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This work deals with numerical modeling of sound propagation in street canyons with at building facades. The street is seen as an open waveguide and two 3D wave models are used : a parabolic equation model and a modal expansion model. The comparison between the models shows a very good agreement. Then, the study focuses on the radiation condition at the opening of the street. In usual energetic approaches as ray tracing, the opening is assumed to be perfectly absorbing. This assumption is realistic at high frequencies, however the reection phenomenon caused by the geometric discontinuity at the opening is still an open question at low frequencies. This possible reection is investigated through three parametric studies of the acoustic longitudinal energy ux decay along the street. The rst study shows that the approximation of total absorption at the street open ceiling is no longer valid when the ratio η between the street width and the wavelength is small. The second study shows that the eect of source height is weak except under restrictive conditions: when η is small and when the source height is not small compared to the wavelength, the approximation of total absorption is acceptable for an elevated source. At least, the results of the last study show that the error made by assuming a perfectly absorbing ceiling is not negligible compared to the error made by considering perfectly reecting walls.

Introduction

In modeling the sound propagation within an urban street canyon, a particular attention must be paid to description of the eects of the street open ceiling toward an innite domain, the sky [START_REF] Richoux | Eect of the open roof on low frequency acoustic propagation in street canyons[END_REF]. Basically, the opening leads to radiation losses: the waves, partially conned within the street while they propagate, are also radiated to the sky. As a consequence, the radiation losses contribute to the sound pressure level decrease with the distance to the source, in addition to the atmospheric losses and other dissipation phenomenon (absorption at walls for example). This work aims at investigating the attenuation caused by radiation losses at low frequencies. Even if the annoyance at low frequencies is caused by many types of sources, one of the main origin of its annoyance is the trac ow. Indeed, Jonasson [START_REF] Jonasson | Acoustical source modelling of road vehicles[END_REF] and Can et al. (Fig. 6, 7, 8 and 9 of [START_REF] Can | Trac noise spectrum analysis: Dynamic modeling vs. experimental observations[END_REF]) have shown that the noise caused by trac ow is dominant in the 63 Hz octave band, particularly at low vehicle speeds. Can et al. also showed that the level at several locations within the urban environment are about 75 -80 dB SPL. For such a sound level range, using A-weighting lters [START_REF]Acoustics -Attenuation of sound during propagation outdoors -Part 2: General method of calculation[END_REF], that strongly attenuate the level in the 63 Hz bandwidth, is not adapted since it is only valid for weak levels (L ≤ 40 dB SPL). B-weighting or C-weighting lters, that much less attenuates the low frequencies, are preferable. As a consequence, the sound levels at low frequencies and their perceived annoyance by people may be of great importance and predicting the low frequency propagation in the urban context is relevant.

To address the problem, the street is seen as an open waveguide. Indeed, the typical elongated shape promotes guided waves along the axis of the street. In contrast, the opening of this guide on an innite domain -the sky -results in wave radiation. Several formulations have been proposed to model the sound propagation within 3D street canyons. The most used are so called energetic approaches as ray tracing [START_REF] Bradley | A study of trac noise around buildings[END_REF], image-sources [START_REF] Lu | The propagation of sound in narrow street canyons[END_REF], radiosity based method [START_REF] Kang | Sound propagation in street canyons : Comparison between diusely and geometrically reecting boundaries[END_REF] or sound particles [START_REF] Le Pollès | Soundeld modeling in architectural acoustics by a transport theory: Application to street canyons[END_REF], and are implemented in predictive software for acoustical engineering studies. In these approaches, the street open ceiling is modeled as a perfectly absorbing boundary. Hence, the geometry of the problem is equivalent to that of Fig. 1 In this conguration, the street is seen as an uniform waveguide with a rectangular cross-section open on the innite half space above, bounded by PML [START_REF] Bérenger | A perfectly matched layer for the absorption of electromagnetics waves[END_REF] to truncate the computational domain.

Regarding the frequency range of interest, wave-based methods are well adapted. Recently, several time-domain wave-based methods have been developed in the urban acoustic area [START_REF] Hornikx | The extended fourier pseudospectral time-domain method for atmospheric sound propagation[END_REF][START_REF] Van Renterghem | The importance of roof shape for road trac noise shielding in the urban environment[END_REF]. As the phenomenon investigated here are time independent, methods in the frequency domain are preferable.

In this article, we use two dierent wave approaches in the frequency domain.

On the one hand, the parabolic equation method which has been successfully used to study outdoor, long range, propagation problems has recently been extended to model the propagation in a 3D open waveguide [START_REF] Lihoreau | A 3D parabolic equation code for street canyon propagation[END_REF]. On the other hand, the modal expansion, used in the 70's [START_REF] Bullen | Sound propagation in a street[END_REF] to describe the propagation within a street seen as a guiding structure between two innite parallel planes has also recently been extended to the case of 3D open waveguides by using leaky modes [START_REF] Pelat | On the use of leaky modes in open waveguides for the sound propagation modeling in street canyons[END_REF]. This paper also aims at comparing both methods.

Section 2 recalls the theoretical background of both wave approaches. Section 3 presents the numerical results. First, the two methods are compared. Then, the assumption of total absorption is examined through three parametric studies of the leakage of the street. These studies respectively focus on the eects of the street width, the eects of the source height and the eects of absorbing walls and ground. Finally, conclusions and possible improvements to this work are drawn in Section 4. In both formulations, the equation to solve is the classic wave equation :

∂ 2 ∂x 2 + ∂ 2 ∂y 2 + ∂ 2 ∂z 2 - 1 c 2 ∂ 2 ∂t 2 p (x, y, z, t) = 0, (1) 
where p is the acoustic pressure and c the wave speed. In the frequency domain and taking into account the PML to bound the sky above the street, the wave equation to solve is

∂ 2 ∂x 2 + 1 τ ∂ ∂y 1 τ ∂ ∂y + 1 τ ∂ ∂z 1 τ ∂ ∂z + k 2 p(x, y, z) = 0, ( 2 
)
where p is the complex acoustic pressure (p = pe -iωt ), k is the wave number and τ is a complex scalar PML parameter fullling τ = Ae jγ in the PML domain, τ = 1

in the physical domain [START_REF] Can | Trac noise spectrum analysis: Dynamic modeling vs. experimental observations[END_REF] with A > 0 and γ ∈]0, π/2[. The boundary conditions are dened through an admittance parameter β

∂ n p + jkβp = 0, (4) 
with ∂ n the normal derivative. The Neuman boundary conditions ∂ n p = 0 are dened for the rigid outer borders of the PML.

Parabolic equation

In the PE models [START_REF] Tappert | The parabolic approximation[END_REF], Eq. ( 2) is splitted into two equations for the outgoing wave (+) and the incoming wave (-). The equation for the outgoing wave is :

∂ ∂x -ikQ p + = 0, ( 5 
)
where Q is the operator dened by

Q 2 = 1 + 1 k 2 1 τ ∂ ∂y 1 τ ∂ ∂y + 1 τ ∂ ∂z 1 τ ∂ ∂z . (6) 
As the uniform canyon is assumed to be innitely long, there is no coupling between outgoing and incoming waves and Eq. ( 5) represents an exact equation of the evolution of the acoustic pressure. The solution of Eq. ( 5) is :

φ(x + dx, z) = e ik(Q-1)dx φ(x, z), (7) 
where φ = p + e -ikx is a scaled variable. The square root operator Q is approximated using a Padé series expansion [START_REF] Bamberger | Higher order paraxial wave equation approximation in heterogeneous media[END_REF]. The previous initial-and boundary-value problem is numerically solved using an alternating direction method [START_REF] Collins | A three dimensional parabolic equation mode that includes the eect of rough boundaries[END_REF]. Eq. ( 7) is discretized with a standard nite dierence method in height (z-axis) and width (y-axis) and a Crank-Nicholson scheme is implemented as a marching algorithm (x-axis).

Coupled modal-nite element method

In the coupled modal-nite element method, the modes of the canyon dened in the transverse domain (y, z) are numerically found by using a standard FEM. Then, the acoustic eld is computed by propagating these modes along the canyon:

p(x, y, z) = n≥1 P n e jknx φ n (y, z), (8) 
with k n = k 2 -α 2 n , α n and φ n (y, z) are respectively the eigenvalues and eigenfunctions of the numerical modes, only depending on the geometry of the street cross-section. P n are the modal amplitudes obtained by the development of the source on the modal basis. For details about the Modal-FE method see [START_REF] Pelat | A coupled modal-nite element method for the wave propagation modeling in irregular open waveguides[END_REF]. Three examples of such modes are represented in Fig. 2. ´ µ

´ µ ´µ Owing to radiation losses above the street, the eigenvalues α n of the leaky modes are complex. Then, whatever the source wave number k, the modal axial wave numbers k n are also complex. As a consequence, every mode is propagating and exponentially decreasing along the street (Eq. ( 8)). Some modes are highly conned within the street cross-section (Fig. 2(a) and (b)) and are associated to α n with a weak imaginary part. Others modes as the one shown in Fig. 2(c) display much more radiated patterns above the street and are associated to α n with a larger imaginary part. Hence, at a given frequency, the mode of Fig. 2(c) will be much more leaky than modes of Fig. 2(a) and (b).
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Numerical Results

Parameters of the study

In both methods, the acoustic eld is computed downstream from a starting eld p(x = 0, y, z) = p 0 , function of the transverse coordinates (y, z), dened in the street input plane (x = 0). In the following results, the starter is chosen as an incident Gaussian beam given by:

p 0 = e - (y -y s ) 2 + (z -z s ) 2 2σ 2 (9) 
where y s and z s are the position of the center of the Gaussian beam and σ is a parameter controlling its width. This kind of starter can be seen as an approximation of the far eld pattern generated by a point source. Nevertheless, the radiation pattern of a Gaussian beam is not omnidirectional, the directivity being driven by the divergence of the beam given by Θ 2c/πf σ rad.

In the numerical results presented below, the xed parameters are the height of the street d = 10 m and the center position of the Gaussian beam chosen as (y s , z s ) = (0, 0.1) m to approach typical source positions as vehicles (except for section 3.4 where the source height varies). The varying parameters are then the width of the street l = 5, 10, 20 m and the frequency of the Gaussian beam f = 62.5, 125, 250 Hz.To compare the results with each other at dierent frequencies, we adjust σ so that Θ remains constant (σ = 1.44 for f = 125 Hz). This choice for σ is the result of a compromise which makes the source i) suciently spread out at f = 250 Hz (σ = 0.72) in order to be well discretized, ii) suciently narrrow at f = 62.5 Hz (σ = 2.88) to provide a non trivial source corresponding to an incident plane wave.

The main purpose of this work is to study the energy losses through the street open ceiling. These radiation losses can be evaluated by measuring the decrease of the longitudinal energy ux along the street. Hence, we dene the integrated indicator W (x), as:

W (x) = 1 S d 0 l/2 -l/2 1 2 R{pv * }dydz ( 10 
)
where v is the x-component of the acoustic velocity and S = ld is the rectangular cross section.

Comparison between the two waves approaches

In this section, the results between both methods are compared in the case of a street canyon (Fig. 1 First, the comparison concerns the pressure eld. Fig. 3 shows horizontal maps of the pressure eld (modulus) at a height z = z s from the ground.

For each chosen frequency of the incident Gaussian beam, the sound maps computed from the two methods display very similar interference patterns.

In particular, on the line dened by (y, z) = (y s , z s ), the solution are in good agreement at f = 125 Hz. Nevertheless, at f = 62.5 Hz and f = 250 Hz, one can see slight discrepancies due to phase shifts between both methods.

On the one hand, for computation cost reasons at f = 250 Hz, the mesh size in the modal-FE method is much more larger than the discretization step in the parabolic equation method. This relative sub-discretization of the transverse domain tends to sti the problem which leads to a phase shift.

On the other hand, at low frequency (f = 62.5 Hz), the parabolic method propagates numerical artifacts due to the truncation of the Gaussian beam starter, which is larger than the street width. These numerical artifacts cause spurious oscillations and a phase shift.

Then, the comparison concerns the results obtained for the integrated indicator W (x) dened in Eq. [START_REF] Hornikx | The extended fourier pseudospectral time-domain method for atmospheric sound propagation[END_REF]. Fig. 3 shows the decrease of the dimensionless value of W (x)/W (x = 0), for each studied case. Results obtained with both methods are almost the same. As a consequence, parametric studies in the following can be performed by one or the other method. The parabolic equation method is chosen because of its low computational cost.

Eect of the street width

The goal of this section is to compare the acoustic energy ux along the street computed for both "U-shaped" and "T-shaped" geometries of Fig. 1 for several frequencies and street widths. Results are summarized in Fig. 4.

All curves exhibit a similar behavior: a at phase in the near eld followed by a monotonic decrease. The length of the at phase directly depends on the Gaussian starter directivity and would not exist with an ideal omnidirectional starter. The acoustic energy ux decrease can by explained by the acoustic leakage across the street open ceiling. In all cases, the acoustic energy ux decrease is slower for the "T-shaped" geometry which shows that some acoustic energy is reected at the opening of the street.

To simplify the reading of the results, the dierence ∆ W between the acoustic ux in both geometries is given at 100 m from the source. One can see that, for a given street width, ∆ W decreases with the frequency. Otherwise, for a given frequency, ∆ W decreases with the street width. Interesting cases are those for whom the ratio η = l λ is constant (cases (a. In conclusion, if η is too small, the approximation of total absorption at the opening is no longer veried: there exists a wave guiding eect between the ground and the open ceiling, in addition to the one between the façades. This result is not surprising if one consider the case η → 0 corresponding to 

Eect of the source height

In this section, we study the inuence of the source height on the acoustic energy ux decrease along the street. Three locations of the source are studied: z s = 0.1, 1 and 2 m. These locations are representative of an equivalent source of a vehicle (z s = 0.1 m), or of the human activity in urban environment (z s = 1 and 2 m). Results are summarized in Fig. 5 First, the overall pattern of the decrease of W (x)/W (0) can be discussed. When zs << λ (congurations (a.1), (a.11), (a.12), (b.2), (b.21), (c.3)), the same behavior as in section 3.3 is retrieved and z s has no signicant eect.

In congurations (b.22), (c.31) and (c.32), one can observe a local strong decrease, caused by reection on the ground, followed by a slower decrease.

Indeed, when z s is not small compared to λ, the ground eect results in a specular reection that locally highly increases the z-component of the acoustic intensity at the top of the street and leads to strong radiation losses.. This phenomenon is notably very well pronounced in the range 20 < x < 40 m for the conguration (C.32).

Then, the results obtained for the ∆ W indicator can be discussed. In the intermediate case for which f = 125 Hz and l = 10 m (column 2 of Fig. 5), ∆ W decreases when z s increases: the open ceiling of the street tends to be totally absorbing when z s increases. This behavior can be explained by a modal representation of the acoustic eld. Indeed, the more the source is elevated, the more the radiating modes are excited (mode shown in Fig. 2(c), for example). Furthermore, at f = 125 Hz, these radiating modes, in addition to Table 1: Absorption coecients (from [START_REF] Hornikx | Noise abatement schemes for shielded canyons[END_REF]) used in the calculations. The impedances of asphalt and grass have been calculated using the Delany and Bazley impedance model [START_REF] Delany | Acoustical properties of brous absorbant materials[END_REF].

the conned modes, signicantly participate to the eld, which enhances the radiation losses. In the case where f = 62.5 Hz and l = 5 m, the source height has no signicant eect. At a such low frequency, whatever the modal development of the source, only one mode, conned within the street (mode shown in Fig. 2(a)), signicantly participates to the propagation of the eld.

For the conguration f = 250 Hz and l = 5 m, we also observe that the source height has no signicant eect on ∆ W . This case corresponds to a case for which the open ceiling is almost perfectly absorbing, whatever the source height.

Eect of the wall absorption

In this section, absorption at the walls and the ground are introduced. Table 2: Values of the indicators ∆ W and ∆ Wα at the three studied frequencies.

To evaluate the relative eects between the absorption at the walls and the leakage through the open ceiling, a new indicator ∆ Wα , analogous to ∆ W , is required. ∆ Wα is dened as the dierence at x = 100 m from the source between the acoustic ux for the hard walls and the reasonably absorbing congurations in the "T-shaped" geometry (∆ Wα is graphically represented in the left plot of Fig. 6). Results in Tab. 2 show that the assumption of hard walls leads to an overestimation of the energy ux of about ∆ Wα = 23 % at 62.5 Hz while the hypothesis of perfectly absorbing ceiling leads to an underestimation of ∆ W = 10 % (in the hard walls conguration). The situation is similar for the other studied frequencies. Thus, we see that the error made by assuming a perfectly absorbing ceiling is not negligible compared to the error made by considering perfectly reecting walls.

Conclusions

In this paper, we propose to use two wave methods to study the acoustic propagation along a street. The work focuses on the radiation condition at the opening of the street. First, the comparison of these methods shows a very good agreement.

Next the parametric studies point out that the assumption of total absorption at the street open ceiling is not valid in all situations. Indeed, the dimensionless ratio η = l λ seems to drive the acoustic reection at the street open ceiling. For example, one can arbitrarily determine the following criterion: the total absorption hypothesis is no longer valid if it leads to a leakage dierence ∆ W higher than 5 % at 100 m from the source. Results of Fig. 4 show that the hypothesis is not valid below 125 Hz for a 20 m wide street or below 250 Hz for a 10 m wide street.

It is also shown that the source height z s has no signicant eects on ∆ W except when z s is not small compared to the wavelength. In this condition, ∆ W tends to be reduced when z s increases.

At least, considering absorbing walls and ground tends to ∆ W . However, the results show that, in the case of reasonable absorbing conguration, the assumption of perfectly absorbing ceiling leads to an error of the same order of magnitude than the assumption of perfectly hard walls.

Many improvements can be provided to this work. Concerning the methods used, works are in progress to bring down the numerical cost of the modal-FE method by performing more advanced FEM calculations of the modes. This will allow to perform calculations for higher frequencies (f ≥ 250 Hz).

Furthermore, the study of acoustic leakage through the open ceiling is led by the acoustic energy ux calculus. This physical quantity may not be appropriated with perceptive sensations. Nevertheless, this integrated quantity is convenient to avoid interferences (see sound maps in Fig. 3) which make the decrease estimation dicult. Another indicator could be the averaged acoustic level at ears height in an octave band. An appropriate number of harmonic calculus will be needed to estimate the averaged eld in the octave band of interest. Whatever the criterion used, it also will be appreciable to work with more realistic street geometries including building facades irregularities. This issue will require either to improve the PE model to take into account sound scattering from the walls in all directions, or to use more adapted numerical approach. At least, it would be interesting to study the impact of the micro meteorological eects as refraction or turbulence on the reection at the open ceiling.
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  (a) where the height of the street above the ground is innite. In the following, this geometrical conguration will be called U-shaped geometry. The assumption of total absorption at the street open ceiling seems to be well adapted in the high frequency domain. However, one may question the validity of this assump-tion in the low frequency domain. Notably, one can refer to the behavior of a duct in which the standing waves are due to the almost total reection at the open extremity. To investigate this question, we propose to compare the U-shaped geometry in Fig. 1(a) with the "T-shaped" geometry of Fig. 1(b) where no assumption is made on the behavior of the wave at the street open ceiling (z = d).

Figure 1 :

 1 Figure 1: (a) The street is seen as a U-shaped uniform waveguide, of width l and height d, where a perfectly absorbing ceiling, modeled by a PML, is considered (z = d). (b) In the "T-shaped" geometry, the street is seen as an open uniform waveguide with a rectangular cross-section of same dimensions open on the innite half space.

2 .

 2 Two wave approaches for the sound propagation modeling in a 3D uniform open canyon

Figure 2 :

 2 Figure 2: Three examples of leaky modes represented (real part) in the street cross-section. (a) and (b) modes highly conned within the street. (c) Mode with a more radiating pattern.

PFigure 3 :

 3 Figure 3: Comparison of the results between the two wave approaches in the case of a street canyon (Fig. 1(b)) of xed width l = 10 m and height d = 10 m at three given frequencies f = 62.5, 125, 250 Hz.For each frequency, the results are presented as, rst, a horizontal map of the pressure eld (modulus) at a height z = z s from the ground, second, the pressure eld (modulus) along a line dened by (y, z) = (y s , z s ) ( : modal-FE / ---: PE), third, the decrease of the integrated indicator W (x) function of x ( : modal-FE / ---: PE).

  3)-(b.2)-(c.1) or (a.2)-(b.1) or (b.3)-(c.2)) and where ∆ W is nearly the same. This observation tends to show that the dimensionless ratio η is a signicant parameter to quantify the contribution of the acoustic reection at the opening.

Figure 4 :

 4 Figure 4: Acoustic energy ux decrease along the street. "U-shaped" (---) and "Tshaped" () geometries are compared for 3 frequencies f = 62.5, 125, 250 Hz and 3 street widths l = 5, 10, 20 m.

  . Three congurations are chosen. The rst one (column 1) corresponds to a conguration where the guiding eect is signicant (l = 5 m, f = 62.5 Hz). The second one (column 2) corresponds to an intermediate conguration (l = 10 m, f = 125 Hz). The third one (column 3) corresponds to a conguration where the street open ceiling is almost totally absorbing (l = 20 m, f = 250 Hz).

fFigure 5 :

 5 Figure 5: Acoustic energy ux decrease along the street."U-shaped" (---) and () geometries are compared for 3 frequencies f = 62.5, 125, 250 Hz and 3 source heights z s = 0.1, 1, 2 m.
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Figure 6 :

 6 Figure6: Acoustic energy ux decrease along the street. "U-shaped" (---) and "T-shaped" () geometries are compared for 3 frequencies f = 62.5, 125, 250 Hz and 3 absorbing congurations: rigid walls conguration (black), reasonable absorbing conguration with asphalt ground and unglazed brickwork walls (red), highly absorbing conguration with grassy ground and wood framework as walls (green).

  pected behavior: the more absorbent are the walls and ground, the faster is the decrease. The comparison between the "U-shaped" and "T-shaped" geometries shows that, at a given frequency, ∆ W decreases when the wall absorption increases (Tab. 2). ∆ W is even almost zero for the highly absorbing conguration. In this condition, there is no need to use the "T-shaped" geometry. Indeed, the absorption at the walls tend to soften the acoustic impedance break at the top of the street and the guiding eects between the ground and the open ceiling vanish.