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Abstract:

Because quiet areas in dense urban environmenitmpogtant to well-being, the prediction of sound
propagation to shielded areas is an ongoing resdéacas. Sound levels in shielded areas (suclamgons between
rows of buildings) are strongly influenced by digtaources, so propagation factors such as meirosageening,
and intermediate canyons (occurring between a satanyon and a receiver canyon) must thereforeltheessed in
an engineering propagation model. Though curredeis address many important propagation factors,
engineering treatment of a closed urban canyorjésuto multiple internal reflections) remains difflt.

A numerical investigation of sound propagation asrtine open tops of intermediate urban canyonbées
performed, using the parabolic equation and eqgentadources methods. Results have been colleatedrfious
canyon geometries, and the influence of multipleyoas, canyon/rooftop absorption, variable rooftefght, wind
gradient, and correlated versus uncorrelated sanogels have been investigated. Resulting wideleandss
attenuation values ranged from -1 to -4 dB per cangnd were fairly constant with frequency in masgful
cases. By characterizing the excess attenuatioarofons intermediate to the source and recetverinfluence of
these intermediate canyons could be addressedysimigthout the overhead of a detailed numericataiation.
Keywords: Parabolic equation method; Equivalent sources otet@utdoor sound propagation; Urban canyon;

Traffic noise. (PACS: 43.28.En, 43.28.Js)



1 I ntroduction

Environmental noise continues to be one of the mastmon quality-of-life complaints in many cities.
Because of the difficulty of sufficiently reducimgise levels in directly exposed outdoor locatifijsa
complementary strategy is to design dwellings w&ithess to a “quiet side”—a sufficiently quiet cgart or
backyard that is shielded from direct noise expe$ay}.

Despite being accurate for directly exposed angbiscreened locations, current prediction methsdsh
as Harmonoise [3] or Nord2000 [4]) often fail tacaately predict immission in shielded areas suliemultiple
reflections, such as a courtyard screened ondaksi Thorsson et al. [5] found errors of 11 talB4wvhen
comparing measured and predicted noise levelsdn awcourtyard, while a similar comparison at atmmn directly
exposed to traffic yielded good agreement.

Recent research has turned instead to using simalést numerical methods to evaluate sound propmgat
Using the simplified geometry of urban canyons fednby buildings, streets, and yards, these nunieriethods
can feasibly be used to evaluate propagation withimetween canyons, while including importantdestsuch as
multiple reflections, diffraction, absorption, seaing, and atmospheric effects (see, for examylean canyon
studies using the Equivalent Sources Method by ©grel Kropp [6], and using the Finite Differencen& Domain
model coupled with the Parabolic Equation modeVéy Renteghem, Salomons, and Botteldooren [7])plyhpg
these accurate methods over wide and complex wateas, however, remains computationally prohibitive

Because a range of receiver locations may be infieg by the same wide source distribution, timeayed
shielded-side community noise levels are oftenlpeanstant across a wide urban area. Thorssah ]
illustrated this with field measurements, and psgzba simple “flat city” engineering model for ddi&d noise
immission. In this type of model, source and regepoints are raised to equivalent sources arslvecs at roof
level; immission is calculated from the sourcersgtl, propagation over flat, hard ground, and gsef correction
factors. Each correction factor represents a sipgbpagation loss factor: the coupling from sotoceof level,
surface influence, meteorological effects, andcatpling from roof level to shielded receiver. Wdtgh Thorsson
et al. identified a number of possible individuatrection factors, their study instead utilizedcaerall empirical
correction based on field-measured data [5].

In such an engineering model, intermediate cantfoaislie between a source canyon and a receivgocan

could be included as a surface influence propagdtiss factor, since they represent a significaptadture from the



smooth ground or simple screening assumed in magipeering methods. For instance, although thendaoise
model allows for diffractive screening by barriarsd Fresnel-weighting of ground attenuation foiteaby locally-
reacting ground impedance [3], the model overlaokdtiple reflections between barriers or within gans.

Knowledge of the influence of these intermediateyoas on long-range sound propagation would beutisef
to estimate shielded-side noise immission, withbatsignificant computational effort of a detailagmerical
calculation. The goal of this paper is therefareharacterize the wide-band “insertion loss” of @n more urban
canyons, for the case of grazing sound propagagbmeen a roof-level source and receiver.
2 Tools of analysis

Several numerical methods are suitable for expipttire influence of urban canyons on sound propagati
In the current work, the parabolic equation andeent sources methods were used as a basisdbrsésmand
validation of results. The following describes ttemcepts and assumptions of each method; rigdareasnents of
both methods are available in the references [S]3]
2.1 Parabolic equation method

In atmospheric acoustics, the Parabolic Equati@) (Rethod is a versatile numerical method for dating
sound propagation from a monopole point source avgound surface of arbitrary impedance. In tmeent work,
the Crank-Nicholson PE formulation given by Salos{8] was used, based on the one-way axisymmetric
Helmholtz equation. Using- z coordinates an«éxp(—ja,t)time dependence, we have
[%—jkm}q:o; L:H;H &)
wherek is the wave number and the complex amplith(ile z) is related to the complex sound pressure amplitude
p(r, z) by g= p\/F . Height-varying sound speed (from wind or temperagradients) can be incorporated via an

effective wave numbekeff = a)/ceﬁ , whereC_ (the adiabatic sound speed plus any wind velatityponent)

can vary with height. A rational-linear approximoatof the square-root operator in Eq. (1) is useSalomons’
solution, resulting in an accurate propagationti@tafor angles within approximately +35° from hawntal.

The resulting parabolic equation is solved by apipnating each derivative with a centered seconaord
accurate finite difference. This leads to a sdingfar equations, with one equation for each hgigint; solving

this system numerically leads to an expressiomfsingle PE range steq(r) - q(r +Ar). The sound field grid is



thereby “marched” in the direction from sourceeoeiver as detailed in [8], and therefore excluates
backscattering or other backwards propagation.sistant results can be assured at a grid disctietizéheight and
range step) of abo@{10 (one-tenth wavelength), as used throughouttinent work.

This PE method characterizes sound propagationawdyy flat ground and only in one direction. leth
current work, Kirchhoff and complementary Kirchhaffproximations were made at each rooftop edgeangon
wall. At a rooftop edge, the domain is extendedmward into the canyon, with grid points along taayon wall
set to zero—the Kirchhoff approximation. For camyeflections, the complementary approximationsisci the
grid values up to the roofline of the canyon wadl eeduced by a reflection factor, and the vallessa the roofline
are set to zero. This approach has been validatestreening [10] and multiple reflections [11jptigh it may be
less accurate for receivers very near to or at dighation angles from the diffraction point.

2.2 Equivalent sources method

The arrangement of a road between two buildingddétself to a two-dimensional model, where thedroa
traffic acts as a continuous line source and thielings form a continuous canyon. The 2-D Equin&i8ources
Method (ESM) as applied to the canyon geometry bye® and Kropp [6] simplifies this domain by sptig it into
two simpler domains with known Green’s functiormattof propagation over a flat surface (a Hanketfion), and
that of the sound field inside a closed rectangcdaity (a modal summation). An array of equivaleources at
both sides of the interface is used to marry theefub-domains, forming a continuous overall soueld fis
illustrated in Fig. 1.

The equivalent source strengths fulfill the Helnth@quation as well as continuity of pressure avnal
velocity at the interface. The system can be fakriné a set of linear equations by discretizing ¢lguivalent
source distribution, allowing solution for the egplent source strengths. In [9], Hornikx and Fénsextended the
2-D ESM to a “2.5-dimensional” geometry; that iggometry that is still invariant in the y-directidout producing
a 3-D point source solution of the Helmholtz equtiwhich also can be used to obtain an incohdirensource
solution.

3 M odel validation

In this section, we compare the excess attenuéfid) of a canyon in a rooftop among the numericatleis

introduced above. We define this excess attenuatite the difference in receiver sound pressawel between

the case with the canyon present and the casewithe canyon present (i.e. a flat, continuous)toof



3.1 ESM versus PE

To validate the PE-Kirchhoff method for this prablea simple case was chosen for analysis in the, ESM
which has been previously validated for the cargyeometry [2][6]. Initially, a 2-D ESM was usedgtB.5-D ESM
result is compared below in section 3.2. The caiapa was performed for the geometry shown in Eigsource
and receiver at roof level, 200 m apart, with arfe® 20 m canyon located in the center of the fieddl.roof and
canyon surfaces are perfectly reflecting. The E&litulated excess attenuation arising from thisregement is
shown in Fig. 3. In the figure, 1/3-octave bantliga are superimposed over the narrow-band resuiish were
generated for 20 frequencies within each 1/3-ocbared from 50 Hz up to 4 kHz (a range appropriataifban
traffic noise). As shown in the figure, the narbmmd excess attenuation oscillates widely duetesference
among multiple reflections within the canyon. Howe the 1/3-octave band values all lie close &irttnean value
of -1.7 dB (that is, the simple arithmetic averafiéhe 1/3-octave band EA values), with a standidation of
0.17 dB and no clear pattern of frequency depereleBecause of this relative invariance with frete the
A-weighted excess attenuation Ayi{calculated against the transportation noise specCtr of ISO 717-1 [12])
has a similar value of -1.8 dB.

Next, this arrangement was analyzed using the REadgfirst with 30 total reflections within therggon (in
excess of the 25 reflections validated for hardaties by Aballéa and Defrance [11]); the resudthiswn in Fig. 4.
On a 1/3-octave band basis, this result was nédehtical to the ESM result in Fig. 3, with slightess narrowband
oscillation due to the finite reflection order. i hesult motivates use of the computationallyedint PE for this
configuration.

To further examine the influence of reflection arda this agreement, analysis was performed with no
reflections, or the case of simple diffraction oleth canyon edges. This case also correspondsxapately to
that of total sound absorption within the canydime result appears in Fig. 5; in this figure, tkeilbation around
the average is eliminated, leaving a nearly constarrowband spectrum. The 1/3-octave band spadsalso
nearly constant, with an average value andsgwélue of -1.8 dB, the same as was found with #@ctons and
similar to the ESM result.

These results suggest that on both a 1/3-octawe dr@eh an A-weighted basis, the canyon excess atienu
is virtually independent of the number of canyoiteaions included in the calculation. Consideagther way, it

indicates that canyon attenuation is independetitetanyon interior absorption, since absorptsomat considered



in a O-reflection analysis. This is in contrasttie analysis of the sound fieldthin a source or receiver canyon,
where surface properties must be considered farrateresults [2][7][13][14].
3.2 Influence of source model

The PE method describes propagation from a poimcedn an axisymmetric domain, while the ESM
describes a coherent line source in a 2-D domidimwvever, a finite incoherent line source is a nareurate model
for traffic noise emission from a finite roadwat/has been shown that using a coherent or antafincoherent
source model can be overly optimistic when evahgatioise control measures [9].

A sample calculation was made for a 400 m longhecent line source, according to the formulatiofiLii.
In this comparison, the 1/3-octave band excesawt®n of the canyon did not differ significandgnong the
different source models. The average 1/3-octaligeviar the finite incoherent ESM differed by oilyo4 dB from
both the coherent ESM and the zero-reflection REltg, with similar frequency independence andlaimi
deviation in individual values about the averadar(@ard deviation of 0.17 dB for the coherent vefsi1 dB for
the finite incoherent).
4 Parameter study

Since the efficient O-reflection PE method agree# with the ESM method and the finite incoherenél
source model for the current problem, it was useteiarly all the remaining parameter analyses. iffh@ence of
geometric parameters such as canyon depth, walthtibn, and quantity were evaluated for typiclaur canyon
geometries and distance scales. Variation in buaceiver height, roof height, roof impedance, winttl gradient
were then evaluated for typical cases.
4.1 Canyon depth

The influence of canyon depth was examined fitdding the geometry in Fig. 2, the analysis was aitgab
using canyon depths of 8 m and 40 m (approxim&edyory and 10 story buildings, respectively). Sdeesults are
summarized in Table 1, again in terms of the meéarottave band and Awggvalues.In each case, 1/3-octave band
values remained fairly constant about the aversiijeé-(.8 dB in each case), especially for greataryon depths.
For canyons having very shallow depth compareti¢oatidth, reflections from the canyon bottom wiidgin to

influence the results; however, such wide, shallawyons may not be of high practical relevance.



4.2  Canyon width and location

Next, variation in the width and location of a deganyon between the source and receiver wastigaesd.
The results of 20 such trials are summarized iderab In almost every case, the resulting EA spectwas nearly
constant on a wide band basis; standard deviatitimei 1/3-octave band values was less than 0.1 @B but one
geometry (where the receiver was very close tcédmgon). In all cases, the A-weighted EA was withil dB of
the mean 1/3-octave band EA.

In evaluating these results, it was found thatatherage 1/3-octave band value depends not on Hoduib
canyon width, but on the widttelative tothe overall source-receiver distance: calculatiwitls a constant ratio of
canyon width to field distance (yet different ahdelwidths) yielded nearly the same excess attemuaFigure
Fig. 6 is a scatter plot of nine such PE methodltgsshowing the average 1/3-octave band excessuation
versus the normalized canyon width (for a constantalized canyon center location of 0.5, or exattidway
between source and receiver). These data reprasgolute canyon widths from 10 m to 40 m and albedield
distances from 100 m to 300 m. As shown in thergthe excess attenuation varied between -1.8mwB-3.0 dB.
The tight group of points at the normalized widti€.2 and 0.1 (three points each) illustrateséselts of
calculations with different absolute widths, bugntical normalized widths.

Similarly, the average excess attenuation valuegp not on the absolute source-canyon distantenbu
the canyon locatiorelative tothe total source-receiver distance. Calculatigitls the same ratio of source-canyon
distance to overall field distance yielded neahnly same average 1/3-octave band result, as shokig.iii for
eleven PE calculations (all with a normalized canyadth of 0.1). These data represent absolutgaranenter
locations from 31 m to 189 m from the source, dmsbhite field distances from 100 m to 300 m. E=xces
attenuation ranged from -1.8 dB to -4.7 dB, andtitiet grouping (three points at location 0.5 and points at
location 0.675) shows similar results for calculas with the same normalized canyon location. Symemetry of
the result about the center location 0.5 illussdtee expected reciprocity between source andvercei

These figures illustrate some general trends iretoess attenuation for an urban canyon. As canydiin
increases in comparison to the total source-recéligtéance (Fig. 6), the effect of the canyon iases in a fairly
linear fashion. Likewise, as the canyon movesezlts the source or receiver (Fig. 7), its effacréases.

It should be noted that the results in Fig. 7 weerated using the PE method, but the Kirchhoff

approximation may lead to inaccurate results foeieers very close to the canyon edge. Reprodubiagituation



of a receiver 1 m from the edge of a 20 m wide oarigp a 200 m field using the ESM, the averagedbt3wve band
ESM result of -3.7 dB (not a product of the Kircffrepproximation) was significantly different théme PE result
of -4.7 dB. This confirms that the Kirchhoff apgimation used in the PE method may be less acctoateceiver
locations very close to the diffraction point.

4.3  Multiple canyons

All of the previous results were obtained for egééncanyon in a flat rooftop. It is not immedigtebvious
whether inserting additional canyons in this ropftall result in an overall effect that is the silgum of the
influences of each individual canyon; nor can itdken for granted that the “O-reflection” diffraxt-only PE
calculation scheme remains accurate for multipte/oas.

To investigate this, calculations were made fangle canyon located eccentrically in a 200 m figidd this
result was compared with a calculation includingdeemtical second canyon in the reciprocal locati®eciprocity
between source and receiver suggests that theamymns should have identical individual influendée results of
this trial are summarized in Table 3; the resuthvbioth canyons produced an A-weighted and an geera
1/3-octave band EA of -3.9 dB—approximately douthle single-canyon value of 2.0 dB.

A larger comparison in a 400 m field was then utakem comparing the result from each of four indiisl
canyons to a trial including all four togetheryvesl as to a trial including all four along withetin four reciprocal
canyons (for a total of eight canyons). Theselteswe summarized in Table 4. The four-canyond£A6.0 dB is
within 0.4 dB of the EA sum of the individual camg with a similar agreement for the A-weighteduesl.
Including the four reciprocal locations for a cddtion over a total of eight canyons, the resukld dB is within
1 dB of the EA sum of the individual canyons onhtbatl/3-octave band and an A-weighted basis.

4.4  Source and receiver height

Each of the prior results was calculated for as@@nd receiver exactly at roof level—the configjora
most relevant to propagation over canyon openitiswvever, real sources and receivers may not alliagxactly
at roof level; for instance, the case of noise simisfrom ventilation equipment mounted on struetover a
rooftop. When both source and receiver are eléyatgnificant frequency dependence is expectedaue
interference between the direct and reflected wébes“interference dip”). However, to the extémit the
frequency dependence of the canyon result matbtleesequency dependence with no canyon, the r&sufto

canyon” could still be nearly constant, even if tbsult “re free field” shows significant variatievith frequency.



To illustrate this, Fig. 8 shows the results faoarrce and receiver elevation of 4 m, again forctee of a
single 20 m x 20 m canyon in the center of a 20feld. Two separate regions can be identifiechimm $pectrum.
In low frequencies, up to about 500 Hz (i.e. bethe/first interference dip), the canyon influencaswearly
constant at about -1.8 dB in each 1/3-octave bahd-s&me result as was obtained for source and/ezciroof
level. For higher frequencies, near the regioeawh interference dip, the result relative to theanyon case
becomes very high, since the flat ground interfeeeminimum is disturbed by the presence of the @any

With a lower source and receiver height, the fregyef the first interference dip is higher, andider
frequency range of near-constant wideband resatide expected. At a source and receiver heightnof the
frequency of the first interference dip (approxietatl 7 kHz) would be well above the frequency raafje
interest—a result that holds regardless of the @amycation in the field.

4.5 Roof height

To better represent realistic variation in realding profiles, the presence of a change in rodgtevas
investigated next. In such an arrangement, tHerdifit roof levels eliminate the direct line-ofisigpath from
source to receiver, as shown in Fig. 9.

First, a 4 m increase in roof height across thg/@anvas investigated, with other geometry aspects
remaining as in Fig. 2. The results relative ® tlo-canyon case are plotted in Fig. 10. In thgecthe reference
“no canyon” field is that of a flat roof with a 4 jump in roof height at = 110 m (the location of the far canyon
wall), with source and receiver at their respectivaf heights, as shown in the lower half of Fig.This reference
field was computed using the same PE method usdtidacanyon case.

The results in Fig. 10 are near zero across alifhaand especially so at higher frequencies. Bhgan has
little influence on the receiver level, comparedte screening effect of the 4 m jump in roof heigrhich alone
provides increasing attenuation with frequency).

In contrast, the results with a 1 m roof heighfediénce clearly show the influence of the canysn, a
illustrated in Fig. 11. In low frequencies, thengan influence is -1.8 dB, the same as with constzof height. As
the frequency increases, the influence remainedlozero, as was seen with the 4 m roof jumphasvavelength

shortens in comparison to the 1 m height differettoe screening effect begins to dominate.



4.6 Roof impedance
Real roof structures likely provide some finite iedance. Since the acoustic impedance of commdn roo

constructions has not been widely studied, a reahalized impedanceZ,) of 78 was used as an approximation,

corresponding to an absorption coefficieat)(of 0.05 for normal incidence. Fig. 12 showsitbgult of a trial
using the geometry of Fig. 2 with a hard canyonfinite roof impedance. In this case, the refeescalculation
comprises an impedance roof with a 20 m hard stppacing the canyon; the hard strip is includethso the
absorption profile is consistent, since the carfjoor is also taken to be hard. The results redchdB across the
low frequency range, similar to a canyon in a raaf. Some shifting of high frequency values ipa@nt,
possibly due to diffraction at the boundaries &f tard strip in the reference case.
4.7 Downwind propagation

Thus far, all calculations were performed for a-meoving atmosphere with no temperature gradient,
precluding the effects of atmospheric refracti®ince downwind refraction can result in higher reeé levels,
calculations including a downwind gradient arergérest. The results in Fig. 13 correspond tayarithmic
downwind profile with a nominal wind speed of 10smat 10 m height, using the geometry in Fig. 2 ahard roof

surface. The sound speed used varies with hegglotding to
dz)=c, +bIn(z/z,), (2)
with the adiabatic sound spe€y taken as 343 m/s; the constdne 21712 determined from the given velocity

of 10 m/s at 10 m height; and the characteristighmessz, taken as 0.1 m. This effective sound speed approa

is accurate for propagation angles of less thadezees [10].

These results, which represent the excess attenuadmpared to flat ground with wind, show the fizani
constant -1.8 dB value in the first several lowgfrency bands, with erratic but much greater attimuabove
200 Hz. Fig. 14 presents the results using theesamfiguration, but for a reduced downwind spefed.® m/s at
10 m height; with more moderate wind speed, thsslteshows the regular -1.8 dB wideband value G0@dHz.

Both of these calculations showed erratic resultsigher frequencies, with increased wind speecitow
the frequency boundary between constant and maaigceattenuation. This effect is likely due te trefractive
“trapping” of higher-frequency waves near the gmbgnrface: the logarithmic wind profile producesteep

gradient near the ground-level source-receiver, jieding more multiple-reflection refracted pathetween source
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and receiver at higher frequencies. The presehiteea@anyon interferes with some of these refcgiaths,
producing lower and less regular receiver levekigh frequencies. Inclusion of effects such amigd scattering,
ground absorption, and turbulence would serve tderete this trapping of ground-level waves, and praguce
more realistic results in refractive conditions.

5 Conclusion

Calculations using the parabolic equation and edeit sources methods showed that, under many
circumstances, intermediate urban canyons haeasistent, attenuating influence on propagatioweeh roof-
level sources and receivers. The resulting exattesuation ranged from -1 dB to -4 dB per canyonboth a
1/3-octave band and an A-weighted basis. On a fudpiency-band basis, this attenuation is ofterlpeonstant
with frequency. This influence appears to be iraelent of the interior properties of the canyory garameters
such as canyon width and field location prove taigeificant. It can therefore be predicted usamgefficient
application of the parabolic equation method, inclhhinterior canyon reflections are neglected wofaof
diffraction at the edges of the canyon opening.

Additional conclusions can be drawn from the ressaftthe parameter study. For realistic canyortitdefihe
current work studied depth-to-width ratios excegdiil0), the excess attenuation does not dependisantly on
canyon depth. For source and receiver lifted amfthe roof plane, the attenuation is largely ungea up to
around half the frequency of the first interferedge Calculations including finite roof impedariodicate that the
results are not very sensitive to impedance valu@ls with up to eight canyons indicate that thigl attenuation
of multiple canyons can be estimated with reas@abturacy as a sum of the individual canyon a#ttom values.
With variations in roof height that result in sificént screening between source and receiver,dtezsing
influence strongly dominates the canyon influereeépt at the lowest frequencies where the scrgaffect is
weak). Finally, the current methods are sensttiveneteorological refraction effects, with erragsults at high
frequencies under downward-refracting conditions.

Concerning future work, the attained results caadtribute to a data set characterizing the attioaf
intermediate urban canyons, which could form a agapion loss factor within the framework of a mgemeral
engineering method such as the “flat city” modeThbrsson et al. [5]. Further results are howexesded before

such an engineering method could be considered letenfor example, an expanded study on the effect

11



combined variations of canyon width and canyontioca Further study of the effect of wind and tergiure

gradient on the canyon effect is also needed, foothropagation over canyons, and from canyon tyca.
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Figures:

Fig. 1. Splitting of the domain in the ESM.

Fig. 2. Initial source/receiver/canyon geometry.

Fig. 3. ESM result, geometry as Fig. 2. Avg =rage 1/3-octave band (1/3-O.R\)L, value;c = standard

deviation in 1/3-0.BA L, values; Awg,, = A-weighted overall value based on ISO 717-19ptctrum

Fig. 4. PE result, 30 reflections, geometry as Eig

Fig. 5. PE result, O reflections, geometry as Eig.

Fig. 6. Average 1/3-octave band EA versus the @anyidth, normalized by the total field length. Mewlized

canyon center location of 0.5 throughout.

Fig. 7. Average 1/3-octave band EA versus the @amgnter location, normalized by the total fietddth.

Normalized canyon width of 0.1 throughout.

Fig. 8. PE result, 0 reflections within canyonuBm and receiver 4 m above roof level, otherwesangetry as Fig.

2.

Fig. 9. The modeled roof-height difference.

Fig. 10. PE result, O reflections. Receiver revfel 4 m higher than source roof level; otherwigergetry as Fig. 2.

Fig. 11. PE result, O reflections. Receiver ranfel 1 m higher than source roof level; otherwieergetry as Fig. 2.

Fig. 12. PE result, O reflections. Rooftdp =78, otherwise geometry as Fig. 2. In reference, heodistrip

replaces hard canyon bottom.

Fig. 13. PE result, O reflections. Downwind,-legfile with 10 m/s at 10 m height, otherwise gebm as Fig. 2.

Reference case includes wind.

Fig. 14. PE result, O reflections. Downwind, [mgfile with 4.6 m/s at 10 m height, otherwise gatry as Fig. 2.

Reference case includes wind.
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Tables:

Table 1

Canyon EA with varying canyon depth (other geomagig. 2).

Table 2

Canyon EA with varying canyon width, location, amgerall field length.

Table 3

Canyon EA combining two reciprocal canyons. 200etdflength.

Table 4

Canyon EA for combinations of up to eight recipidazanyons. 400 m field length.
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Canyon Depth Mean 1/3-O.B. EA [dB] AwtEA [dB]

8m 1.8 6 =0.10) 18
20m -1.8 6 = 0.039) -1.8
40 m -1.8 6 = 0.043) -1.8

TABLE 1



Field Canyon Mean 1/3-O.B. Awtc, EA

Length [m] Location[m] EA [dB] [dB]
100 40-60 -2.6=0.067) -2.6
100 45-55 -1.8¢ =0.060) -1.8
100 62.5-72.5 -1.%(=0.058) -2.0
200 21-41 -2.6€=0.081) -2.6
200 30-50 -2.3¢=0.063) -2.3
200 55-75 -2.0€=0.042) -2.0
200 70-90 -1.9¢=0.043) -1.9
200 75-125 -3.0d=0.049) -3.0
200 80-120 -2.6q=0.043) -2.7
200 85-115 -2.3d=0.040) -2.3
200 90-110 -1.8q=0.039) -1.8
200 95-105 -1.3q=0.043) -1.3
200 120-150 -2.40(=0.045) -2.5
200 125-145 -2.00(=0.043) -2.0
200 140-160 -2.16(=0.046) -2.2
200 150-170 -2.30(=0.051) -2.3
200 160-180 -2.60(= 0.060) -2.7
200 170-190 -3.26(=0.079) -3.2
200 179-199 -4.76(= 0.22) -4.8
300 135-165 -1.86(=0.033) -1.9

TABLE 2



Canyon ID/ Canyon Mean 1/3-O.B. Awtc, EA

Combination Location [m] EA [dB] [dB]
1 55-75 -2.04=0.042) -2.0
1+RT -3.96=0.080) -3.9

@ Reciprocal location between source & receiver.

TABLE 3



Canyon ID/ Canyon Mean 1/3-O.B.  Awtg, EA

Combination Location [m] EA [dB] [dB]
1 21-40 -24¢=0.074) -24
2 70-90 -1.6¢=0.040) -1.6
3 130-140 -0.93¢(=0.027) -0.94
4 160-185 -1.5¢=0.024) -1.5
1+2+3+4 -6.0d = 0.14) -6.1
1+2+3+4+
R4+ R3+R2+R1 -12 (6 = 0.24) -12

@ Reciprocal location between source & receiver.

TABLE 4



