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Abstract tions of the baseline model to include: (i) non-
flat ground including multiple paths in model II;

(if) wide area scattering by flat ground in model

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-

I1I; (iii) single scattering by mountainous ground
in model 1V. Besides effects of ground reflec-
tion, those of atmospheric absorption are also
considered in the same instances: (i) atmospheric

copters, due to their ability to operate in limited  apsorption over flat ground extends model Il to
spaces near populated areas; the full exploitation model - (i) atmospheric absorption in the case
of the dynamical abilities of helicopters can be ,f yneven ground, including wide area scattering
restricted by noise limits. Within the noise limits  axtends model Ill to model VI. The application of
the ground and atmospheric effects can influence yj six models depend on the calculation of reflec-
the operational envelope of the helicopter. tion points, which is done for: (i) reflection from
The present paper contains 6 models of heli- fiat ground, applicable to models I and V: (ii) re-
copter noise addressing specifically the effects of flaction from a two-dimensional slice of ground,

sound reflection and atmospheric absorption.
The baseline model | 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);
(i) 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-

applicable to model II; (iii) reflection from a line
or region over three-dimensional rough ground,
applicable to models I, 1V, 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 | 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.



1.1 Baseline model | of reflection by flat
ground

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

The Figure 1 shows theource-observer co-
ordinate system: (i) thex-axis is horizontal and
the z-axis vertical in the vertical plane passing
through sourcés and observe0; (i) 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 casey = 0.

z

(x0,20)

R Xr x

Fig. 1 Source-Observer coordinate system:
sound sources &= (xs, Zs) and observer & =

(X0, 20)-

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

Po=€1/ry (1)
where a constant amplitude is ommited, ands
the distance from observer to source:
1/2

(2)

Line-of-sight reflection occurs at the reflection
point R = (X,0), such that the angles of inci-
dence and reflectiof are the same,

r = |(X0— %)% + (20— 26)?|

(X0—X)/2p=tanB = (% —Xs)/zs (3

This can be solved fox;:

X = (XoZs+ Xs20) / (Z0+ Zs), (4)
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to specify the position of the point-of-reflection.
The sound field reflected in line-of-sight:

gk(ra+rs)
(r2+r3)’

pr=R (5)
consists of: (i) a spherical wave from the sound
source to the reflection point at distance:

1/2

r2=|(%—x )2+ (z)% ", (6)

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

1/2

(7)

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

r3=|(Xo— )%+ (20)?|

eikl’l eik(r2+r3)
+R ,
ri (I‘z—l— I‘3)

P = Po+Pr= (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:

E =|pi*/|pol® = |1+ p/pol>  (9)

in the present case is:
: 2
E = |1+[r1/(ra4r3)]ReKI2H371)" - (10a)

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

A = 10I0gE| =

r
10|og{1+[ !
ro+1rs3

coslk(rg+rz—ri)+arg(R)] } (10b)

2
} RP+

2I’1|R|
ro+1r3

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

@ = arg(py) —arg(po) = arg(pi/ Po) =
arccofRe(p; /po)/Im(pi/po)], (11la)
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and is given in the case (10b) by

®| =arc co({ cotlk(ra+rz—r1) +argR)|+

[r2+r3

R }quk(rz—l-rg—rl)—i—arg(R)]} (11b)

The change in SPL in (10b) and the change in
phase of the acoustic pressure (11b) are valid for
arbitrary reflection factoR, which may involve

an amplitudeR and a phase a(|).

1.2 Model Il 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 2
(@) <

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:

(13)

Q= (%, h(x)). (14)
Thus the condition (3) is replaced by:
[20—h0)] o [Zs—h(x)]
% —x0) cotb = omx) ' (15a)

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

X0 + Xs — 2Xr

n+Zs

X0Zs + XsZo _

20+ s ).

(15b)

Given the sourc& = (xs,Zs) and observeO =
(X0, Zp) position, the solutions of (15b) fog give
the reflection(s) point(s) in line-of-sight. There
may be onex or severalxrj, with j=1,...,M,
depending on the terrain (12). The total sound
field:

o k(rzj tr3))

e|__|_z —

P = (16)

involve a sum over all the reflection points, where
the reflection factoR; may vary with the reflec-
tion point andrzj and rs, are the distances from
the source and observer, respectively, to jtk
reflection point. The effect on the acoustic energy
is obtained substituting (16) in (9):

En = |pi/pol® =
" 2
1+ Z Ry [r1/(rz +r3)] €213 ]

(17a)

or, the change in SPL on a decibel scale:

A= 10IogE|| =

M
10Iog{1+ > [r1/(rz + rsj)]2|Rj >+
=

M
2 cos|k(ro. +r3. —r arg R;
JZNZJ'—HSJ' [(2J+ 3= r)+ard J>}+
M j—1 r
1
R | x
j:1|:1(r2j+r3i>(r2l+r3 } Rl IR
coslk (rzj +r3 — I — r3)+

argR;) —arg(R,)] } (17Db)
The change of phase of the acoustic pressure:

®) =arg(pi) —arg(po) =

arc cofRe(pii /po)/Im(pn/po)], (18a)
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's given by tained substituting (19) in (9):
En = 2_
CDn:arcco({ {1+ 1 +\pm/pf| 2
’1+/ dE/ dn R(Eﬂ])rileik(rfrrgfrl) ,
< IRl K R — —c0 ro4r3
——— CO Io. o — a .
jZl (2 +13) s[k(rz; +rs —r1) +arg( J)}}/ (23a)

or, the SPL on a decibel scale,

< IRl
S %sm[k(rzj +rg;—r1) +argRy)]
= (18b) A =101l0gE =

In the case of a single reflection poipt= | = 10logq 1+ 2/ e/ dﬂr +r IR(E,n)| %
M =1, then (17b) and (18b) reduce respectively
to (10b) and (11b). cos{k(rz+rz—ra) +argR(E,n)|} +
+o0 +o0 )
1.3 Model Il of scattering from a flat wide / dE/ dr]/ ag’ / |f2—|—l'3><
area r+r,|REr1|\REr1 E
If reflection is considered from all points on the 273
ground, then the preceding analysis needs exten- 005<k(f2+ r3—ry—rg)+
sion, first in the cases of flat ground. Consid-
ering the sound sourcB = (Xs,¥s,Z) and ob- argR(&,n) —argR(E’,r]’)ﬂ} (23b)
serverO = (Xo, Yo,2o) at arbitrary positions over

a flat ground, scattering is possible at all posi- _
tionsQ = (£,n,0) on the ground and thus the to- Whererj,r3 are the same functions &f.n’ as

tal acoustic field (8) is now given by r,rz are ofg,n in (21) and (22). The phase dif-
ference of the acoustic pressure is given by:

400 eik(r2+r2)
P = —+/ dE dﬂR(E n)———,

ro+r3 @y = arg(pni/po) =

where: (i) the distance from the observer to grccot {1+/+wd§ +wdn T ~|RE,n)|
source is constant: - 2 + s

1= (00— %)%+ (Yo — ¥o)2 + (20— 250 % cos(k(rz+r3—r1) +argREN) ) | }/
(20)
(i) the distance from the source to scattering +oo +oo
pointr, and from scattering point to observer {1+/ g/ dn +r’ [R(&,n)| x
are now 23
f= }(Xs—E)2+(ys—r])2+(zs)2}l/2, (21) cos(k(r2+r3—r1)+argR(E,n))}} (24)
ra= |0 — &%+ (Yo—n)%+ (202 "*, (22)

In the case of single-point reflection, the integra-
and depend 08, n; (i) the reflection factorR tions in (23b) and (24) are omitted, with= &,

does not depend oB, n for an homogeneous " =N’ and henca’) =ry, r3 = rs, and respec-
ground and is taken to be zero outside the reflec- tvely (10b) and (11b) are obtained.
tion area. The effect on acoustic energy is ob-
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1.4 Model IV on single scattering from ter- The effect of ground reflections
rain .
e|kr1—61
- pv = F, (30)
The results (23b) and (24) also apply to the single ri

scattering from terrain with altitude profile: is equivalent to multiplication by a factor

z=H(xy), (25) F =1+RG, (31a)
bearing in mind that the coordinate of the scatter- \which differs from unity on account: (i) of the
ing points are now: geometrical factor
Q= (&,n,H(En)), (26) G= 1 gkrotrsr)+h1-%-8  (31p)
ro+4r3

and thus the distances to sourgeand observer which depends only on observer and source posi-

r3 become tion; (ii) the reflection factoR, which depends on
211/2 ground properties. The effect on acoustic energy
2= |(6—8)2+ (- )%+ (-hEN) . (9)is now:
(27a)

Ev = ’pveal/po’Z =|1+RG] =

211/2
r3= |(x0— &)+ (Yo—n)2+ (20— h(&m)?|" . 2
( )(27b ’1+ R[I’l/(rz + r3)] elk(r2+r3—r1)+61—62—63
(32a)
The restriction to single scattering excludes mul- ) -
tiple reflections from the terrain. I €. the change in SPL is:
2 Atmospheric absorption over smooth or Ay =10logky = ,
mountainous ground 10Iog{1+ [r r:r } RREP-22- 250
2+1I3
The effects of atmospheric absorption are con- ri
i ; ; ; R| exp(61 — 62 — 63) X
sidered first for sound propagation and reflection ro+r3 |
by flat ground, and then extended to mountainous
ground and wide-area scattering. coslk(rz+rz—ry)+ arg(R)]} (32b)

2.1 Model V for the effects of atmospheric The change in phase of the acoustic pressure is:

attenuation 5
_ _ Py =arg(pve™/po) =
It is assumed that the atmosphere is homoge-

neous and at rest, so that the attenuadign de- arc COt{ cotlk(ra+rs—ry) +arg(R)|+-

pends only on the distance of propagatioiz, ro+rs3 _

(8) is replaced by: TR 2% 0 csdk(rp+ 13— 1) + afg(R)]}
(33)

eikl’1—61 eik(r2+r3)—62—63

P = r +R ro4rg (28) In the absence of atmospheric attenuaten=

_ ) ) 02 = 83 = 0 then (32b) and (33) reduce respec-
where in the case of uniform atmospheric absorp- tively to (10b) and (11b).

tion per unitlength The simplest form of the reflection coefficient
€ =const.: {81,8,,83} = e{ry,ra,r3}. Ris: R
29 R= "7 (34)
(29) 1+Ro



for an homogeneous ground of dengty gener-
ally much higher than the air densipy:
Ro = pok’/p1K (35)

where the vertical wavenumbers of incidence
and transmissior’ are given by

K= ® C0sb, (36a)
ao

K =L cost, (36b)
a1

where ap, a; are the sound speeds in air and
ground, and the angles of incideng@and trans-
mission®’ are related by Snell’s law:

sin@ sin@’

ap ag

: (37)

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

_ Podo
piaa

R se@0— (a;/ap)?coB, (38)

which specifies the reflection factor (31b) in
terms of the angl® 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)yiz.:

eikl’1—61

Pvi = +

r

—+00 —+00
/m d [ dnR(En) "

gk(ra+r3)—82—33

, (39)

where, since the attenuation depends on distance

o(r), thend; = &(r1) is constant, bud; = d(r2)
and &3 = &(r3) depend on the scattering point.
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This leads by (9) to the effect on acoustic energy:

Evi = ‘pweél/po’2
400 +00
’/m d¢ [ dnR(En)

r
ro+rs

X

2

explik(ra+r3—ri1) +31—3 —33]| , (40a)

or hence to the SPL change on a decibel scale:

Avi = 10logEy| =

+o00 +oo
10 Iog{1+/ d¢ dn

—00 —00

r
rh4rs3

IR(&,n)| x

e®1 %2 % cosfk(rp+r3—rq) +argR(E,n)|} +

+oo 40 +oo
/ & [ dn [ d

(29 (o]

te ry r
n’{ S X

—o0 r2+r3r,+rs

IRE,N)[|REN")| exp(8; + 85 — 52 — 83)

cos[k(rz +r3—r5—r5)+

argR(g,n) — argR(ECn’)H } (40b)

wherer), rg, 8, &; are functions of/, n’ asry,
rs, &, 03 are functions o€, n. The change in
phase of the acoustic pressure is given by:

®yi = arg(pvie®/po) =

+00

arccot{{lJr/:de » dn [R(&,n)| x

e’ %% cogk(rp+r3—r1) +argRE,N))] }/
boo o
{/oo o /oo dn |R(E,r])|e51—62—53x

sinfk(ra+rz—r1) +argR(&,n))] }} (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). passing through the observer, leads to coordi-
The latter affects the length of the ray path, and nates in the source-observer reference system:
hence the amplitude decay and phase shift. The

location of the reflection point(s) is calculated in =0 Yo=2, (44)

the microphone reference system in three cases:

(83.1) flat ground; (§83.2) two-dimensional slice as observer coordinates, and

of rough ground; (83.3) three-dimensional rough

ground. Ys=2Zs Xs=d= ’(Xs—xo)2+(Ys—Yo)2’l/2
(45)

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 presgure
which specifies: (i) the difference in acoustic en-
ergy or difference in SPL in dB:

A= 101l0gy,|E| = 20 logyo|p/pol:  (42)

(i) the phase shift of the acoustic pressure:

® =argp/po = arg(p) —arg(po).  (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.

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

The sourcer = (X, Ys, Zs) and observe® =
(Xo,Yo,Zo) positions in the microphone refer-
ence system are given (Figure 2); their horizon-
tal projections are at distanag the line join-
ing the horizontal projections makes an angle
with the X-axis. Making a section by a ver-

as source coordinates. The location of the reflec-
tion point and effects on acoustic energy follow
asin (81.1) of for model I in (81.1) and its exten-
sion to include atmospheric absorption in model
IVin (82.1).

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 (83.1)
leads for an arbitrary poirR = (X,Y,Z) to anx-
coordinate in the source-observer coordinate sys-
tem:

X=|(X=Xo)2+ (Y =Yo)2[2,  (a7)

and angleb with the x-axis:
tang = ;:;‘; (48)

Using the transformation:
X = Xs+Xcosp (49a)
Y =Ys—Xxsing (49Db)

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

y = h(x) = H(Xs+ xcosp, Ys — xsind). (50)

This specifies the terrain profile function (12)

tical plane passing through the source and ob- used in model Il in (§1.2) and its extensions to
server positions and choosing cartesian coordi- include atmospheric absorption in model V in
nates withOx-axis on the ground an@y-axis (82.1).



3.3 Three-dimensional rough ground

The case of three-dimensional rough ground can
be treated without the assumption made in (83.1)
that the reflection point lies in the vertical plane
through the source and observer. Let a reflection
point beR= (X;,Y;,Z = H(X,Y;)). The unit
vector in the direction from the source to reflec-
tion pointis

D(SQ) = {XS_XF7YS_YI’7ZS_H(XI’7YI')} X

(Xs— %)+ (Yo Y02+ Zs— H (XY

(51a)

and the unit vector from reflection point to ob-
serveris:

((RO) = {X — Yo, ¥ — Yo, H (X, Y5) — Zo}
(X —Xo)+ (% —Yo) 2+ [H (% ¥e) — Zo?
(51b)

The normal direction at the reflection point is
specified by:

N=0Z-H(X,Y)={—0H/dX,—0H /Y, 1}.
(52)
The reflection point satisfied the condition that
the observer and source directions make the same
angle with the normal:
N-0(SR)=N-0(RO). (53)

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

{H(Xr,\(r)—zo+(\(r—vo)

(X —Xo0)?+ (Y —Yo)2 4+ [H(X, Yr) —ZO]Z\WX

oH oH
a—Yr—(Xr—Xo)R}:

}(xs—xr)2+<vs—vr)2+[zs—H<xr,Yr)]2}_l/2x
{z-noew+ - F - xS
(54)

This condition is solved fofX;,Y;) to specify the
reflection points. If they lie along a curve:

Yo =g(%), (55)
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its arc length is:
1/2

dl = dX:. (56)

e
It may happen that the reflection points lie in a
two-dimensional region of coordinatés n). the
case of reflection points a curve (55nis=g(¢).
The location of the reflection points is then used
for wide-area scattering model Il in (81.3) ans
its extension to include atmospheric absorption
as model VIin (82.2).

dg)2

4 Horizontal flight over flat impedance

The methods presented are illustrated by apply-
ing models | and V to horizontal flight over flat
impedance. Model | is illustrated in Figure 3

1.0

° o
> &

Phase (rad)

=]
&

-1.0

10° 5 10°
f(Hz)

Attenuation (dB)

5 10
f(Hz)

Fig. 3 Sound attenuation and phase shift of
acoustic pressure for a ground impedafte
0.5+1 0.5, a horizontal distance between source
and observefAX = Xg — Xs = 100 m, a source at a
height ofzs = 30m, as a function of sound fre-
guency.

by sound sourceS = (Xs,Zs) and observeOD =
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(X0,2p) at arbitrary positions over a flat ground. in the height of the observer position as shown in
The sound attenuation (that is, the SPL varia- Figure 4. As the source heightincreases, Figure 5
tion) and the phase shift of acoustic pressure shows that the distance between the zones of si-
is shown for a dimensionless ground impedance lence also increases. The same effect is shown
S=Z7Z/pc=0.5+1i0.5, a horizontal distance be- in Figure 6: as the distance from the source in-
tween source and observes xg—Xs=100m, a creases, the distance between the zones of “si-
source at a height @ = 30m, and fortwo values  lence” is greater. In this case these zones are
of the height of the observes=h=1,2m. Itis also more pronounced and the sound absorption
clear that the sound attenuation depends on bothis greater ag increases.
the observer position and the sound frequency.

Figures 4-6 show the sound attenuation and
phase shift as a function of observer heigit
source heighg, and observer-source distange s
for a sound frequency = 1kHz and for hard flat
groundS= 1.

Phase (rad)
: °
s

Phase (rad)
s
o

&

Attenuation (dB)
5

h(m)

0 0 10 20 30 40 50 60 70 80 90 100
z(m)

Attenuation (dB)
5

| Fig. 5 Sound attenuation and phase shift as a
] function of source heigh, for hard grounR =

| 1. The sound frequency is= 1kHz, and the ob-
W ] server is at horizontal distange= 100m from the

" source and at a height= 5m.

Fig. 4 Sound attenuation and phase shift as a
function of observer height, for hard ground Figure 7 shows the additional sound attenua-
S=1. The sound frequency i§ = 1kHz, the tion due to ground effect as a function of atmo-
observer is at horizontal distange= 100m from spheric absorption coefficient per unit length
the source, and the source is at a hexat30m. This attenuation is to be added to the attenuation
of direct sound due to atmospheric absorption.
Ground effect leads to an additional attenu-
It is interesting to note that there are zones of ation that does not strongly depend on the at-
“silence”, that is, of increased sound attenuation, mospheric absorption coefficient per unit length.
in each case. They are evenly spaced for changesFigure 7 shows that this additional attenuation is



Phase (rad)

Attenuation (dB)
5

100
x(m)

120 140

Fig. 6 Sound attenuation and phase shift as a
function of observer-source distanggor hard
groundR = 1. The sound frequency is= 1kHz,

the observer is at a height= 5m, and the source

is at a heighiz = 30m.

around -8dB for atmospheric absorption coeffi-
cient per unit length in the range 18-10-2 m'L.

5 Conclusion

The problem of ground effect and atmospheric at-

—
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Phase (rad)

2 s
s(m?)

Attenuation (dB)
4 4

80

0.0
10°

2 s
&(m’)

Fig. 7 Sound attenuation and phase shift due to
ground effect as a function atmospheric absorp-
tion per unit lengtle, for hard groundR=1. The
sound frequency i$ = 1kHz, the observer is at

a distance ok =100 m and a height=5m, and
the source is at a height= 30m.
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