RO). (53)

Substituting (51a,b) and (52) in (53) yields the
condition:

∣

∣

∣
(Xr −Xo)

2+(Yr −Yo)
2+[H(Xr,Yr)−Zo]

2
∣

∣

∣

−1/2
×

{

H(Xr,Yr)−Zo +(Yr −Yo)
∂H
∂Yr

− (Xr −Xo)
∂H
∂Xr

}

=

∣

∣

∣
(Xs−Xr)

2+(Ys −Yr)
2+[Zs −H(Xr,Yr)]

2
∣

∣

∣

−1/2
×

{

Zs −H(Xr,Yr)+(Ys −Yr)
∂H
∂Yr

− (Xr −Xs)
∂H
∂Xr

}

.

(54)

This condition is solved for(Xr,Yr) to specify the
reflection points. If they lie along a curve:

Yr = g(Xr), (55)

its arc length is:

dl =

∣

∣

∣

∣

∣

1+

(

dg
dXr

)2
∣

∣

∣

∣

∣

1/2

dXr. (56)

It may happen that the reflection points lie in a
two-dimensional region of coordinates(ξ,η). the
case of reflection points a curve (55) isη = g(ξ).
The location of the reflection points is then used
for wide-area scattering model III in (§1.3) ans
its extension to include atmospheric absorption
as model VI in (§2.2).

4 Horizontal flight over flat impedance

The methods presented are illustrated by apply-
ing models I and V to horizontal flight over flat
impedance. Model I is illustrated in Figure 3
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Fig. 3 Sound attenuation and phase shift of
acoustic pressure for a ground impedanceR =
0.5+ i 0.5, a horizontal distance between source
and observer∆x = x0− xs = 100m, a source at a
height ofzs = 30m, as a function of sound fre-
quency.

by sound sourcesS = (xs,zs) and observerO =
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(x0,z0) at arbitrary positions over a flat ground.
The sound attenuation (that is, the SPL varia-
tion) and the phase shift of acoustic pressure
is shown for a dimensionless ground impedance
S = Z/ρc = 0.5+ i 0.5, a horizontal distance be-
tween source and observerx = x0−xs = 100m, a
source at a height ofzs = 30m, and for two values
of the height of the observerz0 ≡ h = 1,2m. It is
clear that the sound attenuation depends on both
the observer position and the sound frequency.

Figures 4–6 show the sound attenuation and
phase shift as a function of observer heighth,
source heightz, and observer-source distancex,
for a sound frequencyf = 1kHz and for hard flat
groundS = 1.
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Fig. 4 Sound attenuation and phase shift as a
function of observer heighth, for hard ground
S = 1. The sound frequency isf = 1kHz, the
observer is at horizontal distancex = 100m from
the source, and the source is at a heightz = 30m.

It is interesting to note that there are zones of
“silence”, that is, of increased sound attenuation,
in each case. They are evenly spaced for changes

in the height of the observer position as shown in
Figure 4. As the source height increases, Figure 5
shows that the distance between the zones of si-
lence also increases. The same effect is shown
in Figure 6: as the distance from the source in-
creases, the distance between the zones of “si-
lence” is greater. In this case these zones are
also more pronounced and the sound absorption
is greater asx increases.
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Fig. 5 Sound attenuation and phase shift as a
function of source heightz, for hard groundR =
1. The sound frequency isf = 1kHz, and the ob-
server is at horizontal distancex = 100m from the
source and at a heighth = 5m.

Figure 7 shows the additional sound attenua-
tion due to ground effect as a function of atmo-
spheric absorption coefficient per unit lengthε.
This attenuation is to be added to the attenuation
of direct sound due to atmospheric absorption.

Ground effect leads to an additional attenu-
ation that does not strongly depend on the at-
mospheric absorption coefficient per unit length.
Figure 7 shows that this additional attenuation is
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Fig. 6 Sound attenuation and phase shift as a
function of observer-source distancex for hard
groundR = 1. The sound frequency isf = 1kHz,
the observer is at a heighth = 5m, and the source
is at a heightz = 30m.

around -8dB for atmospheric absorption coeffi-
cient per unit length in the range 10−5–10−2 m-1.

5 Conclusion

The problem of ground effect and atmospheric at-
tenuation on helicopter noise has been addressed
by a sequence of six progressively more sophisti-
cated models. The models evolve from (i) a sin-
gle reflection from flat ground, through (ii) multi-
ple reflection from rough ground and (iii) to wide
area scattering from rough ground; atmospheric
absorption can be included with (i) uniform or
(ii) non-uniform attenuation. The ground may be
(i) rigid or have (ii) a uniform impedance or (iii)
a reflection coefficient with specified amplitude
and phase. Some of these many possibilities were
illustrated.
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Fig. 7 Sound attenuation and phase shift due to
ground effect as a function atmospheric absorp-
tion per unit lengthε, for hard groundR = 1. The
sound frequency isf = 1 kHz, the observer is at
a distance ofx = 100 m and a heighth = 5 m, and
the source is at a heightz = 30m.
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