


II. Review of Integrated Noise Modeling

This section reviews the contemporary integrated noise modeling

method, that is, using flight-path segmentation, for estimation of

sound exposure at a set of ground observers. It discusses differences

between modeling the aircraft as fixed-wing and helicopter types,

starting with the NPD data that serve as input to those analyses.

A. Noise-Power-Distance Data

NPD data express measures of noise at a ground observer as a

function of a noise-related engine power parameter and the slant

distance between the source and ground observer. The noise-related

engine power parameter specified in fixed-wing NPD data is the

corrected net thrust per engine, that is, the net thrust referenced to

standard air pressure at mean sea level. There is no noise-related

power parameter for helicopter NPD data. Instead, helicopter NPD

data are provided for a set of operational modes, for example,

approach at constant speed. Each noise measure corresponds to an

infinitely long, straight-line flight trajectory under steady condi-

tions, at a specified reference speed, atmospheric condition, and

configuration. They are provided over a range of reference distances

and power levels (for fixed-wing aircraft) and operational modes

(for helicopters). NPD measures include maximum and time-

integrated (exposure) noise metrics. Maximum metrics include the

maximum A-weighted sound pressure level LAmx and the maximum

tone-corrected perceived noise level LPNTmx. Sound exposure met-

rics include the A-weighted sound exposure level LAE and the

effective perceived noise level LEPN. As will be shown in Sec. III.A,

both maximum level and exposure metrics are needed to estimate

noise exposure when using (finite) flight-path segmentation.
The NPD data are provided by original equipment manufacturers.

For fixed-wing aircraft, SAE-AIR-1845A [14] provides standard-

ized methods to derive NPD data frommeasured flyover noise levels

and known engine and flight conditions. There is no standard for

calculating helicopter NPD data.
In some cases, sets of manufacturer-provided NPD data may lack

one or more maximum level metrics. These missing data can be

approximated by an empirical method discussed in Sec. III.A.3.

B. Segmentation Method

The internationally recommended segmentation modeling

method for fixed-wing aircraft is detailed in ICAO Doc. 9911 [1]

(see also ECAC.CEAC Doc. 29 [15]). In this approach, the flight

path is divided into a contiguous set of straight-line segments of

finite length. The noise exposure at each ground observer is com-

puted by summing the noise exposure from all flight-path segments.

The maximum level at each ground observer is computed as the

maximum of all segment maxima, which may be from a segment

other than the closest segment.
Exposure noise metrics are calculated at each segment’s

perpendicular closest point of approach (PCPA), or slant range,

and are further described in Sec. III.A. For fixed-wing aircraft, noise

exposure metrics at a given distance are calculated by interpolating

and/or extrapolating the NPD data between power settings and

between reference distances. Although helicopters are not addressed

by Doc. 9911 and Doc. 29, they are included in some computer

implementations, notably the AEDT helicopter mode. The AEDT

interpolates/extrapolates helicopter NPD data between reference

distances only and not between operational modes.
After the NPD data are interpolated for each segment of the flight

path, several adjustments must be made to account for various

factors that determine the sound exposure at each observer. All

adjustments for sound exposure estimates due to a single path

segment v of a flight operation are given for fixed-wing aircraft as

10 log10�Ev� � LE;P;d−ADJ � FADJ � DURADJ

− LAADJ � TRADJ � DIRADJ (1)

and for helicopters as

10 log10�Ev� � LE;P;d−ADJ � FADJ � DURADJ

− LAADJ �MNADJ � LDADJ �2�

In Eqs. (1) and (2), the terms describing the sound exposure and
adjustments are defined as follows:
LE;P;d−ADJ: Sound exposure, LAE or LEPN, in decibels, interpolated

for power P (fixed-wing only) and slant range s (both fixed-wing and
helicopter) from the receptor to the PCPA on the flight-path segment
or extended flight-path segment, and adjusted for atmospheric
absorption and acoustic impedance (to account for differences
between the reference-day condition associated with the NPD data
and that of the particular study).
FADJ: Noise fraction adjustment, in decibels (see Sec. III)
DURADJ: Duration adjustment � 10 log10�V0∕V�, in decibels, in

which V0 is the reference speed for the operation and V is the
segment speed. The reference speed may be different for helicopter
departure, overflight, and approach operations, but is 160 kt for all
fixed-wing operations.
LAADJ: Lateral attenuation adjustment, in decibels
TRADJ: Thrust reverser adjustment, in decibels (fixed-wing only,

not currently implemented in Doc. 9911)
DIRADJ: Directivity adjustment, in decibels, (fixed-wing only,

applied only if segment is part of takeoff ground roll)
MNADJ: Advancing tip Mach number adjustment, in decibels

(helicopters in level flight only)
LDADJ: Lateral directivity adjustment, in decibels (helicopters only)

Additional information on each of the adjustments can be found
in Ref. [2].
This work is focused on FADJ, the noise fraction adjustment. NPD

data measurements (or simulations) are provided assuming an infi-
nitely long flyover. As each segment is treated as a finite part of the
infinitely long flyover used in the generation of the NPD data, an
adjustment must be made to the interpolated sound exposure to
determine the fraction of the infinite path sound exposure that is
attributable to the finite segment. A semi-empirical relationship
called the noise (or energy) fraction is used to apportion the noise
exposure data of the infinite segment to each finite segment. The
noise fraction adjustment is discussed in detail in Sec. III.

C. Simplified Departure, Overflight, and Approach Operations

Analyses of three simplified operations (departure, overflight,
and approach) were performed in the AEDT to demonstrate that
the fixed-wing and helicopter mode adjustments in Eqs. (1) and (2)
can either be made equal, that is, the same for fixed-wing and
helicopter modes, or eliminated. This results in practically identical
noise exposure estimates for the two modeling approaches. Doing
so allows differences in the noise fraction adjustment between fixed-
wing and helicopter modes to be isolated, for example, landing and
takeoff rolls; see Sec. III.A.5. Simplified operations were modeled
primarily to avoid the AEDT limitation of allowing only one
helicopter operating state (determined by a combination of airspeed
and climb angle) to represent a departure at constant speed (opera-
tional mode procedural step D) and another to represent an approach
at constant speed (operational mode procedural step A). Further-
more, fixed-point flight profiles were used when modeling the
aircraft in AEDT fixed-wing mode [16], thus allowing identical
operating states for fixed-wing and helicopter analyses without
use of a nonexistent UAM performance model.
To the greatest extent possible, the same operating states for

fixed-wing and helicopter were specified for the simplified depar-
ture, overflight, and approach operations. These are summarized in
Table 1 for the fixed-wing mode and in Table 2 for the helicopter
mode. The fixed-wing and helicopter NPD data used were taken
from those generated in Ref. [12]. The operating states for which
NPD data were chosen included 20 kt, 10 deg climb for all departure
steps; 90 kt, 0 deg climb for all overflight steps; and 20 kt, −10 deg
climb for all approach steps.
With respect to Eq. (1), fixed-wing types were specified as

propeller-driven aircraft to set 1) the thrust reverser adjustment to
zero and 2) the engine installation portion of the lateral attenuation
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adjustment to zero. The remaining portions of the lateral attenuation
adjustment are ground reflection and refraction effects, which are
common between fixed-wing and helicopter analyses. The special
cases of noise fraction adjustments for receptors before the start of
takeoff roll and receptors after the end of landing roll (to be
discussed in Sec. III.A.5) and for the takeoff roll directivity adjust-
ment (DIRADJ, all particular to fixed-wing mode, were avoided by
not including takeoff and landing rolls. With respect to Eq. (2), the
advancing tip Mach number adjustment was eliminated by setting
the B coefficients that are used to tune the adjustment to zero [2],
and the lateral directivity adjustment was eliminated by setting the
lateral (�45 deg) NPD data to be identical to the centerline NPD
data. Further, the noise exposure from static helicopter operational
mode procedural steps (G, H, V, Y) [2], for which there is no fixed-
wing equivalent, was minimized by specifying a minimal duration
for each. These modes are required according to the mandatory
operational mode procedural step sequences for helicopters. More
general practices for modeling UAM vehicles in AEDT fixed-wing
and helicopter modes can be found in Refs. [3,16].
A-weighted sound exposure level estimates for each operation are

shown in Fig. 1. In all cases, the differences between fixed-wing and
helicopter mode results were negligible, with a maximum average
difference of <0.004 dBA.

III. Noise Fraction Adjustment

The noise fraction represents the fractional relationship between
the sound exposure associated with an infinitely long flyover under
steady conditions and that associated with a finite segment of that
flyover. It can be written as

F12 � E12∕E∞ (3)

in which E12 is the sound exposure associated with the finite flight-
path segment andE∞ is the sound exposure associated with the infinite
flight path. The noise fraction for a given flight-path segment is based
on both the geometrical relationship between the segment and the
observer [8] and the sound exposure level and maximum sound level
interpolated from the NPD data at the observer location‡. The deriva-
tion parallels Ref. [1], which follows from a private memorandum§

with a few extra steps to assist the reader. Additionally, a general form
allowing for arbitrary powers beyond the fourth-power model is
provided in Sec. III.B. In the following, E is assumed to be Aweighted
total sound exposure.

A. Fourth-Power Model

Figure 2 shows a straight, level flyover of a vehicle on a finite
flight-path segment extending from point P1 to point P2 within an
infinite flight path extending to �∞. An observer is positioned at
location x, q1 is the distance from P1 to the PCPA, and the time
difference between them is τ1 � t1 − ts. For a constant segment
flyover speed V, q1 is given by

q1 � −Vτ1 for q1 > 0 (4)

The total sound exposure associated with an arbitrary flight-path
segment and an arbitrary observer is

Ev �
τ2

τ1

p2�τ� dτ (5)

in which p2�τ� is the mean square sound pressure at the observer at
time τ. The fourth-power 90 deg dipole model of sound radiation

uses the following formulation of p2�τ�,

p2�τ� � p2
s

s2

r2
sin2 θ (6)

in which p2
s is the mean square sound pressure at the observer when

the vehicle is at the PCPA, s is the positive distance from the flight
path to the observer (or from the extended flight path to the observer
for points behind P1 and ahead of P2) at the PCPA, and r is the
distance from point P1 to the observer (r > 0). Note that r and θ are
functions of τ. The mean square sound pressure p2�τ� is assumed to
be a maximum when the vehicle is at the PCPA, that is,

max p2�τ� � p2
s (7)

In Eq. (6), the quantity �s2∕r2� represents spherical spreading loss
and the 90 deg dipole expression sin2 θ approximates other physical
phenomena including atmospheric attenuation, source directivity,
Doppler shift, etc.¶. The source directivity given by the sin squared
term is discussed more fully in Sec. III.B.

1. Behavior of Fourth-Power Model

From Fig. 2, it is seen that sin2 θ � s2∕r2. This reduces Eq. (6) to

p2�τ� � p2
s

s4

r4
(8)

in which the mean square pressure is seen to decrease as ∼1∕r4
(hence fourth-power model). The maximum A-weighted sound
pressure level LAmx is defined as

LAmx � 10 log10
max �p2�τ��

p2
o

(9)

Table 1 Fixed-point flight profile data for modeling simplified
operations in fixed-wing mode

Operation mode Distance along track, ft Altitude,a ft Speed, kt

Departure 0 15 20
15,000 2660 20
15,001 2660 20

Overflight 0 1000 90
31,680 1000 90

Approach 0 2660 20
1 2660 20

15,001 15 20

aAbove field elevation (departure and approach), mean sea level (overflight).

Table 2 Operational procedural steps for modeling simplified
operations in helicopter mode

Operation
mode

Operational
mode

procedural
step (AEDT)

Segment
length, ft

Ending
altitudea, ft

Ending
speed, kt Duration, s

Departure G — — 0 — — 0.001
H — — 0 — — 0.001
V — — 15 — — 0.001
E 1 15 20 — —

D 14,999 2660 20 — —

L 1 2660 20 — —

Overflight S — — 1000 90 — —

L 31,680 1000 90 — —

Approach S — — 2660 20 — —

L 1 2660 20 — —

A 14,999 15 20 — —

B 1 15 0 — —

Y — — 0 0 0.001
H — — 0 — — 0.001
G — — 0 — — 0.001

aAbove field elevation (departure and approach), mean sea level (overflight).

‡Private communication with J. Olmstead, ATAC Corporation, December
1998.

§Private communication with J. Olmstead, ATAC Corporation, October
1994 and December 1998.

¶Private communication with J. Olmstead, ATAC Corporation, October
1994.
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in which the reference pressure is po � 20 μPa. Equation (8) can be
written in terms of the A-weighted sound pressure level, giving

LA�τ� � LAmx � 10 log10
s4

r4�τ� (10)

Figure 3 shows how the sound radiation model predicts the sound

pressure level time history for different values of s and V for the

same value of LAmx. This model was shown to agree well with

measured data from a few flyovers of commercial jet aircraft [8].

2. Noise Fraction Based on Geometry Only

Recognizing from Fig. 2 that

r2 � s2 � q21 � s2 � �−Vτ�2 (11)

then

r2

s2
� 1� Vτ

s

2

(12)

and

sin2 θ � s2∕r2 � 1∕ 1� Vτ

s

2

(13)

Using Eq. (13) and the substitution

α � Vτ

s
; dα � V

s
dτ (14)

Equation (5) can be rewritten as

Ev � p2
s

s

V

α2

α1

1

�1� α2�2 dα (15)

The solution to Eq. (14) is given by

Ev � p2
s

s

V

1

2

α

1� α2
� tan−1 α

α2

α1

(16)

Its evaluation on an arbitrary, finite interval from α1 to α2 gives the
numerator of Eq. (3) as

E12 � p2
s

s

V

1

2

α2
1� α22

� tan−1 α2 −
α1

1� α21
− tan−1 α1 (17)

and its evaluation on the infinite interval from α1 � −∞ to
α2 � �∞ gives the denominator of Eq. (3) as

E∞ � p2
s

s

V

π

2
(18)

Equations (17) and (18) can now be substituted into Eq. (3), giving
the fourth-power noise fraction equation

F12 �
E12

E∞
� 1

π

α2
1� α22

� tan−1 α2 −
α1

1� α21
− tan−1 α1 (19)

with

α1 � −
q1
s
; α2 �

L − q1
s

(20)

Note that Eq. (19) consists solely of terms related to the geometry of
the flight path and the observer. The noise fraction adjustment,
expressed in decibels, is given by

FADJ � 10 log10�F12� (21)

3. Relationship Between Sound Exposure Level and Maximum Level

The A-weighted sound exposure level LAE is defined as

LAE � 10 log10
Ev

p2
oto

(22)
Fig. 3 LA time histories constructed using Eq. (10).

a) b) c)
Fig. 1 A-weighted sound exposure level estimates of NASAQuadrotor reference vehicle for simplified a) departure starting at x � 0, b) overflight, and
c) approach ending at x � 0. The black line indicates the ground track.

Fig. 2 Geometrical relationship of finite segmentP1P2 to observer x. The
dashed portion of the flight path represents the extended flight path.
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in which po � 20 μPa and to � 1 s are the reference pressure and
time, respectively. In essence, LAE represents the total sound energy

of the event compressed into the reference time. An effective value

of the mean squared pressure p2
eff represents a value that produces

the same sound exposure level as the original event when applied at
a constant level over a period of 1 s. In other words, Eq. (5) gives

Ev �
τ2

τ1

p2�τ� dτ � p2
effto (23)

Consider the sound pressure time history p2�τ� for an idealized

flyover shown by the blue triangle in Fig. 4. The area under the

triangle represents the total sound exposure due to the flyover event.
Equation (23) states that the area under the dark blue triangle is

equal to the area of the light blue rectangle. Analogous to the

effective pressure, a useful means of expressing the relationship
between LAE and LAmx is through the effective duration Δteff (see
footnote ¶), shown by the red rectangle in Fig. 4. Here, the LAE

associated with the red rectangle is the same as both the blue triangle

and blue rectangle.
Mathematically, the total sound exposure represented by the red

rectangle is

Ev � max �p2�τ��Δteff or Δteff �
Ev

max �p2�τ�� (24)

Adding a unity factor on the right-hand side and converting to

decibel referenced to to � 1 s gives

10 log10
Δteff
to

� 10 log10
Ev

max �p2�τ��
1

to

p2
o

p2
o

� 10 log10
Ev

p2
oto

− 10 log10
max �p2�τ��

p2
o

� LAE − LAmx (25)

Thus, we find that the relationship between LAE and LAmx can be

represented by Δteff, a value with units of time. This relationship is

important because it identifies the key principles by which sound

energy is incorporated into the geometric noise fraction Eq. (19).
These two quantities are those typically provided by aircraft man-

ufacturers and are key to the noise prediction methodology.

a. Where’s My LAmx?. Several fixed-wing aircraft and nearly all
helicopters in the AEDT aircraft noise and performance (ANP)

database lack maximum noise level (LAmx and LPNTmx) NPD data.

Although it is alluded to in the context of the recommended method
for aircraft substitution, there is no explicit provision for making up

for the lack of those data in Doc. 9911 [1]. The provision in AEDT

for doing so approximates maximum noise level data using empiri-
cal equations as a function of distance and LAE. The approximation

was developed from statistical analysis of NPD data containing all

four of the NPD metrics defined in Sec. II.A. Given that nearly all
helicopters lack the four NPD metrics, it is surmised that the approxi-
mation is based either solely or largely on data from fixed-wing
aircraft. Nevertheless, the same approximation is applied to both
helicopters and fixed-wing aircraft. The approximation is given as [2]

LAmx � LAE − 7.19 7.73 log10
s

1000
(26)

in which the distance at the PCPA s is given in feet. Under this
approximation, the effective duration is given by

Δteff � 10

7.19�7.73 log10
s

1000

10 (27)

In practice, Eq. (26) is used to approximate LAmx at all 10 NPD
distances preceding its interpolation to the observer distance.

4. Noise Fraction Based on Geometry and Sound Energy

Olmstead (see footnote ‡) recognized a deficiency in the noise
fraction that is based solely on geometry. In demonstrating this,
he considered the case of a finite segment of 270.05 ft flown at the
reference speed of 160 kt [1]. This resulted in a flight time ofΔτ � 1 s.
When the PCPA lies somewhere along this flight segment, LAE and
LAmx should be equal according to Eq. (25). However, Olmstead
showed that the fourth-power model given by Eq. (19) underpredicts
the value of LAE relative to the known value of LAmx at all observer
distances, with the discrepancy growing larger with increasing dis-
tance. Thus, the purely geometric fourth-power model does not
adequately capture all the physics of sound exposure from a flight-
path segment, and the sound energy associated with the noise exposure
and maximum level must both be accounted for in the noise fraction.
To incorporate the known values of LAE and LAmx into the

geometry noise fraction Eq. (19), the relationship based on Eqs. (22)
and (9) must hold [2],

LAE;0 − LAmx � 10 log10
V

Vo

E∞

p2
oto

− 10 log10
max �p2�τ��

p2
o

(28)

in which LAE;0 and LAmx represent the NPD data for the segment’s

operational mode procedural step, interpolated for distance with
reference speed Vo. Note that LAmx is the interpolated maximum
level at the PCPA on the extended flight path (see Fig. 2), not the
interpolated maximum level at the closest point of approach. The
factor of V∕Vo is included in the LAE term to correct the sound
exposure level from the segment airspeed V to the reference air-
speed of the NPD Vo. The NPD data represent an infinite flyover, so
E∞ is used to represent the sound exposure. Substituting Eqs. (7)
and (18) from the fourth-power model into Eq. (28) yields

LAE;0 − LAmx � 10 log10
V

Vo

p2
s

s

V

π

2
p2
oto

− 10 log10
p2
s

p2
o

(29)

which simplifies to

10
LAE;0−LAmx

10 � π

2

s

Voto
(30)

Note that from Eq. (25) the left-hand side of Eq. (30) is the effective
duration Δteff∕to. Solving for s yields

s � 2

π
toVo10

LAE;0−LAmx
10 (31)

This s represents the slant distance at which calculation of the
noise fraction correctly reflects the unadjusted, interpolated noiseFig. 4 Relationship between LAE, LAmx, and Δteff.
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