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Acronyms and Abbreviations
The following acronyms and abbreviations are used in the report:
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dBC
CDNL
DI
DNL
DSM-1
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Hz
km
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I—max

psf
RUMBLE
SEL
SCLV
S.L.

TA

UK

A-Weighted Sound Exposure Level in Decibels
Blue Ridge Research and Consulting, LLC
Decibel

A-weighted Decibel Level

C-weighted Decibel Level

C-weighted Day Night Average Sound Level
Directivity Indices

Day Night Average Sound Level

Distributed Source Method 1

Environmental Impact Assessment

Hertz
Kilometers
Maximum A-weighted OASPL in Decibels

A-weighted Day-Evening-Night Sound Level in Decibels
Maximum Unweighted OASPL in Decibels

Peak Sound Pressure Level in Decibels

Newtons

Noise-Induced Hearing Loss

National Institute for Occupational Safety and Health
Overall Sound Pressure Level in Decibels

Occupational Safety and Health Administration

Pascal

Pounds per Square Foot

The Launch Vehicle Acoustic and Emissions Simulation Model
Sound Exposure Level

Small Class Launch Vehicles

Sea Level

Time Above
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1 Introduction

This report documents the noise study performed as part of efforts on the Environmental Impact
Assessment (EIA) for proposed launch operations at Shetland Space Centre (SSC). SSC plans to conduct
launch and static operations of various launch vehicles from three pads. Although a number of small class
launch vehicles (SCLV) could operate from the proposed launch sites, this noise study examines a single
nominal launch vehicle representing the largest SCLV (in terms of thrust) projected to be launched from
SSC. The potential impacts from propulsion noise and sonic booms are evaluated in relation to human
annoyance, hearing conservation, and structural damage.

This noise study describes the environmental noise associated with proposed operations. Section 2
describes the proposed operations at SSC; Section 3 summarizes the basics of sound and describes the
noise metrics and impact criteria discussed throughout this report; Section 4 describes the general
methodology of the propulsion noise and sonic boom modeling; and Section 5 presents the propulsion
noise and sonic boom modeling results. A summary is provided in Section 6 to document the notable
findings of this noise study.

Figure 1. Image of SSC launch site (credit: Shetland Space Centre Ltd)

2 Launch and Static Operations
SSC plans to conduct up to 30 launch and 30 static fire operations of various small class launch vehicles
per year. The annual operations are presented in Table 1 in terms of acoustic time of day.

The representative SCLV length, diameter, weight, and sea level (S.L.) thrust are presented in Table 2. The
noise and sonic boom modeling use the time varying weight and thrust profiles, with the first stage
reaching a maximum thrust of 736,200 N.

Launch trajectories departing from SSC will be unique to the vehicle, mission, and environmental
conditions. For the purposes of this study, the noise modeling utilized a nominal launch trajectory
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provided by the SCLV manufacturer with an azimuth of 343°, relative to true north. An overview of the
facility and nominal trajectory from each pad is shown in Figure 2.

Table 1. Proposed SCLV operations

Annual Operations

Daytime Evening Nighttime

Pad Coordinates Event Duration 0700 — 1900 1900 - 2300 2300-0700 Total

Pad 1 60.8188° N Launch - 6 2 2 10

(Eastern) 0.7751° W Static Fire 5 seconds 6 2 2 10

Pad 2 60.8184° N Launch - 6 2 2 10

(Central) 0.7700° W  Static Fire 5 seconds 6 2 2 10

Pad 3 60.8178° N  Launch -- 6 2 2 10

(Western) 0.7613° W Static Fire 5 seconds 6 2 2 10
Table 2. SCLV modeling parameters

Modeling Parameters Values

Length 29m

Diameter 1.8m

Gross Mass 10,049 kg

Propellant Description LOX/RP-1

S.L. Thrust 633,658 N (158,415 N/engine x Qty. 4 engines)

® Norwick

1 0 1km
I |

Map Features 5
M Source: N

B Closest Residence f::mc ot

4 Launch Pad e i . WL

jue Ridge Research
— Trajectory Ground Track & Consuiting, LLC 2020 5
—— S5SC Boundary

Figure 2. SSC facility boundary, launch pads, and trajectory ground tracks from each pad.
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3 Acoustics Overview
An overview of sound-related terms, metrics, and effects, which are pertinent to this study, is provided to
assist the reader in understanding the terminology used in this noise study.

3.1 Fundamentals of Sound
Any unwanted sound that interferes with normal activities or the natural environment is defined as noise.
Three principal physical characteristics are involved in the measurement and human perception of sound:
intensity, frequency, and duration [1].

> Intensity is a measure of a sound’s acoustic energy and is related to sound pressure. The greater
the sound pressure, the more energy is carried by the sound and the louder the perception of
that sound.

» Frequency determines how the pitch of the sound is perceived. Low-frequency sounds are
characterized as rumbles or roars, while high-frequency sounds are typified by sirens or screeches.

> Duration is the length of time the sound can be detected.

3.1.1 Intensity

The loudest sounds that can be comfortably detected by the human ear have intensities a trillion times
higher than those of sounds barely audible. Because of this vast range, using a linear scale to represent
the intensity of sound can become cumbersome. As a result, a logarithmic unit known as the decibel
(abbreviated dB) is used to represent sound levels. A sound level of 0 dB approximates the threshold of
human hearing and is barely audible under extremely quiet listening conditions. Normal speech has a
sound level around 60 dB. Sound levels above 120 dB begin to be felt inside the human ear as discomfort.
Sound levels between 130 and 140 dB are experienced as pain [2].

Because of the logarithmic nature of the decibel unit, sound levels cannot be simply added or subtracted
and are somewhat cumbersome to handle mathematically. However, some useful rules help when dealing
with sound levels. First, if a sound’s intensity is doubled, the sound level increases by 3 dB, regardless of
the initial sound level. For example:

50dB + 50dB = 53 dB,and 70dB + 70dB = 73 dB.

Second, the total sound level produced by two sounds with different levels is usually only slightly more
than the higher of the two. For example:

50.0dB + 60.0dB = 60.4 dB.

On average, a person perceives a change in sound level of about 10 dB as a doubling (or halving) of a
sound’s loudness. This relation holds true for both loud and quiet sounds. A decrease in sound level of 10
dB represents a 90% decrease in sound intensity but only a 50% decrease in perceived loudness because
the human ear does not respond linearly [1]. In the community, “it is unlikely that the average listener
would be able to correctly identify at a better than chance level the louder of two otherwise similar events
which differed in maximum sound level by < 3 dB” [3].

The intensity of sonic booms is quantified with physical pressure units rather than levels. Intensities of
sonic booms are traditionally described by the amplitude of the front shock wave, referred to as the peak
overpressure. The peak overpressure is normally described in units of pounds per square foot (psf). The

Blue Ridge Research and Consulting, LLC - 29 N Market St, Suite 700, Asheville NC 28801 - (828) 252-2209 8
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amplitude is particularly relevant when assessing structural effects as opposed to loudness or cumulative
community response. In this study, sonic booms are quantified by either dB or psf, as appropriate for the
particular impact being assessed [4].

3.1.2 Frequency

Sound frequency is measured in terms of cycles per second or hertz (Hz). Human hearing ranges in
frequency from 20 Hz to 20,000 Hz, although perception of these frequencies is not equivalent across this
range. Human hearing is most sensitive to frequencies in the 1,000 to 4,000 Hz range. Most sounds are
not simple pure tones, but contain a mix, or spectrum, of many frequencies. Sounds with different spectra
are perceived differently by humans even if the sound levels are the same. Weighting curves have been
developed to correspond to the sensitivity and perception of different types of sound. A-weighting and
C-weighting are the two most common weightings. These two curves, shown in Figure 3, are adequate to
guantify most environmental noises. A-weighting puts emphasis on the 1,000 to 4,000 Hz range to match
the reduced sensitivity of human hearing for moderate sound levels. For this reason, the A-weighted
decibel level (dBA) is commonly used to assess community sound.

Very loud or impulsive sounds, such as explosions or sonic booms, can sometimes be felt, and they can
cause secondary effects, such as shaking of a structure or rattling of windows. These types of sounds can
add to annoyance and are best measured by C-weighted sound levels, denoted dBC. C-weighting is nearly
flat throughout the audible frequency range and includes low frequencies that may not be heard but cause
shaking or rattling. C-weighting approximates the human ear’s sensitivity to higher intensity sounds. Note,
“unweighted” sound levels refer to levels in which no weighting curve has been applied to the spectra.
Unweighted levels are appropriate for use in examining the potential for noise impacts on structures.

L] LI | IIllI'I T LI | IIllI'I Ll LI | Illll'l L) T l'l'llll'l
——— A-weighted :
F ——— C-weighted | |
o
L -
-
S .
=
= i
2 I
= -100 -
x -
_150 1 1 Illllll L i | lllllll L 1 IIIIIII L A llllll]
10° 10* 10° 10° 10*

Frequency, Hertz
Figure 3. Frequency adjustments for A-weighting and C-weighting [5]

3.1.3 Duration

The third principal physical characteristic involved in the measurement and human perception of sound
is duration, which is the length of time the sound can be detected. Sound sources can vary from short
durations to continuous, such as back-up alarms and ventilation systems, respectively. Sonic booms are
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considered low-frequency impulsive noise events with durations lasting a fraction of a second. A variety
of noise metrics have been developed to describe noise over different time periods. These are discussed
in detail in Section 3.2.

3.1.4 Common Sounds
Common sources of noise and their associated levels are provided for comparison to the noise levels from
the proposed action.

A chart of A-weighted sound levels from everyday sound sources [6] is shown in Figure 4. Some sources,
like the air conditioners and lawn mower, are continuous sounds whose levels are constant for a given
duration. Some sources, like the ambulance siren and motorcycle, are the maximum sound during an
intermittent event like a vehicle pass-by. Other sources like “urban daytime” and “urban nighttime” (not
shown in Figure 4) are averages over extended periods [7]. Per the US Environmental Protection Agency,
“Ambient noise in urban areas typically varies from 60 to 70 dB but can be as high as 80 dB in the center
of a large city. Quiet suburban neighborhoods experience ambient noise levels around 45-50 dB” [8].

A chart of typical impulsive events along with their corresponding peak overpressures in terms of psf and
peak dB values are shown in Figure 5. For example, thunder overpressure resulting from lightning strikes
at a distance of one kilometer is estimated to be near two psf, which is equivalent to 134 dB [9].

Decibels T~ st
Civil Defense ecibels ounds/Feet
Si EE— —
{ﬂurgliluofsﬂi 130 152 —73— 16
—— Jackhammer
(from 50 feet)
Pile Driver i i 1 20
(trom 50 feet) =
146 —— 8
FA-18
1110 T QA
Ambulance
Siren J— Handgun
(Irom 25 fest) e — (from 1 meter)
= rcycie _
100 —== Motoeoyck 140 4
Lawnmower
(from 25 feet) — ~90
Garbage
I Thunder
80 ey 134 —— 2 —= (from 1 kilometer)
Alarm Clock T
{from 3 feet) e
Vacuum
—70 ——m Cleaner
| {from 3 feel) 128 1
Conversation — —60
{from 5 feet)
—5) —m ity
122 0.5
Bird Calls —
{from a distance) - A
=30
Soft Whis
— 30 v tfmmlifoﬂ}w e Distant Thunder
—10 116 0.25
Figure 4. Typical A-weighted levels of common sounds [10] Figure 5. Typical impulsive event levels [9]
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3.2 Noise Metrics

A variety of acoustical metrics have been developed to describe sound events and to identify any potential
impacts to receptors within the environment. These metrics are based on the nature of the event and
who or what is affected by the sound. A brief description of the noise metrics used in this noise study are
provided below.

3.2.1 Maximum Sound Level (Lmax)

The highest unweighted sound level measured during a single event, in which the sound changes with
time, is called the Maximum Sound Level (abbreviated as Lmax). The highest A-weighted sound level
measured during a single event is called the Maximum A-weighted Sound Level (abbreviated as Lamax).
Although it provides some measure of the event, Lmax (0r Lamax) does not fully describe the sound because
it does not account for how long the sound is heard.

3.2.2 Peak Overpressure (Lpk)

For impulsive sounds, the true instantaneous peak sound pressure level, which lasts for only a fraction of
a second, is important in determining impacts. The peak overpressure of the front shock wave is used to
describe sonic booms, and it is usually presented in psf. Peak sound levels are not frequency weighted.

3.2.3 Day-Night Average Sound Level (DNL) and Day-Evening-Night Average Sound Level
(Lden)

Day-Night Average Sound Level is a cumulative metric that accounts for all noise events in a 24-hour

period. To account for increased sensitivity to noise at night, DNL applies an additional 10 dB adjustment

to events during the acoustical nighttime period, defined as 10:00 PM to 7:00 AM. DNL represents the

average sound level exposure for annual average daily events.

The United Kingdom (UK) uses the Day-Evening-Night Average Sound Level (Lqen), @ variant of the DNL. In
addition to a 10 dB (i.e. 10 times weighting) adjustment during the acoustical nighttime period (11:00 pm
to 7:00 am), the Lgen includes a 5 dB adjustment (i.e. 3 times weighting) to events during the acoustical
evening period (7:00 PM to 11:00 PM) to account for decreased community noise during this period. DNL
and Lgen do not represent a level heard at any given time but represent long term exposure to noise.

3.2.4 Sound Exposure Level (SEL)

Sound exposure level is a composite metric that represents both the intensity of a sound and its duration.
Individual time-varying noise events have two main characteristics: a sound level that changes throughout
the event and a period of time during which the event is heard. SEL provides a measure of the net impact
of the entire acoustic event, but it does not directly represent the sound level heard at any given time.
Mathematically, it represents the sound level of a constant sound that would generate the same
acoustical energy in one second as the actual time-varying noise event. For sounds that typically last more
than one second, the SEL is usually greater than the Lmax because a single event takes seconds and the
maximum sound level (Lmax) occurs instantaneously. A-weighted sound exposure level is abbreviated as
ASEL.

Blue Ridge Research and Consulting, LLC - 29 N Market St, Suite 700, Asheville NC 28801 - (828) 252-2209 11
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3.2.5 Time Above (TA)

The Time Above a threshold level is a measure of the total time the noise level exceeds the A-weighted
threshold level during a defined time period. TA is expressed in seconds and describes the time noise
levels are elevated above a level. For example, TA66 represents the time that the noise levels are above
66 dBA. However, it does not describe the magnitude of the elevated noise levels.

3.3 Noise Effects

Noise criteria have been developed to protect the public health and welfare of the surrounding
communities. The impacts of launch vehicle noise and sonic booms are evaluated on a cumulative basis
in terms of human annoyance. In addition, potential impacts are evaluated on a single-event basis in
relation to hearing conservation, sleep disturbance, speech interference, and structural damage.

3.3.1 Human Annoyance

DNL is based on long-term cumulative noise exposure and has been found to correlate well with long-
term community annoyance for regularly occurring events including aircraft, rail, and road noise [11, 12].
Noise studies used in the development of the DNL metric did not include rockets, which are historically
irregularly occurring events. Thus, it is acknowledged that the suitability of DNL for infrequent rocket noise
events is uncertain. Additionally, it has been noted that the DNL “threshold does not adequately address
the effects of noise on visitors to areas within a national park or national wildlife refuge where other noise
is very low and a quiet setting is a generally recognized purpose and attribute” [13]. However, DNL is the
most widely accepted metric to estimate the potential changes in long-term community annoyance. For
launch propulsion noise, A-weighted DNL is used to assess the community impacts with regards to human
annoyance. For impulsive noise sources with significant low-frequency content such as sonic booms,
C-weighted DNL (CDNL) is preferred over A-weighted DNL [14]. In terms of percent highly annoyed, DNL
65 dBA is equivalent to CDNL 60 dBC [15]. Within the UK, the potential for community impacts with
regards to human annoyance are assessed using Lqen (S€e Section 3.2), a variant of DNL. Given that there
are no formal thresholds incorporated into UK guidelines or legislation, the present study uses a criterion
of 55 dBA Lgen based on guidance from EU Directive 2002/49/EC [16].

3.3.2 Hearing Conservation

Launch Vehicle Noise

National agencies have provided guidelines on permissible noise exposure limits. These documented
guidelines are in place to protect human hearing from long-term continuous daily exposures to high noise
levels and aid in the prevention of noise-induced hearing loss (NIHL). A number of agencies have set
exposure limits on non-impulsive noise levels, including the Occupational Safety and Health
Administration (OSHA) [17], National Institute for Occupational Safety and Health (NIOSH) [18], and UK
Legislation [19]. The most conservative of these upper noise level limits has been set by OSHA at 115 dBA.
At 115 dBA, the allowable exposure duration is 15 minutes for OSHA and 28 seconds for NIOSH. Lamax
contours are used to identify potential locations where hearing protection should be considered for rocket
operations.
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Sonic Booms

Multiple national agencies have provided guidelines on permissible noise exposure limits on impulsive
noise such as sonic booms. In terms of upper limits on impulsive or impact noise levels, NIOSH [18], OSHA
[20], and UK Legislation [19] have stated that levels should not exceed 140 dB peak sound pressure level,
which equates to a sonic boom level of approximately 4 psf.

3.3.3 Sleep Disturbance

Launch Vehicle Noise

Sleep disturbance is a major concern for communities exposed to launch vehicle noise at night. A number
of studies have attempted to quantify the effects of noise on sleep. Although no scientific evidence
directly relates nighttime aircraft noise and irreversible long-term health effects such as stress-induced
illnesses, sleep disturbance is a major cause of annoyance for the community.

The relationship between noise levels and sleep disturbance is complex and not fully understood. The
disturbance depends not only on the depth of sleep, but also on the previous exposure to launch vehicle
noise, familiarity with the surroundings, the physiological and psychological condition of the recipient,
and a host of other situational factors. The most readily measurable effect of noise on sleep is the number
of arousals or awakenings, and so the body of scientific literature has focused on predicting the
percentage of the population that will be awakened at various single event noise levels, expressed in
terms of SEL, and or the probability of awakening during the night from nighttime operations.

A UK study [21] concluded that “below outdoor event levels of 90 dB ASEL, aircraft noise events are most
unlikely to cause any measurable increase in the overall rates of sleep disturbance experienced during
normal sleep.” An SEL of 90 dBA is used to identify potential locations where sleep disturbance may occur.

3.3.4 Speech Interference

Launch Vehicle Noise

Speech interference from noise is a primary cause of annoyance for communities. Disruption of routine
activities such as radio or television listening, telephone use, or conversation leads to frustration and
annoyance. The quality of speech communication isimportant in classrooms and offices. In the workplace,
speech interference from noise can cause fatigue and vocal strain in those who attempt to talk over the
noise. In schools it can impair learning.

There are two measures of speech comprehension:

1. Word Intelligibility - the percent of words spoken and understood. This might be important for
students in the lower grades who are learning the English language, and particularly for students
who have English as a Second Language.

2. Sentence Intelligibility — the percent of sentences spoken and understood. This might be
important for high-school students and adults who are familiar with the language, and who do
not necessarily have to understand each word in order to understand sentences.
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A sentence intelligibility of 95% usually permits reliable communication because of the redundancy in
normal conversation. Levels must remain below 66 dBA to maintain a speech intelligibility of 95% for two
people standing outside, approximately 1 m apart [8].

3.3.5 Structural Damage

Launch Vehicle Noise

Typically, the most sensitive components of a structure to launch vehicle noise are windows, and
infrequently, the plastered walls and ceilings. The potential for damage to a structure is unique interaction
among the incident sound, the condition of the structure, and the material of each element and its
respective boundary conditions. A report from the National Research Council on the “Guidelines for
Preparing Environmental Impact Statements on Noise” [22] states that one may conservatively consider
all sound lasting more than one second with levels exceeding 130 dB (unweighted) as potentially
damaging to structures.

A NASA technical memo examined the relationship between structural damage claims and overall
sound pressure level and concluded “the probability of structural damage [was] proportional to the
intensity of the low frequency sound” [23]. This relationship estimated that one damage claim in 100
households exposed is expected at an average continuous sound level of 120 dB (unweighted), and one
in 1,000 households at 111 dB (unweighted). The study was based on community responses to 45 ground
tests of the first and second stages of the Saturn V rocket system conducted in Southern Mississippi over
a period of five years. The sound levels used to develop the criteria were modeled mean sound levels.

It is important to highlight the difference between the static ground tests on which the rate of structural
damage claims is based and the dynamic events modeled in this noise study. During ground tests, the
engine/motor remains in one position, which results in a longer-duration exposure to continuous levels
as opposed to the transient noise occurring from the moving vehicle during a launch event. Regardless of
this difference, Guest and Slone’s [23] damage claim criteria represents the best available dataset
regarding the potential for structural damage resulting from rocket noise. Thus, Lmax values of 120 dB
(unweighted) and 111 dB (unweighted) are used in this report as conservative thresholds for potential risk
of structural damage claims.

Sonic Booms

High-level sonic booms are also associated with structural damage. Most damage claims are for brittle
objects, such as glass and plaster. Table 3 summarizes the threshold of damage that may be expected at
various overpressures [24]. Additionally, Table 3 describes example impulsive events for each level range.
A large degree of variability exists in damage experience, and much of the damage depends on the pre-
existing condition of a structure. Breakage data for glass, for example, spans a range of two to three orders
of magnitude at a given overpressure. The probability of a window breaking at 1 psf ranges from one in a
billion [25] to one in a million [26]. These damage rates are associated with a combination of boom load
and glass condition. At 10 psf, the probability of breakage is between one in 100 and one in 1,000.
Laboratory tests involving glass [27] have shown that properly installed window glass will not break at
overpressures below 10 psf, even when subjected to repeated booms. However, in the real world, glass
is not always in pristine condition.
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Damage to plaster occurs at similar ranges to glass damage. Plaster has a compounding issue in that it will

often crack due to shrinkage while curing or from stresses as a structure settles, even in the absence of

outside loads. Sonic boom damage to plaster often occurs when internal stresses are high as a result of

these factors. In general, for well-maintained structures, the threshold for damage from sonic booms is

2 psf [24], below which damage is unlikely.
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Table 3. Possible damage to structures from sonic booms [24]

Nominal level Damage Type  Item Affected
0.5 -2 psf Plaster Fine cracks; extension of existing cracks; more in ceilings; over
. . doorframes; between some plasterboards.
piledriver at
construction site Glass Rarely shattered; either partial or extension of existing.
Roof Slippage of existing loose tiles/slates; sometimes new cracking of
old slates at nail hole.
Damage to Existing cracks in stucco extended.

outside walls

Bric-a-brac

Other

Those carefully balanced or on edges can fall; fine glass, such as
large goblets, can fall and break.

Dust falls in chimneys.

2 —4 psf

cap gun/firecracker near

Glass, plaster,
roofs, ceilings

Failures show that would have been difficult to forecast in terms of
their existing localized condition. Nominally in good condition.

ear

4 — 10 psf Glass Regular failures within a population of well-installed glass;
industrial as well as domestic greenhouses.

handgun at shooter’s g

ear Plaster Partial ceiling collapse of good plaster; complete collapse of very
new, incompletely cured, or very old plaster.

Roofs High probability rate of failure in nominally good state, slurry-wash;
some chance of failures in tiles on modern roofs; light roofs
(bungalow) or large area can move bodily.

Walls (out) Old, free standing, in fairly good condition can collapse.

Walls (in) Inside (“party”) walls known to move at 10 psf.

> 10 psf Glass Some good glass will fail regularly to sonic booms from the same
. . direction. Glass with existing faults could shatter and fly. Large

fireworks display from I, I WIth existing fau Y ¥ g
. window frames move.

viewing stand

Plaster Most plaster affected.

Ceilings Plasterboards displaced by nail popping.

Roofs Most slate/slurry roofs affected, some badly; large roofs having
good tile can be affected; some roofs bodily displaced causing gale-
end and will-plate cracks; domestic chimneys dislodged if not in
good condition.

Walls Internal party walls can move even if carrying fittings such as hand
basins or taps; secondary damage due to water leakage.

Bric-a-brac Some nominally secure items can fall; e.g., large pictures, especially

if fixed to party walls.

Blue Ridge Research and Consulting, LLC - 29 N Market St, Suite 700, Asheville NC 28801 - (828) 252-2209 16



Noise Study for Launch Vehicle Operations at Shetland Space Centre BRRC

Technical Report — October 2020 (Final) BLULE RIDGE

4 Noise Modeling
An overview of the propulsion noise and sonic boom modeling methodologies used in this noise study are
presented in Section 4.1 and 4.2, respectively.

4.1 Propulsion Noise Modeling

Launch vehicle propulsion systems, such as solid rocket motors and liquid-propellant rocket engines,
generate high-amplitude broadband noise. Most of the noise is created by the rocket plume interacting
with the atmosphere and the combustion noise of the propellants. Although rocket noise radiates in all
directions, it is highly directive, meaning that a significant portion of the source’s acoustic power is
concentrated in specific directions.

The Launch Vehicle Acoustic and Emissions Simulation Model (RumBLE) 4.1, developed by Blue Ridge
Research and Consulting, LLC (BRRC), is the noise model used to predict the noise associated with the
proposed operations. The core components of the model are visualized in Figure 6 and are described in
the following subsections.

Stratopause

Receiver

“GroundPlane — - Temperature Pressure Bel. Hum. }

Figure 6. Conceptual overview of rocket noise prediction model methodology

4.1.1 Source
The rocket noise source definition considers the acoustic power of the rocket, forward flight effects,
directivity, and the Doppler effect.

Acoustic Power

Eldred’s Distributed Source Method 1 (DSM-1) [28] is utilized for the source characterization. The DSM-1
model determines the launch vehicle’s total sound power based on its total thrust, exhaust velocity, and
the engine/motor’s acoustic efficiency. BRRC's recent validation of the DSM-1 model showed very good
agreement between full-scale rocket noise measurements and the empirical source curves [29]. The
acoustic efficiency of the rocket engine/motor specifies the percentage of the mechanical power
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converted into acoustic power. The acoustic efficiency of the rocket engine/motor was modeled using
Guest’s variable acoustic efficiency [30]. Typical acoustic efficiency values range from 0.2% to 1.0% [28].
In the far-field, distributed sound sources are modeled as a single compact source located at the nozzle
exit with an equivalent total sound power. Therefore, launch vehicle propulsion systems with multiple
tightly clustered equivalent engines can be modeled as a single engine with an effective exit diameter and
total thrust [28]. Additional boosters or cores (that are not considered to be tightly clustered) are handled
by summing the noise contribution from each booster/core.

Forward Flight Effect

A rocket in forward flight radiates less noise than the same rocket in a static environment. A standard
method to quantify this effect reduces overall sound levels as a function of the relative velocity between
the jet plume and the outside airflow [31, 32, 33, 34]. This outside airflow travels in the same direction as
the rocket exhaust. At the onset of a launch, the rocket exhaust travels at far greater speeds than the
ambient airflow. Conversely, for a vertical landing, the rocket exhaust and ambient airflow travel in
opposing directions, yielding an increased relative velocity differential. As the differential between the
forward flight velocity and exhaust velocity decreases, jet plume mixing is reduced, which reduces the
corresponding noise emission. Notably, the maximum sound levels are normally generated before the
vehicle reaches the speed of sound. Thus, the modeled noise reduction is capped at a forward flight
velocity of Mach 1.

Directivity

Rocket noise is highly directive, meaning the acoustic power is concentrated in specific directions, and the
observed sound pressure will depend on the angle from the source to the receiver. NASA’s Constellation
Program has made significant improvements in determining launch vehicle directivity of the reusable solid
rocket motor (RSRM) [35]. The RSRM directivity indices (Dl) incorporate a larger range of frequencies and
angles than previously available data. Subsequently, improvements were made to the formulation of the
RSRM DI [36] accounting for the spatial extent and downstream origin of the rocket noise source. These
updated DI are used for this analysis.

Doppler Effect

The Doppler effect is the change in frequency of an emitted wave from a source moving relative to a
receiver. The frequency at the receiver is related to the frequency generated by the moving sound source
and by the speed of the source relative to the receiver. The received frequency is higher (compared to the
emitted frequency) if the source is moving towards the receiver, it is identical at the instant of passing by,
and it is lower if the source is moving away from the receiver. During a rocket launch, an observer on the
ground will hear a downward shift in the frequency of the sound as the distance from the source to
receiver increases. The relative changes in frequency can be explained as follows: when the source of the
waves is moving toward the observer, each successive wave crest is emitted from a position closer to the
observer than the previous wave. Therefore, each wave takes slightly less time to reach the observer than
the previous wave, and the time between the arrivals of successive wave crests at the observer is reduced,
causing an increase in the frequency. While they are traveling, the distance between successive wave
fronts is reduced such that the waves "bunch together." Conversely, if the source of waves is moving away
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from the observer, then each wave is emitted from a position farther from the observer than the previous
wave; the arrival time between successive waves is increased, reducing the frequency. Likewise, the
distance between successive wave fronts increases, so the waves "spread out." Figure 7 illustrates this
spreading effect for an observer in a series of images, where a) the source is stationary, b) the source is
moving less than the speed of sound, c) the source is moving at the speed of sound, and d) the source is
moving faster than the speed of sound. As the frequency is shifted lower, the A-weighting filtering on the
spectrum results in a decreased A-weighted sound level. For unweighted overall sound levels, the Doppler
effect does not change the levels since all frequencies are accounted for equally.

0OG®

Figure 7. Effect of expanding wavefronts (decrease in frequency) that an observer would notice for
higher relative speeds of the rocket relative to the observer for: a) stationary source b) source velocity <
speed of sound c) source velocity = speed of sound d) source velocity > speed of sound

4.1.2 Propagation
The sound propagation from the source to receiver considers the ray path, atmospheric absorption, and
ground interference.

Ray Path

The model assumes straight line propagation between the source and receiver to determine propagation
effects. For straight rays, sound levels decrease as the sound wave propagates away from a source
uniformly in all directions. The launch vehicle noise model components are calculated based on the
specific geometry between source (launch vehicle trajectory point) to receiver (grid point). The position
of the launch vehicle, described by the trajectory, is provided in latitude and longitude, defined relative
to a reference system (e.g. World Geodetic System 1984) that approximates the Earth’s surface by an
ellipsoid. The receiver grid is also described in geodetic latitude and longitude, referenced to the same
reference system as the trajectory data, ensuring greater accuracy than traditional flat earth models.
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Atmospheric Absorption

Atmospheric absorption is a measure of the sound attenuation from the excitation of vibration modes of
air molecules. Atmospheric absorption is a function of temperature, pressure, and relative humidity of
the air. The propulsion noise model utilizes an atmospheric profile, which describes the variation of
temperature, pressure, and relative humidity with respect to the altitude. Standard atmospheric data
sources [37, 38, 39, 40] were used to create a composite atmospheric profile for altitudes up to 106 km.
The atmospheric absorption is calculated using formulas found in ANSI Standard S1.26-1995 (R2004). The
result is a sound-attenuation coefficient, which is a function of frequency, atmospheric conditions, and
distance from the source. The amount of absorption depends on the parameters of the atmospheric layer
and the distance that the sound travels through the layer. The total sound attenuation is the sum of the
absorption experienced from each atmospheric layer.

Nonlinear propagation effects can result in distortions of high-amplitude sound waves [41] as they travel
through the medium. These nonlinear effects are counter to the effect of atmospheric absorption [42,
43]. However, recent research shows that nonlinear propagation effects change the perception of the
received sound [44, 45], but the standard acoustical metrics are not strongly influenced by nonlinear
effects [46, 47]. The overall effects of nonlinear propagation on high-amplitude sound signatures and their
perception is an ongoing area of research, and it is not currently included in the propagation model.

Ground Interference

The calculated results of the sound propagation using DSM-1 provide a free-field sound level (i.e. no
reflecting surface) at the receiver. However, sound propagation near the ground is most accurately
modeled as the combination of a direct wave (source to receiver) and a reflected wave (source to ground
to receiver) as shown in Figure 6. The ground will reflect sound energy back toward the receiver and
interfere both constructively and destructively with the direct wave. Additionally, the ground may
attenuate the sound energy, causing the reflected wave to propagate a smaller portion of energy to the
receiver. RUMBLE accounts for the attenuation of sound by the ground [48, 49] when estimating the
received noise. The model assumes a five-foot receiver height and a homogeneous grass ground surface.
However, it should be noted that noise levels may be 3 dB louder over water surfaces compared to the
predicted levels over the homogeneous grass ground surfaces assumed in the modeling. To account for
the random fluctuations of wind and temperature on the direct and reflected wave, the effect of
atmospheric turbulence is also included [48, 50].

4.1.3 Receiver

The received noise is estimated by combining the source and propagation components. The basic received
noise is modeled as overall and spectral level time histories. This approach enables a range of noise
metrics relevant to environmental noise analysis to be calculated and prepared as output.
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4.2 Sonic Boom Modeling

A vehicle creates sonic booms during supersonic flight. The potential for the boom to intercept the ground
depends on the trajectory and speed of the vehicle as well as the atmospheric profile. The sonic boom is
shaped by the physical characteristics of the vehicle and the atmospheric conditions through which it
propagates. These factors affect the perception of a sonic boom. The noise is perceived as a deep boom,
with most of its energy concentrated in the low frequency range. Although sonic booms generally last less
than one second, their potential for impact may be considerable.

A brief sonic boom generation and propagation modeling primer is provided in Section 4.2.1 to describe
relevant technical details that inform the sonic boom modeling. The primer also provides visualizations of
the boom generation, propagation, and ground intercept geometry. An overview of the sonic boom
modeling software used in the study, PCBoom, and a description of inputs are found in Section 4.2.2.

4.2.1 Primer

When a vehicle moves through the air, it pushes the air out of its way. At subsonic speeds, the displaced
air forms a pressure wave that disperses rapidly. At supersonic speeds, the vehicle is moving too quickly
for the wave to disperse, so it remains as a coherent wave. This wave is a sonic boom. When heard at
ground level, a sonic boom consists of two shock waves (one associated with the forward part of the
vehicle, the other with the rear part) of approximately equal strength. When plotted, this pair of shock
waves and the expanding flow between them has the appearance of a capital letter “N,” so a sonic boom
pressure wave is usually called an “N-wave.” An N-wave has a characteristic "bang-bang" sound that can
be startling. Figure 8 shows the generation and evolution of a sonic boom N-wave under the vehicle.

:.‘ q\
' \\ — Near Field

Mid Field

Far Field &4\
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Figure 8. Sonic boom generation and evolution to N-wave [51]
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For aircraft, the front and rear shock are generally the same magnitude. However, for rockets, in addition
to the two shock waves generated from the vehicle body, the plume itself acts as a large supersonic body,
and it generates two additional shock waves (one associated with the forward part of the plume, the other
with the rear part) and extends the waveform duration to as large as one second. If the plume volume is
significantly larger than the vehicle, its shocks will be stronger than the shocks generated by the vehicle.

Figure 9 shows the sonic boom wave cone generated by a vehicle in steady (non-accelerating) level
supersonic flight. The wave cone extends toward the ground and is said to sweep out a “carpet” under
the flight track. The boom levels vary along the lateral extent of the “carpet” with the highest levels
directly underneath the flight track and decreasing levels as the lateral distance increases to the cut-off
edge of the “carpet.”

AP0

Distance or Time

NASAWWE.018073112

Figure 9. Sonic boom carpet for a vehicle in steady flight [52]

Although the wave cone can be calculated from an aircraft-fixed reference frame, the ray perspective is
more convenient when computing sonic boom metrics in a ground-fixed observer’s reference frame [53].
Both perspectives are shown in Figure 10. The difference in wave versus ray perspectives is described for
level, climbing, and diving flight, in the PCBoom Sonic Boom Model User Guide [53]:

Sonic boom wave cones are not generated fully formed at a single point in time, instead
resulting from the accumulation of all previous disturbance events that occurred during
the vehicle’s time history. [...] Unlike wave cones, ray cones are fully determined at a
single point in time and are independent of future maneuvers. They are orthogonal to
wave cones and represent all paths that sonic boom energy will take from the point they
are generated until a later point in time when they hit the ground. The ray perspective is
particularly useful when considering refraction due to atmospheric gradients or the effect
of aircraft maneuvers, where rays can coalesce into high amplitude focal zones.
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When the ray cone hits the ground, the resulting intersection is called an “isopemp.” The
isopemp is forward-facing [as shown in Figure 10] and falls a distance ahead of the vehicle
called the “forward throw.” At each new point in the trajectory, a new ray cone is
generated, resulting in a new isopemp that strikes the ground. These isopemps are
generated throughout the trajectory, sweeping out an area called the “boom footprint.”
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Figure 10. Mach cone vs ray cone viewpoints

Figure 9 and Figure 10 may give the impression that the boom footprint is generally
associated with rays generated from the bottom of a vehicle. This is the case for vehicles
at moderate climb and dive angles, or in level flight as shown in Figure 10. For a vehicle
climbing at an angle steeper than the ray cone half angle, such as in the left image of
Figure 11, rays from that part of its trajectory will not reach the ground. This is important
for vertical launches, where the ascent stage of a launch vehicle typically begins at a steep
angle. In these cases, sonic booms are not expected to reach the ground unless refracted
back downwards by gradients in the atmosphere. Conversely, if a vehicle is in a sufficiently
steep dive, such as in the right image of Figure 11, the entire ray cone may intersect the
ground, resulting in an elliptical or even circular isopemp. This is of importance for space
flight reentry analysis, where descent may be nearly vertical.

Figure 11. Ray cone in climbing (left) and diving (right) flight
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4.2.2 PCBoom

The single-event prediction model, PCBoom 6.7b [54, 55, 56], is a full ray trace sonic boom program that
is used to calculate the magnitude, waveform, and location of sonic boom overpressures on the ground
from supersonic flight operations. Additionally, BRRC uses a custom version of PCBoom 6.7b that
implements proper plume physics.

Several inputs are required to calculate the sonic boom impact, including the geometry of the vehicle, the
trajectory path, and the atmospheric conditions. These parameters along with time-varying thrust, drag,
and weight are used to define the PCBoom starting signatures used in the modeling. The starting
signatures are propagated through a site-specific atmospheric profile that includes the mean
temperature, wind speed, and wind direction [57].
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5 Results

The following sections present the results of the environmental propulsion noise and sonic boom impacts
associated with the proposed SCLV operations. Additionally, noise levels over water may be higher
because of the acoustical hardness of the water surface. Single event propulsion noise and sonic boom
noise metrics are presented in Section 5.1 and Section 5.2, respectively. Cumulative launch vehicle noise
results are presented in Section 5.3.

5.1 Single Event Propulsion Noise Metrics and Effects
Single event propulsion noise events are evaluated using maximum A-weighted and unweighted levels,
A-weighted sound exposure level, and time above.

5.1.1 Maximum A-weighted Sound Level (Lamax)

The modeled Lamax contours associated with SCLV operations from SSC are presented in Figure 12 through
Figure 17. An upper limit noise level of 115 dBA is used as a guideline to protect human hearing from
long-term continuous daily exposures to high noise levels and to aid in the prevention of NIHL. There are
no residences within the land area encompassed by the 115 dB noise contours resulting from SCLV
operations. Thus, the potential for impacts to people in the community with regards to hearing
conservation is negligible.

Launch Operations —The 115 dBA contour for SCLV launch events from Pad 1, Pad 2, and Pad 3 are shown
in Figure 12, Figure 13, Figure 14, respectively. The SCLV launch event generates modeled levels at or
above an Lamax of 115 dBA within 0.56 km of the pad nearest to the community.

Static Operations — The 115 dBA contour for SCLV static events from Pad 1, Pad 2, and Pad 3 are shown in
Figure 15, Figure 16, and Figure 17, respectively. Note the difference in zoom level between the launch

and static operation results. The SCLV static event noise contours are more directive than the launch event
noise contours because the plume is redirected in-line with the deflector heading for the entire duration
of the event. A receptor located along the peak directivity angle may experience an Lamax of 115 dBA at
approximately 0.29 km from the pad during a static event. The levels produced by static events will remain
constant over the duration of the event, whereas the levels produced by launch events will decrease as
the rocket moves further away from the receptor.
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Figure 12. La max contours for a SCLV launch from SSC Pad 1
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Figure 13. La max contours for a SCLV launch from SSC Pad 2
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Figure 14. La max contours for a SCLV launch from SSC Pad 3
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Figure 15. La max contours for a SCLV static fire from SSC Pad 1
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Figure 16. La max contours for a SCLV static fire from SSC Pad 2
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Figure 17. La max contours for a SCLV static fire from SSC Pad 3

Blue Ridge Research and Consulting, LLC - 29 N Market St, Suite 700, Asheville NC 28801 - (828) 252-2209 28



Noise Study for Launch Vehicle Operations at Shetland Space Centre BRRC

Technical Report — October 2020 (Final) BLULE RIDGE

5.1.2 Sound Exposure Level

The modeled ASEL contours associated with SCLV operations from SSC are presented in Figure 18 through
Figure 23. Typically, ASEL levels in excess of 90 dBA indicate potential for sleep disturbance. Northern Unst
is encompassed by the 90 dBA noise contours resulting from SCLV launch operations. Thus, the potential
for sleep disturbance exists for nighttime launch operations.

Launch Operations — The 90 dBA contour for SCLV launch events from Pad 1, Pad 2, and Pad 3 are shown
in Figure 18, Figure 19, and Figure 20, respectively. The SCLV launch event generates modeled levels at or
above an ASEL of 90 dBA within 12.9 km of the pad nearest to the community.

Static Operations — The 90 dBA contour for SCLV static events at Pad 1, Pad 2, and Pad 3 are shown in
Figure 21, Figure 22, and Figure 23, respectively. Note, the difference in zoom level between the launch

and static operation results. The SCLV static event noise contours are more directive than the launch event
noise contours because the plume is redirected in-line with the deflector heading for the entire duration
of the event. A receptor located along the peak directivity angle may experience an ASEL of 90 dBA at
approximately 4.2 km from the pad during a static event. Note, the levels produced by static events will
remain constant over the duration of the event, whereas the levels produced by launch events will
decrease as the rocket moves further away from the receptor.

2 o0 2 4km
(VI ) |
ASEL Contours Map Features
Map Source: A
— 90dBA 110 dBA ®  (Closest Residence B M map
Map Service " s
95dBA — 115dBA ¢ Pad1 T
Biue Ridge Research
— 100dBA — 120dBA — Trajectory Ground Track & Consulfing, LLC 2020 5
105 dBA — SSC Boundary

Figure 18. ASEL contours for a SCLV launch from SSC Pad 1
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Figure 19. ASEL contours for a SCLV launch from SSC Pad 2
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Figure 20. ASEL contours for a SCLV launch from SSC Pad 3
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Figure 21. ASEL contours for a SCLV static fire from SSC Pad 1
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Figure 22. ASEL contours for a SCLV static fire from SSC Pad 2
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Figure 23. ASEL contours for a SCLV static fire from SSC Pad 3

5.1.3 Time Above

The modeled sound level time history for the event at the closest residence is shown in Figure 24. To

provide additional context, Figure 24 displays the time above for four specified threshold levels which

represent:

> Atypical helicopter overflight (89 dBA);
» A speech intelligibility threshold of 95% (66 dBA);

» The average background noise level on Unst (45 dBA); and

> The background noise level on Unst that is exceeded 90% of the time (22 dBA).

To show the effect over the study region, the modeled time above contours associated with SCLV launch
operations from SSC Pad 1, Pad 2, and Pad 3 are presented for 45 dBA, 66 dBA, and 89 dBA in Figure 25
to Figure 33. The shape of the contours depends on the selected time above threshold level. The TA45
contours, representing the time above the average background noise on Unst, increase from south to
north over the study area and span a duration of 130-200 seconds. The TA66 contours, representing the
time above the speech intelligibility threshold, shows a similar trend and span a duration of 60-95 seconds.

The TA89 contours, representing the time above a typical helicopter overflight, generally decreases away

from SSC and span a duration of 5-45 seconds.
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Figure 24. Modeled sound level time history at closest residence from SCLV launch operation.
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Figure 25. Time above 45 dBA contours for a SCLV launch from SSC Pad 1
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Figure 26. Time above 45 dBA contours for a SCLV launch from SSC Pad 2
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Figure 27. Time above 45 dBA contours for a SCLV launch from SSC Pad 3
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Figure 28. Time above 66 dBA contours for a SCLV launch from SSC Pad 1
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Figure 29. Time above 66 dBA contours for a SCLV launch from SSC Pad 2
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Figure 30. Time above 66 dBA contours for a SCLV launch from SSC Pad 3
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Figure 31. Time above 89 dBA contours for a SCLV launch from SSC Pad 1
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Figure 33. Time above 89 dBA contours for a SCLV launch from SSC Pad 3
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5.1.4 Maximum Unweighted Sound Level (Lmax)

The modeled Lmax contours associated with SCLV operations from SSC are presented in Figure 34 to Figure
39. For reference, the potential for structural damage claims is approximately one damage claim per 100
households exposed at 120 dB and one in 1,000 households at 111 dB [23].

Launch Operations — The 120 dB and 111 dB contours for SCLV launch events from Pad 1, Pad 2, and Pad 3
are shown in Figure 34, Figure 32, and Figure 36, respectively. The modeled 120 dB and 111 dB contours

are limited to radii of 1.0 km and 2.5 km from the pad nearest the community, respectively. The closest
residence and Norwick lie outside the 120 dB contour, but within the 111 dB contour.

Static Operations — The 120 dB and 111 dB contour for SCLV static events at Pad 1, Pad 2, and Pad 3 are
shown in Figure 37, Figure 38, and Figure 39, respectively. For a SCLV static event, a receptor located along

the peak directivity angle may experience Lmax values of 120 dB and 111 dB at approximately 1.0 km and
2.4 km from the pad nearest the community, respectively.

% * Nonwick
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Figure 34. Lmax contours for a SCLV launch from SSC Pad 1

Blue Ridge Research and Consulting, LLC - 29 N Market St, Suite 700, Asheville NC 28801 - (828) 252-2209 38



Noise Study for Launch Vehicle Operations at Shetland Space Centre m

Technical Report — October 2020 (Final) E;EHCHE.J}CLQ&NEG

L ,ax Contours Map Features

~= 111dB ® Closest Residence

— 120 dB ¢ Pad2
= Trajectory Ground Track
—— SS5C Boundary

Figure 35. Lmax contours for a SCLV launch from SSC Pad 2

L ,ax Contours Map Features

~= 111dB ® Closest Residence

— 120 dB 4 Pad3
= Trajectory Ground Track
—— SS5C Boundary

Figure 36. Lmax contours for a SCLV launch from SSC Pad 3
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Figure 37. Lmax contours for a SCLV static fire from SSC Pad 1
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Figure 38. Lmax contours for a SCLV static fire from SSC Pad 2
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Figure 39. Lmax contours for a SCLV static fire from SSC Pad 3

5.2 Single Event Sonic Boom Metrics and Effects

Individual launch site operations are evaluated using peak overpressure for sonic booms. To evaluate the
sonic boom impacts from SSC operations, the nominal trajectory from the center launch site (Pad 2) was
modeled. The resulting sonic boom footprint spans a much larger geographic area relative to the distance
between adjacent pads, thus the results from Pad 1 and Pad 3 will produce similar levels with minor
deviations to the precise location.

The sonic boom peak overpressure contours for the modeled SCLV launch operations are presented in
Figure 40. The sonic boom footprint produced by the SCLV launch vehicle has a long, narrow, forward-
facing, crescent-shaped focus boom region beginning 60 km downrange of the launch site. The focus
boom region is generated because the launch vehicle continuously accelerates and pitches downward as
it ascends. The maximum peak overpressure along the focus boom region is predicted to be approximately
5.4 psf. However, these high levels would only occur in extremely small areas along the focus boom region.
As the rocket gains altitude, the sonic boom peak overpressure gradually decreases, and the crescent-
shaped contours become slightly wider.

The sonic booms were modeled based on a single launch trajectory at a nominal azimuth of 343° relative
to true north. The sonic boom peak overpressure contours for the modeled SCLV launch operation are
predicted to be entirely over water. Thus, the potential for structural damage and hearing damage (with
regards to humans) is not expected. The exact location of the sonic boom footprint produced by each
SCLV launch operation will be highly dependent on the vehicle configuration, trajectory, and atmospheric
conditions at the time of flight.
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Figure 40. Sonic boom peak overpressure contours for a SCLV launch from SSC
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5.3 Cumulative Noise Metrics
The potential for long-term community annoyance is assessed using A-weighted Lq4en for launch vehicle
noise and C-weighted Lgen for sonic booms.

Launch Site Operations

To assess cumulative noise impacts, a criteria of 55 dBA is used by the UK government. The Lgen contours
for all SSC launch and static operations are presented in Figure 41. The Lgen 55 dBA contours extend
approximately 3.3 km from the launch pad nearest the community. This area encompasses the closest
residence, which is modeled to receive 59 dBA. Norwick is also encompassed by the 55 dBA contour.

The sonic booms resulting from the modeled launch trajectory occur entirely over the Atlantic Ocean.
Therefore, with respect to human annoyance, noise impacts due to sonic booms for the launch trajectory
are not expected. Thus, a quantitative Lgen analysis was not performed.
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- 50 dBA - T70dBA ¢ Launch Pad
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60 dBA

Figure 41. Lgen contours for SCLV launch and static operations from all pads at SSC
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6 Summary

This report documents the noise study performed as part of SSC’s efforts on the EIA for the proposed SCLV
operations. SSC plans to conduct launch and static operations of SCLV launch vehicles from three pads.
The potential impacts of launch vehicle noise and sonic booms are evaluated on a cumulative basis in
terms of human annoyance. In addition, potential impacts are evaluated on a single-event basis in relation
to hearing conservation, sleep disturbance, speech interference, and structural damage.

Single Event Noise Results with respect to Hearing Conservation

An upper limit noise level of Lamax 115 dBA is used as a guideline to protect human hearing from long-term
continuous daily exposures to high noise levels and to aid in the prevention of NIHL. There are no
residences within the land area encompassed by the 115 dBA noise contours resulting from SCLV
operations.

For impulsive noise events such as sonic booms, the potential for impacts to people in the community
with regards to hearing conservation is not expected as the modeled sonic boom footprint is entirely over
water.

Single Event Noise Results with respect to Sleep Disturbance

Studies have found that ASEL above 90 dBA generally leads to sleep disturbance. Northern Unst is
encompassed by the 90 dBA noise contours resulting from SCLV launch operations. Thus, the potential for
sleep disturbance exists for nighttime launch operations.

Single Event Noise Results with respect to Structural Damage

The potential for structural damage claims is approximately one damage claim per 100 households
exposed at 120 dB and one in 1,000 households at 111 dB [23]. While there are no residences within the
land area encompassed by the 120 dB noise contours resulting from SCLV operations, the closest
residence and Norwick lie between the 120 dB and 111 dB contours.

For impulsive noise events such as sonic booms, noise impacts to structures are not expected as the
modeled sonic boom footprint is entirely over water. Thus, the potential for structural damage is
negligible.

Cumulative Noise Results

The Lgen 55 dBA contour is used to identify the potential for significant noise impacts resulting from the
propulsion noise generated by SCLV operations. The area identified within the 55 dBA contour for
cumulative noise impacts includes the closest residence and Norwick.

For impulsive noise events such as sonic booms, cumulative noise impacts with respect to human
annoyance are not expected as the modeled sonic boom footprint is entirely over water.
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PAN1/2011

PAN1/2011 (Scottish Government, 2011), sets out a series of noise issues for planning authorities to consider
when making decisions on planning applications. A Technical Advice Note (TAN) on Assessment of Noise
(Scottish Government, 2011) has been published to accompany PAN 1/2011. In Appendix 1 of the TAN are
codes of practice for the assessment of various sources of noise. It also identifies British Standard BS 5228
for guidance on construction site noise control, and as a method of prediction of noise from construction
sites.

The TAN recommends that the daytime period includes the hours 07:00 — 23:00 and the night-time period
23:00 - 07:00.

The TAN suggests that equivalent continuous noise level over a time period, T (LaeqT), is @ good general
purpose index for environmental noise; this index is commonly referred to as the “ambient” noise level. It
further notes that road traffic noise is commonly evaluated using the 1a10,18nr level, and the Laso,r index is used
to describe the “background” noise level.

Table 2.4 of the TAN (reproduced here as Table 1) provides an example method for determining the
magnitude of noise impacts at proposed noise sensitive developments.

Table 1 - PAN1/2011 TAN Example of associating changes in noise levels with magnitudes of impacts for a
new road in a residential area

isting — t t) Noise level, x dB L, . .
(existing — target) Noise level, x A10,18hr Magnitude of impact

(07:00 — 23:00)

x=5 Major adverse
3=x<5 Moderate adverse
1=x<3 Minor adverse
O0<x<1 Negligible adverse
x=0 No change

Table 2.6 of the TAN (reproduced here as Table 2) provides a matrix for determining the level of impact
significance dependent on the sensitivity of the receptor.

Table 2 - PAN1/2011 TAN Significance of effects

Level of significance relative to sensitivity of receptor

Magnitude of impact

Medium
Major Slight/Moderate Moderate/Large Large/Very Large
Moderate Slight Moderate Moderate/Large
Minor Neutral/Slight Slight Slight/Moderate
Negligible Neutral/Slight Neutral/Slight Slight
No change Neutral Neutral Neutral
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Table 2.1 of the TAN (reproduced below as Table 3) provides the criteria to define levels of sensitivity for

each type of NSR.

Table 3 - PAN1/2011 TAN Level of Noise Sensitivity for Different Types of NSR

Sensitivity Description Example of NSR
High Receptors where e Residential, including private gardens where appropriate
people or e Quiet outdoor areas used for recreation
operations are e Conference facilities
particularly e Theatres/Auditoria/Studios
susceptible to noise | o Schools during the daytime
e Hospitals/residential care homes
e Places of worship
Medium Receptors o Offices
moderately e Bars/Cafes/Restaurants where external noise may be
sensitive to noise, intrusive
where it may cause | o Sports grounds when spectator noise is not a normal
some distraction or partof the event and where quiet conditions are
disturbance necessary (e.g. tennis, golf, bowls)
Low Receptors where e Buildings not occupied during working hours
distraction or e Factories and working environments with existing high
disturbance from noise levels
noise is minimal e Sports grounds when spectator noise is a normal part for
the event
e Night clubs
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BS4142:2014+A1:2019 - Methods for Rating and Assessing Industrial
and Commercial Sound

BS 4142 (BSI, 2014) describes methods for rating and assessing sound? from industrial or commercial
premises. The methods detailed in BS4142 use outdoor sound levels to assess the likely effects on people
inside or outside a residential dwelling upon which sound is incident.

The Standard provides methods for determining the following:

» Rating levels for sources of industrial and commercial sound; and
» Ambient, background and residual sound levels.

These may be used for assessing sound from proposed, new, modified or additional sources of sound of a
commercial or industrial nature.

The Standard makes use of the following terms:

» Ambient sound level, La = Laeq,T— the equivalent continuous sound pressure level of
the totally encompassing sound in a given situation at a given time, usually from
multiple sources, at the assessment location over a given time interval, T;

» Background sound level, Laso,r— the A-weighted sound pressure level that is
exceeded by the residual sound at the assessment location for 90 percent of a given
time interval, T, measured using time weighting F and quoted to the nearest whole
number of decibels;

»  Specific sound level, Ls = Laeq,r— the equivalent continuous sound pressure level
produced by the specific sound source at the assessment location over a given
reference time interval, T;

> Rating level, Lar,7r— the specific sound level plus any adjustment for the characteristic
features of the sound; and

» Residual sound level, L:=aeq,T— the equivalent continuous sound pressure level at
the assessment location when the specific sound source is suppressed to such a
degree that it does not contribute to the ambient sound, over a given reference time
interval, T.

The Standard determines the degree of noise impact by comparison of the background noise level at noise
sensitive receptors (NSR) in the absence of the industrial facility (the specific source) with the ambient
sound level when the specific source is operational.

Where particular characteristics, such as tonality, intermittency or impulsivity are present in the noise
emissions of the specific source, the Standard requires that “penalties” be added to the specific sound level
to derive the rating level, to account for the increased annoyance that these can cause. Where no such
characteristics are present, or where they are inaudible at the receptor locations then no penalties apply
and the rating level is the same as the specific level.

The following impact significance identifiers are provided in the Standard, in which the difference between
the specific sound level and measured background level are considered:

» The greater the difference, the greater the magnitude of impact;

» Adifference of around +10 dB or more is likely to be an indication of a significant
adverse impact;

1 The Standard refers to sound levels, rather than noise levels, however, these terms can be used
interchangeably, as noise is defined as “unwanted sound”. This assessment uses the term “noise”.

—
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» Adifference of around +5 dB is likely to be an indication of an adverse impact;

» The lower the rating level, relative to the measured background level, the less likely
that the specific sound source will have an adverse (or significant adverse) impact;
and

» Where the rating level does not exceed the background sound level, this is an
indication of the specific sound source having a low impact.
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Appendix 8.3 Baseline Survey Records
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’ Farth. Smart. Solutions

NMP1 - Unst Airport - Day

NMP Description

Weather Conditions

Coordinates

File#t

Main Noise Sources

Secondary Noise Sources

Sound Level Meter Settings

Open fields on access track to Unst aifield. Scattered

north, with

Dry, 15°C, overcast,low - moderate wind speed (<5 m/s)

HP624478,08115

Bird cals, bleating sheep

the north

Very loacl

‘5min averaging period, A-wt, Fast averaging.

children

%
—LAeq,t —LA10,t LAmax,t —
80
70
60
E
250
Z 40
H
30
20
10
0
> > & 3 > > > o > >
& & o 3 & & 4 s & &
e § § $ § § K s o
Date Start Time o [R Lo, [ Notes Period Time (1) [ Lo, Lo,
19/07/2018 10:02:43 381 s a0, 251 Mean The 382 389 63
19/07/2018 10:07:43 357 559 379 22 Mode Thr /A /A 409) /A
19/07/2018 10:12:43 364 568 37.4 258 in Thr y I 336/ I
18/07/2018 10:17:43 365 530 397 254 Max Thr 433 640) 449) 324]
18/07/2018 10:22:43 360 56.7 336 232
18/07/2018 10:27:43 328 481 361 244
18/07/2018 10:32:43 354 610 355 237
18/07/2018 10:37:43 330 483 368 252
18/07/2018 10:42:43 433 633 449 324
18/07/2018 10:47:43 00d 00:05:00.0 407 566 431 321
18/07/2018 10:52:43 00d 00:05:00.0 411 64,0 409 295
19/07/2018 10:57:43 00d 00:05:00.0 366 584 399 285
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NMP1 - Unst Airport - Night

Open field:

tonorth, with to the north
ill - no wind. 15€, 60% cloud cover, dry.
Coordinates HP 65083,15077
File
Main Noise Sources
8ird calls.
Secondary Noise Sources
Infrequent vehicles passing by on the nearby road.
Sound Level Meter Settings
Smin averaging period, A-wt, Fast averaging.
%
80
70 —LAeq,t —LA10,t —— LAmax,t ——LA90,t
60
ES
2
250
H
3
E
2 a0
=
30
20
10
4
Date Start Time Time Licos Lamas Lisa: Lisa: Notes Period Time (1) Lo [T Lusos Lons
19/07/2018 22:59:44 323 614 305 166 WMean 35 min 376 532 315 186
19/07/2018 23:04:44 259 2.0 285 176 Mode 35 min /A /A /A /A
19/07/2018 23:09:44 a18 620 362 206 Min 35 min 239 362 261 166
19/07/2018 23:10:04 40,4 608 348 187 Max 35 min 418 620 391 207
19/07/2018 23:19.04 239 432 261 190
19/07/2018 23:20:44 257 362 287 207
19/07/2018 23:20:44 416 602 391 181
19/07/2018 23:34:44 00d 00:01:51 349 60.1 283 174
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NMP2 - North Dale - Day

Weather Conditions
Coordinates HP62478,08115
File#

Main Noise Sources.

Secondary Noise Sources

e 3

Dry, 15°C, overcast, low - moderate wind speed (<5 m/s)

Bird calls, sheep bleating, rustling of grasses in the wind.

Sound Level Meter Settings

requent road traffic.

‘Smin averaging period, A-wt, Fast averaging.

%0
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Date Start Time. Time [ [T Lo [ Notes Period Time (1) [T [ Lusos [
15/07/2018 112947 384 552 405 309 Mean L5hr 395 34 416 330
15/07/2018 113847 371 555 395 309 Mode 1L5hr 377 /A 405 309
19/07/2018 113947 374 524 402 312 Min 1.5hr 364 392 309
15/07/2018 11:48:47 395 547 423 319 Max 1.5hr 446 628 46.1 368
19/07/2018 11:49:47 377 540 401 330
15/07/2018 11:58:47 377 511 405 314
19/07/2018 115947 364 531 392 315
19/07/2018 12:08:47 366 514 395 315
19/07/2018 120947 372 539 396 316
19/07/2018 12:14:47 382 534 406 333
19/07/2018 121947 408 566 419 300
19/07/2018 122447 417 597 434 332
19/07/2018 122947 382 530 414 319
19/07/2018 12:38:47 390 501 417 381
19/07/2018 123947 392 49.0 424 312
19/07/2018 12:48:47 4456 628 461 351
19/07/2018 12:49:47 400 509 430 345
19/07/2018 12:58:47 412 537 444 353
19/07/2018 125947 004 00:00:00. 402 439 437 368
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Farth. Smart. Solutions

NMP2 - North Dale - Night

NMP Description

Open field near access track leading to Saxa Vord radar station.

Weather Conditions

Coordinates

File#t

Main Noise Sources

HP62478,08115

Dry, no wind, 15C, 75% cloud cover

Secondary Noise Sources

Sound Level Meter Settings
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@ P § &

Date Start Time Time [ Lamae [P Lusa, Notes Period Time (1) [ [T v Laon,
19/07/2018 23:49:37 264 543 222 17.0 Mean 40 min 27.1 17.5
19/07/2018 23:54:37 189 349 20.0 17.2 Mode 40 min 19.1 HN/A HN/A 17.3
19/07/2018 23:59:37 26.1 441 302 185 Min 40 min 189 E . 17.0|
20/07/2018 00:04:37 329 518 310 17.9 Max 40 min 329 553 31.0] 185
20/07/2018 00:09:37 248 553 251 17.3
20/07/2018 00:14:37 27.3 412 29.8 17.5
20/07/2018 00:19:37 19.1 383 19.7 17.6
20/07/2018 00:24:37 19.1 37.4 19.5 17.3




j ITPENERGISED NMP3 - Saxa Vord - long term

NMP Description
Grounds of Saxa Vord hostel
Weather Conditions Dry, no wind, 15C, 75% cloud cover
Coordinates
File#t

Main Noise Sources
Wind and birdsong

Secondary Noise Sources

Sound Level Meter Settings

Measured Levels, dBA
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Period Time (T) [T Lamas 1 Lany [
Mean 30hr 48] 514 338 22
Mode 30 365 456/ 393 17.4

Min 30 157 193 158 153
Max 30hr 64.9 922 580 336
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NMP3 - Saxa Vord - Day

MAP Location (Google Earth Screenshot)

NMP Description

Weather Conditions

Coordinates HP 64404,13441

File#

Main Noise Sources.

Secondary Noise Sources.

Sound Level Meter Settings

Dry, with light to moderate wind (5 m/s), 15°C, 70% RH

Bird calls. Infrequent vehicles passing by on the nearby road.

Distant sheep bleating

‘Smin averaging period, A-wt, Fast averaging.
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H
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Mean Shr 424 546 361 7
Mode Shr 513 553 416 213
vin Shr 217 345 231 174
Max Shr 513 811 474 263




7] Farih, St Sorariane > = NMP5 Skaw - Day

NMP Description

Weather Conditions Moderate wind (5 m/s), 15°C, 70% RH, with wind increasingly gusty. Measurement abandoned due to onset of rain and increased wind speed.
Coordinates HP 65083,15077
File #
MAP Location (Google Earth Screenshot) Main Holse Sources

8ird calls running water in nearby small burn.

Secondary Noise Sources

gate in fence. v car park and farmer's quadbike. Pickup towing very rattly traer.

Sound Level Meter Settings

‘5min averaging period, A-wt, Fast averaging.
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Date Start Time Laeas Lama s Laas Lagas Notes Period Time (T) Lamas 1 Lans Lasnt
19/07/2018 13:20:00 372 64.0 40.8 266 Mean 15hr 39.1 56.8) 389 27.8)
19/07/2018 132500 369 05 396 pix] Vode 1shr 354 w81 316 27
19/07/2018 13:30:00 40.0 66.3 379 281 Min 15hr 311 48.1 32.4) 26.0|
19/07/2018 13:35:00 387 56.8 416 274 Max 15hr 47.2 69.5 48.2 30.1
19/07/2018 13:40:00 47.2 65.0 482 273 Pickup towing very rattly trailer leaves farm
19/07/2018 13:45:00 411 60.9 422 27.0
19/07/2018 13:50:00 354 58.0 376 26.0
19/07/2018 13:55:00 354 517 39.1 269
19/07/2018 14:00:00 335 49.9 345 27.0
19/07/2018 14:05:00 40.7 60.6 415 278
19/07/2018 14:10:00 390 585 40.1 284
19/07/2018 14:15:00 40.6 575 44.9 281
19/07/2018 14:20:00 348 49.5 376 286
19/07/2018 14:25:00 363 546 394 292
19/07/2018 14:30:00 384 69.5 353 276
19/07/2018 14:35:00 311 48.1 324 27.7
19/07/2018 14:40:00 323 48.1 346 283
19/07/2018 14:45:00 00d 00:05:00.0 327 49.6 343 293
19/07/2018 14:50:00 00d 00:01:59.0 348 51.0 375 30.1
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NMP4 Battles Kirk - Day

NMP Description

Weather Conditions Moderate wind (5 m/s), 15°C, 70% RH, with wind

gly gusty. rain and increased wind speed.

Coordinates HP 65083,15077
File#t

Main Noise Sources

8ird calls. Infrequent vehicles passing by on the nearby road.

Secondary Noise Sources

Distant sheep bleating.

Sound Level Meter Settings

5min averaging period, A-w, Fast averaging.
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Measured Levels, dBA
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0. 610 391
Mode 15 min HN/A HN/A HN/A HN/A
Mi 34 2

Max 15 min 425 662 404 307
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Site number: 80332

Site details

Rlegion Scotland

Local authority Shefland Islands
Aoad name LOEE

Road classification ‘&' road
Managed by Local authority
Aoad ype Major

Start junction Belmont fierry
End junction 29085

Link length 16.50km (10.23 miles)

Easting, morthing

Latitude, Longitude

450000, 1205400

60.72720200,-0.9013120

Annual Average daily flow

Year

2018

2018

2007

2018

2014

203

202

2011

Count method

Estimated using
previous year's AADF an
thiz Link:

Estimated using
previous year's AADF on
thiz Link

Estimated using
previous year's AADF on
thiz Link:

Estimated using
previous year's AADF on
thiz Link

Estimated using
previous year's AADF an
thiz Link

Estimated using
previous year's AADF on
this Link

Estimated using
previous year's AADF on
thiz Link

Estimated using
previous year's AADF on
thiz Link

Estimated using
previous year's AADF an
thiz Link:

Estimated using
previous year's AADF on
thiz Link

Twowheeled Cars

Pedal "
YlES  ehicles
2 150

1 151

1 134

1 136

1 126

1 118

2 109

2 107

2 105

2 100

and

taxis

333

332

24

234

330

3n

320

28

328
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Google
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Kz dats B30

Buses

coaches

Light
goods
wehicles

Heawvy
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vehicles

All motor
wehiclas
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