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ABSTRACT

The US Noise Control Act of 1972 (NCA 1972) directs the US Federal Aviation Ad-
ministration (FAA) and Department of Defense (DoD) to develop separate standards
and polices regulating source noise. The current Federal Aviation Regulation Part 36
(FAR 2002) compels use of Aerospace Recommended Practices (ARP) and noise
exposure methods which compare with scientifically developed and approved Inter-
national Organization for Standardization (ISO) methods. Annual average noise met-
rics also do not afford the public the full benefits of scientific research. This paper will
advocate advances in two areas: 1- atmospheric attenuation of aeroacoustic noise
using the acoustical model ISO 9613-1 (1993); 2- seasonal averaged noise exposure
level policies and practices. Scientific improvements in either area would provide
more fidelity for estimating biological effects and human response. (1) Atmospheric
attenuation discrepancies primarily affect noise analyses of high-performance aircraft
and rockets. Aerospace noise predictions are effected by range-dependant high-
frequency discrepancies from all louder (than ~stage 3) sources. Aviation noise ex-
posure estimates applying SAE (1975) ARP 866A under-predict levels affecting
nearby communities under most weather conditions. Studies of high-performance
military aircraft and rockets indicate that ISO 9613-1 may be extended for application
to all aerospace sources. (2) Annual-averaged noise exposure fails to account for
seasonal variations in atmospheric effects, aircraft performance and airport opera-
tions. Science-based noise control laws, standards and policies are thus practicable,
compelled by Environmental Management Systems, and benefit aviation and com-
munity noise control.

INTRODUCTION

Biological effects of noise in the environment are often predicted using Effective Per-
ceived Noise Level (EPNL) or Day-Night average noise Level (DNL) metrics. This
paper considers two primary approaches that could improve the fidelity of community
noise prediction metrics in comparison to actual noise environs and sources. It is as-
serted without discussion that the proposed methods, when refined for standard ap-
plication, would serve to better predict biological effects and thus enable an improved
regulatory approach for future aerospace noise sources.

The historical development of aircraft noise regulations preceded scientific under-
standing of aerospace sources and environmental propagation effects. Nonetheless,
the compelling need to regulate aircraft noise led the US Congress to direct Federal
agencies to prescribe standards and regulations respecting noise (NCA 1972 section
4). Military weapons were exempted from explicit regulation (NCA 1972 section 3) but
their community noise is limited by the practical application of the National Environ-
mental Policy Act (NEPA 1969). Application of noise estimates for NEPA planning
activities has the potential to avoid science-based environmental impact assess-
ments to the extent that public agencies allow.

Empirical modeling of aircraft noise propagation was employed using many aircraft
measurements that were available in the 1970’s. The US Society of Automotive En-
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gineers developed a series of Aerospace Recommended Practices designed to
measure aircraft noise and to model environmental propagation to the extent that it
was able. Atmospheric attenuation of sound is fundamental to all empirical, and sci-
entific, acoustical methods and was modeled by SAE (1975) ARP 866A. The FAA
prescribes it explicitly in US aviation regulations (FAR 2002) at section H36.113. Air-
craft noise propagation models of excess ground attenuation and lateral attenuation
require modeling of atmospheric attenuation during data analyses.

The sciences of aeroacoustics and sound propagation in the outdoor environment
have progressed considerably since SAE (1975) was developed. Ray-tracing acous-
tics has been studied and validated to model atmospheric refraction of acoustic noise
(Pierce 1994). Atmospheric absorption has been researched sufficiently to produce
both US national (ANSI 1995) and international (ISO 1993) standard models. Excess
ground attenuation and lateral attenuation are known to be the result of source-
receiver geometry and ground absorption (Delany & Bazley 1971; Chessell 1977),
although time-averaged propagation through turbulent air reduces ground-absorption
effects.

Nonetheless, US aircraft noise compatible-use prediction models have not yet
adopted a science-based approach in their implementation. This is partly due to a
known discrepancy in model predictions of high-frequency noise measured from
high-amplitude sources. The term high-amplitude sources generally refers to aero-
space propulsion systems capable of powering supersonic flight.

Development and fielding of high-speed civil transport aircraft is dependent on accu-
rate flight noise prediction models applicable to their high-performance engines, as
well as acceptance of the well-understood science of sonic boom propagation. Su-
personic civil aircraft airframe and engine designs benefit directly from the acoustical
science derived for use with military high-performance jet aircraft.

The sciences of aeroacoustics and outdoor noise propagation are well-developed
and, with adequate support, capable of being implemented in aerospace laws, stan-
dards and policies. This paper will discuss the extent to which the fidelity of commu-
nity noise predictions are influenced by current purely empirical methods. To that ex-
tent, existing regulatory approaches effect aerospace engineering and devel-opment
of the international air transport system including supersonic civil aviation.

ATMOSPHERIC ATTENUATION

Atmospheric absorption theory and practice has long been suspected as the cause of
discrepancies between theory and aircraft noise measurements at high frequencies
(Bass et al. 1995). Although Morfey & Howell (1981) concluded that nonlinear propa-
gation effects were responsible, the extremely complex time-domain computations
required, coupled with legitimate concerns about measurement instrumentation
(Joppa et al. 1994), effectively delayed productive research of this acoustic phe-
nomenon.

Nonlinear propagation of noise is a finite-amplitude effect in which the waveform
steepens with distance. It appears in flight/launch noise measurements initially as a
broadening of high-amplitude spectra (weak nonlinearity), and with higher amplitudes
small shocks form at long ranges (strong nonlinearity). In the trans-sonic regime,
these small shocks join with near-field shock waves created by supersonic flight,
which would otherwise dissipate, yielding sonic boom (pure nonlinear) propagation.
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Further evidence of weak nonlinear effects was afforded by Lundberg (1994a) and
eventually confirmed by (Gee et al. 2005; Falco et al. 2006). The computationally in-
tense time-domain methods of Gee et al. (2005) and others substantiate the fre-
gquency-domain methods proposed by Lundberg (2003, 2006).

Although the empirical SAE ARP 866A model incorporates nonlinear effects owing to
the use of C-135A high-amplitude noise data, it cannot be extended to account for
this source-dependent effect. Figure 1 shows the nature of the discrepancy at high
frequencies for an old fighter aircraft, and that both ANSI S1.26-95 and ISO 9613-1
models are able to be extended to incorporate nonlinear atmospheric attenuation.
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Figure 1: Comparison of SAE ARP 866A to ANSI S1.26-78, (then-proposed) ANSI S1.26-95 and
ANSI S1.26-95 with inclusion of weak nonlinear effects (Lundberg 1994a). ISO 9613-1 is closely com-
parable to ANSI S1.26-95.

The difference between ANSI S1.26-78 and -95 results are due to extensive research
of atmospheric absorption and filter effects (Joppa et al. 1994; Bass et al. 1995).

SCIENCE OF NOISE CONTROL OF AEROSPACE SOURCES

The regulatory distinction between civil, military aircraft and rocket noise emissions
becomes increasingly blurred with the advance of aerospace engineering. As the sci-
ence of aeroacoustics of high-performance aircraft engine/airframes advances to fa-
cilitate practical designs, environmental noise prediction methods must also advance
to facilitate the fielding of supersonic civil and military vehicles.

The following subsections briefly discuss legal, technological and economic factors
that presently apply to military and civil aircraft noise constraints and roughly how the
respective programs would be affected by science-based noise control laws.

Civil Aircraft

The FAR Part 36 approach to regulating civil aircraft limits noise produced by individ-
ual aircraft. Noise-reducing technology often takes the form of higher engine bypass
ratios, in which cool air is mixed with hot combustion jet before being ejected. Civil
aircraft powered by lower bypass engine designs (e.g. JT8D series) require ad-
vanced noise suppression retrofitting to comply with Stage 4 (ICAO Chapter 4). This
retrofit technology is currently designed into proposed supersonic business jets.
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Economics of prospective supersonic aircraft include operation at airports serving
densely populated communities. However, un-supressed military supersonic aircraft
routinely operate in airports serving less dense communities owing in large part to
their contribution to local economies.

A crucial technological and economic limiting factor to development of large commer-
cial supersonic civil aircraft was compliance with Stage 3 limits, as discussed by the
Committee on High Speed Research (1997) and illustrated by the conceptual mixer-
ejector design in Figure 2.

Figure 2: Conceptual commercial supersonic civil aircraft engine and nozzle, without air intake. Cour-
tesy of NASA

Supersonic aircraft research has demonstrated application of airframe shaping as a
means to minimize sonic boom. Furthermore, sonic booms may not reach the ground
as they propagate by pure nonlinear attenuation. FAA regulations hinder prospective
supersonic aircraft operations by limiting flight speeds to less than Mach 1 rather than
a scientific limit to achieve boomless flight (Pierce 1988, Figure 3).
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Figure 3: Conditions for boomless flight (Pierce 1988)

Possible large supersonic or hypersonic vehicles are not likely to be economically
viable without recourse to environmental assessment methods (NEPA 1969). Com-
patible use zoning as an aerospace vehicle constraint could substantially reduce
mixer-ejector designs but requires operations far away from affected communities.

Military Aircraft

The US DoD has developed a policy which requires new transport aircraft, whose
mission includes operation in domestic civil and foreign airfields, to comply with the
latest FAR Part 36 amendments. Multi-billion-dollar aircraft re-engine programs have
substantially reduced the number of US military aircraft that are incapable of compli-
ance with FAR Part 36 Stage 3 (harmonized with ICAO Annex 16 Chapter 3).
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Other military transport and supersonic aircraft must comply with the US National
Environmental Policy Act (NEPA 1969) by preparing Environmental Impact State-
ments using DNL contours. The noise produced by each aircraft model is combined
with their operations model to predict DNL contours. Local communities develop
compatible-use zoning ordinances accordingly. There is a common perception that
military aircraft are ‘unregulated’ noise sources, due to their exemption from NCA 72.
However, the combination of local compatible-use zoning ordinances and determina-
tion to maximize flight operations compels use of noise abatement procedures. Thus,
the number of operations of modern turbojets is affected by historic noisiness and
compatible uses of predecessor aircraft. It is thus beneficial from a flight training op-
erations standpoint to implement noise reduction technologies (e.g. Nesbitt et al.
2006) in developmental engines and require designs capable of noise abatement
departures. Figure 4 shows an example of the new F-35 fighter aircraft engine with
chevron nozzles.

An engineering policy to design-in noise abatement approaches could be applied to
future civil aerospace vehicles, particularly any that are over-constrained by Stage 4.

Figure 4: F135-PW-100 engine test illustrating noise-reducing chevron nozzle implementation in a
high-performance jet engine (courtesy wikipedia)

NOISE CONTROL OF AEROSPACE OPERATIONS BY SEASON

Both EPNL and DNL metrics average sound exposure over the entire year, while in-
cluding night-time sleep disturbance penalties. There are essentially three reasons to
consider regulatory implementation of seasonal-averaged noise exposure metrics.
First, regional weather affects atmospheric propagation through both attenuation and
refraction. Second, colder winter air is more dense, which is beneficial to both air-
frame lift and engine performance. Third, daily operations at most major airports vary
by a few percent between summer and winter seasons. Overall departures tend to be
slightly more frequent in summer when aircraft are less able to gain altitude. The first
two effects warrant discussion in the context of advocating regulatory changes.

Weather effects sound propagation

The FAA conducted studies (Rickley & Fleming 1998; Reherman et al. 2002) to con-
sider application of ISO 9613-1 in the US civil aircraft noise certification and predic-
tion programs. These studies determined that the SAE ARP 866A method is nearly
as accurate for civil aircraft except at “the extreme limits of the current FAR part 36
test window” (Rickley & Fleming 1998). A similar discrepancy exists in noise predic-
tion models. Figure 5 shows representative results of analyses pertaining to turbofan
aircraft, where weather conditions adversely affect the results at long range. Although
“the exact method presented in both the ISO and ANSI standards was considered
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the reference or ‘gold standard’..,” it yields increases in predicted DNL or EPNL which
would slightly adversely impact compatible use zoning.
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Figure 5: Comparison of noise-distance curves: ANSI/ISO Pure-Tone Mid-band Frequency Method
minus SAE ARP 866A, reference 25°C, 70 % relative humidity (Rickley & Fleming 1998)

Sound exposures predicted by applying the science behind ISO/ANSI methods yield
more significant results for high-performance aircraft engines. Earlier sensitivity
analysis for low-bypass turbojet engines (Lundberg 1994a) show similarly increased
predictions using the ISO/ANSI method. The incomplete atmospheric attenuation
(neglecting nonlinear propagation) model for high-amplitude aerospace sources ap-
pears to exacerbate the discrepancy near the source (Figure 6). Since nonlinear
propagation shifts acoustic energy into more hearing-sensitive high-frequencies, ex-
tension of the ISO/ANSI methods to correctly account for nonlinear propagation
would both eliminate the near-field model discrepancy while exacerbating increased
sound exposures at long ranges relevant to communities’ planning for compatible
uses. The empirical SAE ARP 866A method cannot effectively be extended to ac-
count for nonlinear effects since that would require extensive measurement and data-
reduction of many different high-performance aircraft.
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Figure 6: Discrepancy between SAE ARP 866A method prediction of SEL attenuation from laboratory
measurements as modeled by the (then-proposed) ANSI S1.26-95, for an F-4C aircraft in takeoff
power (Lundberg 1994a)
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Weather affects acoustic refraction

Acoustic refraction depends on atmospheric wind-vector and temperature gradients.
Since these meteorological variables change statistically of any season, scientifically
exact methods for determining representative refractive atmospheres for each sea-
son are quite complex. Such methods must account for acoustic energy averaging
over the season. Calculations by Lundberg (1994b) estimate seasonal acoustic re-
fractive effects using the TRAPS 89 sonic boom model (Figure 7).
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Figure 7: Estimation of seasonal acoustic refraction effects using sonic boom ray-tracing methods for
F-111 operations at Edwards AFB Military Operating Area, summer (left) and winter (right) (Lundberg
1994b)
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Weather effects aircraft performance

The International Center for Air Transportation (Huber et al. 2003, Figure 8) devel-
oped a single-event aircraft noise simulator, NOISIM, which implements modern sci-
ences of acoustic propagation in the outdoor environmental as well as weather ef-
fects on aircraft performance. While dramatic reductions in community noise expo-
sure were documented for specific departures, such results are tempered by the mul-
tiple aircraft operations involved in long-term average noise exposure predictions.

Summer Case~SEL 4RDeparture-4-SEL
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Figure 8: SEL contours for a single departure in summer (left) with standard climb rate, winter (center)
with cold-air climb rate and winter (right) taking advantage of additional lift produced by colder air to
turn seaward earlier (Huber et al. 2003; reproduced with permission by MIT)
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RECOMMENDATIONS

Minor technical issues remain to be resolved to establish science-based noise control
laws, standards and policies. Supersonic overland boomless flight is understood. Use
of ISO 9613-1 for certification requires analysis of various third-octave band filters.
Frequency-domain calculation of nonlinear aeroacoustic effects is achievable. Meth-
ods for seasonal-averaged noise exposure levels require further study.
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