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Abstract: Outdoor air quality is a major concern worldwide, especially in urban areas.
In this paper, the influence of depressed roads (specific road designs where the road's
surface is lower than the surrounding ground level) on the downwind pollutant
concentration was assessed using a validated Computational Fluid Dynamics (CFD)
solver, for eight road depths (D) and thirteen stability conditions (Richardson numbers,
Ri). Depressed roads can decrease downwind pollutant concentrations compared to
classical roads, but only under neutral and unstable thermal conditions. Under neutral
thermal condition, a threshold is reached for D = 0.375, leading to a maximal pollution
reduction of around 10% at pedestrian level and around 5% at the first-floor level. In
such stability conditions, pollutant concentrations are lower as D increases and Ri
decreases. Under stable conditions, such roads lead to higher pollutant concentrations.
Four equations allowing to predict the downwind pollutant concentrations are given
depending on the distance from the road centerline, the road depth, and the thermal
stability condition. The results of this study provide pre-construction guidance on
whether a depressed road should be considered to protect human health, as well as
predictive tools to assess the beneficial or adverse impact of such structures on air
quality.
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1. Introduction

Outdoor air pollution has significant adverse effects on human health (Chen etal., 2012;
Fenech and Aquilina, 2020; Hamra et al,, 2014; Nuvolone etal., 2018), and was the cause
of around 4.2 million premature deaths worldwide in 2016 (WHO, 2016). In the same
year, approximately 500,000 people died prematurely in Europe (EEA, 2019), a number
that did not decrease in 2018 (EEA, 2020). Nowadays, people are increasingly living in
urban areas (more than 50% around the world, and 74% in Europe) with a percentage
expected to reach 68% worldwide in 2050 (United Nations, 2019). In such areas, air
quality can be very poor due to high anthropogenic emissions such as traffic-related
emissions (Belalcazar et al., 2009; Delmas et al., 1997; Wei et al,, 2021), resulting in a
higher health risk for people living near heavy traffic roads (Chen et al, 2017;
Finkelstein et al., 2004; Petters et al,, 2004). Based on these findings, air quality has
become a major global challenge, and the greatest environmental risk in Europe (EEA,
2020).

Following the current European Union (EU) legislation with the
“Directive/2008/50/EC” (EU, 2008), as well as the World Health Organization (WHO)
guidelines (WHO, 2017, 2005) recently updated (WHO, 2021), air quality regulations
are increasing in Europe, and actions are taken. Therefore, outdoor air quality in
European cities is expected to improve in the next decades with the decrease of
emissions and air pollutant concentrations (European Commission, 2013). However,
time is needed for these actions to achieve significant results, and, in the meantime,
people are still living in areas where outdoor air quality is poor. Therefore, itis essential
to (a) continue assessing air quality in urban areas, (b) understand the phenomena and
processes that govern air pollution dispersion, and (c) find ways to reduce human
exposure to airborne pollution in these locations.

Air quality assessment in cities is generally performed either through the use of sensors
or modelling. While the former approach is time consuming and requires gathering
enough data to be exploited and compared to EU and WHO standards (Bai et al., 2020;
Jurado et al., 2020), the second one allows to widen the scope of possibilities (e.g.,
assessing the impact of changes in traffic, building/land morphologies, etc.) in a
prospective purpose (Baklanov and Zhang, 2020; Yang et al.,, 2020). Various spatial
scales can be considered, from mesoscale (< 200 km) to microscale (< 2 km) and
building scale (<100 m) (Toparlar et al., 2017), each with more suitable models
(Leel6ssy etal., 2014). Among the several types of existing models, Computational Fluid
Dynamics (CFD) is widely used for air quality assessment (Chouak et al., 2022; Kia et
al,, 2022; Liu et al,, 2022), particularly in urban areas (Idrissi et al., 2018; Klukova et al.,
2021; Sanchez et al,, 2017; Santiago et al., 2019; Trindade da Silva et al., 2021; Zheng et
al,, 2021), and can be used to compute mean annual concentrations to compare with EU
and WHO regulatory standards in cities (Reiminger et al., 2020b; Rivas et al., 2019;
Solazzo etal., 2011). CFD is preferred for urban areas modelling because of the complex
phenomena that can be considered while other models, such as the Gaussian ones, can
lead to poor results under non-flat terrains (Kumar et al.,, 2015) or in built-up areas
(Bady, 2017). Lastly, it should be noted that artificial intelligence-based modelling is
emerging for air quality assessment in urban areas (Jurado et al., 2022) with the aim of
replacing or improving CFD modelling in the future for air quality purposes (Calzolari
and Liu, 2021). They are in early stages, nonetheless, and more in-depth work still
needs to be done.

The influence of urban morphology on atmospheric pollution has been well studied
through CFD modelling in recent decades. It includes the impact of building aspect
ratios in both symmetrical and asymmetrical street canyons (Reiminger et al., 2020c;
Santiago and Martin, 2005; Soulhac et al.,, 2001), as well as the influence of thermal
effects (Haghighat and Mirzaei, 2011; Nazarian and Kleissl, 2015; Wang et al., 2014)
and chemical mechanisms (Gonzalez Olivardia et al., 2019; Sanchez et al., 2016).
However, although many studies have been conducted, there are still issues that have
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not been fully explored, such as the influence of depressed roads on downstream
pollutant concentrations, which is a type of road design where the road's surface is
lower than the surrounding ground level, often used to minimize the visual and noise
impact on the surrounding area (Jonasson, 1972).

The aim of this study is to assess the influence of such roads on downstream pollutant
concentrations depending on the road configuration and the thermal stability
condition. Specifically, CFD simulations are used to assess the evolution of downwind
pollutant concentrations as a function of the distance from a road, for several road
depths and atmospheric stability conditions (unstable, neutral, and stable
atmospheres). The present work is limited to the cases of depressed roads with vertical
sidewalls, so no roads with sloping sidewalls are investigated in this study.

2. Description of the study

2.1. Studied cases

—_
e
\
—_—
— Freestream
P boundary
P o _ condition
‘ Emission conditions
source
—
1 OHI}I(L\’

Inlet >
conditions

/5]—] max

............................................. y o O Fi= 0
Wall Vel
z conditions / e
JLy
X ] OH max
5H"7ax W ] 5 H’nle

Figure 1. Sketch of the computational domain with the source of emissions (in red),
and the ground and the depressed road sidewalls (in gray).

The first focus of the study is the influence of depressed road depth on the pollutant
concentrations downwind. To assess this influence, several depressed road
configurations were considered. Figure 1 shows the general sketch of the depressed
roads modelled in this study. The road configuration is defined by two parameters: W,
the width of the road, and H, the height of the sidewalls. The depressed road depth D is
then defined as the ratio between the height of the sidewalls and the road width
according to equation (1). Throughout this study, W remains unchanged (W =10 m)
and H varies between 0 and 10 m (H,,4, = 10 m).

D=W €Y)

with D the depressed road depth [-], H the sidewalls height [m] and W the road width
[m].
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Then, the study focuses on the influence of thermal stability conditions. In this paper,
thermal effects are quantified using the Richardson number Ri representing the
importance of the natural convection (due to thermal effects) relative to the forced
convection (due to wind). The corresponding equation taken from Woodward (1998)
is given in equation (2). This dimensionless number is also an indicator of the thermal
stability with Ri <0, Ri=0 and Ri >0 corresponding to unstable, neutral
(isothermal) and stable atmospheres respectively.

— gHref (TH - Tw)

2
UHref Tair

Ri

()

with Ri the Richardson number [-], g the gravitational acceleration [m.s?], Uy, y the

reference velocity at z = H,..; = 10 m from the ground [m.s1], H,..r the reference height
[m], T, the ambient air temperature [K], T,, the temperature of the heated surfaces [K]
and Ty the mean air temperature at z = H,..¢ [K].

This study required a total of 51 simulations and a summary of the cases considered is
given in Table 1 with the corresponding road depths (D) and Richardson numbers (Ri).

Table 1. Summary of the cases considered as function of the road depth (D) and the
Richardson number (Ri) with the corresponding type of stability conditions according
to Woodward (1998).

Ri[-]| -1 -08 -06 -04 -03 -02 -0.1 0.0 0.2 04 0.6 0.8 1.0
D[]
0
0.125
0.2
0.25 ° ® ) ) °
0.375
0.5 [ [ [
0.75
1.0

® : very unstable, ® : unstable, © : slightly unstable, ® : neutral, ® : stable

2.2. Additional recurring parameters

The dimensionless distance from the road centerline x* and the dimensionless altitude
z* are respectively defined by equations (3) and (4). It should be noted that z* =0
corresponds to the ground-level upstream and downstream of the depressed road.

. X
X = 3)
.z

= €))

with x* and z* the dimensionless distance from the road centerline and the altitude
respectively [-], x and z the dimensioned distance from the road centerline and the
altitude respectively [m] and W the width of the road [m].

The concentration results of the study are given in a dimensionless form following
equation (5).
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with C* the dimensionless pollutant concentration [-], C the pollutant concentration
[gm3], UHref the reference velocity at z = H,..; = 10 m from the ground [m.s!], H..r

)

the reference height [m], and Q /L the source strength of emissions [g.s1.m™].

Lastly, the relative error on concentrations is defined as the following equation:

* _ C*

RE = <M) x 100  (6)
Cen

with RE the relative error [%], C;; the theoretical value of the dimensionless

concentration [-] and C,, .4 the predicted value of the dimensionless concentration [-].

3. Modelling approach
3.1. Software and calculation methodology

Simulations were performed using OpenFOAM 9 working in parallel calculation on a
16-core Intel® Xeon(R) CPU E5-2670 2,60GHz computing machine under Ubuntu
20.04.4 LTS. The solver used is the buoyantPimpleFoam solver, a transient mixed
convection solver able to resolve the compressible Navier-Stokes equations for buoyant
and turbulent flows. This solver, modified to also account for pollutant dispersion, has
already been validated in a previous study (Reiminger et al., 2020a). The performance
of the solver was assessed on both velocity and concentration fields using experimental
data of a complex 3D situation, under highly unstable conditions. The differences
between the experimental and the numerical results were less than 6% on both velocity
and concentration fields (Reiminger et al,, 2020a).

The Unsteady Reynolds-Averaged Navier-Stokes (URANS) methodology was used to
solve the equations, since transient calculation led to equivalent or substantially better
results than steady calculation (Tominaga and Stathopoulos, 2017). The use of a RANS
methodology induces a new term in the Navier-Stokes momentum equation, the
Reynolds stress tensor, requiring the choice of a turbulence closure scheme. Among the
various existing turbulence models, the Renormalization Group (RNG) k-&¢ model
presented by Yakhot et al. (1992) has been selected to solve the Reynolds stress tensor.
This model has been chosen because it leads to significant improvements over the
standard k-¢ model (Papageorgakis and Assanis, 1999), while much more complex
models such as the anisotropic Reynolds Stress Model (RSM) may not improve the
results for higher calculation costs (Koutsourakis et al., 2012).

3.2. Governing equations
3.2.1. Compressible Navier-Stokes equations

The compressible Navier-Stokes equations solved by the buoyantPimpleFoam solver
are the following, with (7) the continuity, (8) the momentum and (9) the energy
equation:

dp

% +V.(pu)=0 @)

ou 3 2
p (E +u. Vu) =-Vp+V. (ZueffD(u)) -V <§Heff(‘7- u)) +pu (8)
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dpe dpK
s + V.(pue) + T +V.(puK)+V.(up) =V. (aeffVe) +pg.u €))

D(u) = %[Vu + (Tw)7T] (10)

K= |u?72 (@11

with p the density [kg.m-3], u is the velocity [m.s'!], p the pressure [kg.m1.s2], e the
thermal energy [m2.s2], D (u) the rate of strain tensor given in (10), K the kinetic energy
givenin (11) [m2.s2], g the gravitational acceleration [m.s2], u.¢f the effective viscosity
defined as the sum of molecular and turbulent viscosity [kg.m1s?1] and a.s the
effective thermal diffusivity defined as the sum of laminar and turbulent thermal
diffusivities [kg.m1.s1].

3.2.2. Passive scalar transport

The transient solver used for this work does not allow to model the dispersion of air
pollutants natively. Thus, the advection-diffusion equation (12) governing passive
scalar transport has been coded in the solver since no chemical reactions were
considered in this study. The corresponding equation is the following:

aC+\7(C) V[(D +Vf>vc] =E 12
ot e I Se, - 12)
with C the pollutant concentration [kg.m-3], D,,, the molecular diffusion coefficient [m2.s-
1], v the turbulent diffusivity [m2.s-1], Sc; the turbulent Schmidt number [-] and E the
volumetric source term of pollutants (i.e., the emissions) [kg.m-3.s1].

The turbulent Schmidt number Sc, is defined as the ratio between the turbulent
viscosity v; and the turbulent diffusivity D,. This number, well studied by the scientific
community, is ranging between 0.2 and 1.3 for atmospheric dispersion and must be
chosen carefully depending on the type of flow studied (Tominaga and Stathopoulos,
2007). According to Yuan et al. (2017), the best turbulent Schmidt number for flows in
urban areas is around 0.7, which agrees with others works on pollutant dispersion in
the built environment (Rivas et al,, 2019; Tominaga and Stathopoulos, 2017; Wang and
McNamara, 2006). Thus, a turbulent Schmidt number of 0.7 has been used for this study.

3.3. Computational domain and boundary conditions

Three-dimensional simulations were performed considering all the recommendations
concerning domain size and boundary conditions given by Franke et al. (2007). With
Hpar =10 m, the maximal road sidewall height considered, the inlet boundary is
located 5H,,,, before the road, where the velocity (13) and turbulence (14-15) are
specified according to Richards and Hoxey (1993) and Richards and Norris (2011),
using a perpendicular wind direction of 4 m.s at 10 m high and a fixed temperature of
293 K. The outlet boundary is located 15H,,,, after the road, where a free stream
condition is applied to allow a fully development of the flow. The lateral boundaries are
placed at 10H,,,, from each other and a symmetry condition is used, as for the upper
boundary which is located 10H,,,, from the ground. No-slip conditions (U = 0 m.s1) are
applied for all the remaining boundaries (the ground, the road, and the road sidewalls),
where a fixed temperature depending on the case studied is applied (see Table 2) to
account for various thermal stabilities. Traffic exhausts are lastly modelled by a
volumetric source along the road on the whole lateral distance of the domain, with a
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width of W =10 m (the width of the road), and over one mesh height (0.25 m). A mass
flow rate of 1 g.s! is used for all the simulations performed.

u, Z+ zy
U=—ln( ) (13)

k= (14)

15

K.Z (15)

with U the wind velocity [m/s], k the turbulent kinetic energy [m2.s2], € the turbulence
dissipation rate [mZ2.s-3], u, the friction velocity [m/s], k the von KArman constant [-]
taken to 0.41, z the altitude [m], zo the roughness height [m] taken as 0.5 m to stand for
suburbs and built-up areas (Hahmann et al., 2015; Troen and Petersen, 1989), and C,a

CFD constant [-] taken as 0.085.

Table 2. Temperature conditions as a function of the Richardson number considered.

Ri[-] -1 -0.8 -0.6 -0.4 -0.3 -0.2 -0.1 0.0 0.2 0.4 0.6 0.8 1.0
Air temperature
293
(K]
Surface
340.8 331.2 3217 3121 3073 3026 2978 293.0 2834 2739 2643 2548 2452

temperature [K]

3.4. Mesh sensitivity tests

Mesh sensitivity tests were carried out considering successive simulations performed
with different mesh sizes and the Grid Convergence Index (GCI) methodology was used
to assess the mesh-related errors. Mean GClIs of less than 1% were obtained when
comparing the results from mesh sizes of 0.5 m and 0.25 m in the area of interest (see
Figure S1 in the supplementary materials for more details), which is consistent with
other works performed in analogous situations (Reiminger et al., 2020a). Thus, mesh
size of 0.5 m is sufficient to ensure fully mesh-independent results and has then been
used in this study to avoid excessive calculation costs. Greater refinement of 0.25 m was
applied for the wall boundaries (ground, road, and road sidewalls), nonetheless, since
strong gradients can appear in such areas. Using this mesh size, each simulation led to
a total of around 1.6 million meshes, and an example of resulting mesh is given in Figure
S2 in the supplementary materials for D = 0.25.

3.4. Numerical settings

All the simulations were performed with second order schemes for all divergent terms,
gradients, and Laplacians. The pollutant concentrations and the downwind streamwise
velocities were monitored for several locations after the pollutant source, and the
results checked to ensure the convergence of each simulation. At the end of the
simulations, all the residuals were at least under 10-5.
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4. Results and discussions
4.1. Influence of the depressed road configuration under isothermal conditions
4.1.1. General tendencies

The influence of the depressed road configuration on pollutant concentrations
downwind has firstly been assessed in isothermal conditions (neutral stability). Figure
2 shows the pollutant concentration evolution as a function of the distance from the
road centerline, for four road depths (D =0, 0.3, 0.375 and 1.0), and two altitudes (or
floor levels): z*=0.15, corresponding to the pedestrian level, and z*=0.3,
corresponding to a first-floor level. At z* =0.15, pollutant concentrations increase
between x* =0 and x* = 0.5 (which corresponds to the area over the road), and then,
decrease quickly with the distance from the road. At z* = 0.3, concentrations are the
highest around x* = 1.0, and then, decrease with the distance, but more slowly than at
z* =0.15. The concentrations are on average twice as low at z* = 0.3 compared to
z* =0.15.

The results also indicate that increasing the road depth leads to lower pollutant
concentrations at pedestrian level (z* = 0.15), as it can be seen in Figure 2 (A). Indeed,
according to the results, pollutant concentrations are overall around 10 % lower for
D =0.375 compared to D = 0 (no depressed road). This observation remains valid until
D =1.0, indicating that there is a threshold effect. The same threshold effect is observed
at z* = 0.3, but to a lesser degree resulting in overall lower pollutant concentrations of
around 5%.
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Figure 2. Evolution of the dimensionless pollutant concentration (€C*) as a function of
the dimensionless distance from the road centerline (x*) at (A) z* = 0.15 m and (B) z*
= 0.3 m for four road depths (0, 0.3, 0.375 and 1) and isothermal conditions (Ri = 0).

To find the origin of this threshold effect, vertical slices of the pollutant concentrations
were studied, as well as the streamlines inside the depressed roads and the results are
given in Figure 3. According to the results, the vortices induced in the depressed roads
are different depending on the road depth considered. There is, for example, two main
vortices for D = 0.2 while there is only one main vortex for D = 0.75. Globally, for
shallow depressed road (D = 0.125), two vortices appear at the ends of the canyon
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shaped by the depressed road; then, these two vortices are getting closer and greater
with the increase of the road depth (D =0.2 and 0.25), the leeward vortex being the
greatest; finally, when they are close enough (D =0.375, 0.75 and 1.0), the vortices
merge to create a large-centered vortex. Lastly, it should be noted that the obtained
vortex for D = (0.3 seems to be an intermediary state between one and two vortices.
Indeed, although a single vortex is observed, the remnants of the two vortices are still
apparent according to the “peanut shape” of the streamlines.

By combining the results discussed previously, the pollutant concentrations downwind
the depressed road decrease with the increase of road depth under neutral stability
conditions, until becoming constant when a main truly circular vortex appears in the
canyon, for D = 0.375.

0102 05 1 2 5 10 20 50 100
I

st

Figure 3. Heatmap of the dimensionless pollutant concentration (C*) in the depressed
road for eight road depths (D =0, 0.125, 0.2, 0.25, 0.3, 0.375, 0.75 and 1) and
isothermal conditions (Ri = 0) with the corresponding streamlines.

4.1.2. Predicting downwind pollutant concentrations under isothermal conditions

An interpolation function able to reproduce the downwind concentration evolution as
a function of the distance from the road centerline has been found. This function is
derived from the Weibull distribution (16) and is given in equation (17). This function
isvalid from x* = 1 and x* = 1.5 for z* = 0.15 and z* = 0.3 respectively.
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o) = %G)H e~@/D" (16)

with x the variable of interest, k the shape parameter and A the scale parameter of the
distribution (k and 4 being positive).

C*(x*;z°;D) = a(z*; D). B(z").x ") exp (—[x*/6(z)]YEY)  (17)

with C*(x*;z*;D) the dimensionless pollutant concentration [-], a(z*; D) a scale
parameter depending on the depressed road depth D and the dimensionless altitude z*
[-], x* the dimensionless distance from the road centerline [-], z* the dimensionless
altitude where the results are desired (0.15 or 0.3) [-] and B(z*), y(z*) and §(z*) three
constants depending on the dimensionless altitude z*.

Figure 4 shows an example of interpolation results for D = 0.5 at both z* =0.15 and
z* = 0.3 altitudes. As shown in this figure, the interpolation function matches well the
modelling results, leading to determination coefficient R* of 0.998 and 0.996, and mean
relative errors of 2.0% and 1.8% at z"=0.15 and z* = 0.3 respectively. Similar
interpolation results are obtained for each other road depths considered in this study
(i.e, 0.125, 0.2, 0.25,0.3,0.375, 0.75 and 1) as well as without a depressed road. Using
equation (17), it is therefore possible to continuously calculate the downwind
concentrations as a function of the distance from the road centerline, leading to an
overall mean (resp. 95t percentile error) of 2.7 % and (resp. 5.6 %) atz* = 0.15and 1.9
% and (resp. 3.2 %) at z* =0.3. The scale factors a(z*; D) and the three constants
B(z"),y(z") and 6 (z") necessary to use equation (17) are listed in Table 3 for each road
depth modelled in this study. The corresponding mean and 95t percentile relative
errors induced by the interpolation function for each considered case are given in
Table S1 in the supplementary materials.

z¥: o 015 0.3
54 o0
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44 o]
o ® | R?=0998
C'(x") = 4.969 x* "8 o= (x1/7.309)771¢
.31 '
*
)
2 -
[ 1 :
R?
C
01
T T T T T T
0 2 4 6 8 10

Figure 4. Evolution of the dimensionless pollutant concentration (C*) as a function of
the dimensionless distance from the road centerline (x*) for a road depth of D = 0.5,
with the corresponding interpolation functions.
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Additionally, another function which allows to assess the scale factor a(z*; D) as a
function of the road depth D has been found. The latter, based on a sigmoid function, is
given in equation (18).

a(z")

1 + e2422(D-b(z")

a(z*;D) = +c(z") (18)

with a(z*; D) the scale parameter depending on the depressed road depth D and the
dimensionless altitude z* [-] and a(z*), b(z*) and c(z") three constants depending on
the dimensionless altitude z* where the results are desired [-] (a = 3.85, b = 0.22 and
c=28.88forz*=0.15;a=1.17, b =0.24 and ¢ = 20.23 for z* = 0.3).

Table 3. List of the scale factor a(z*; D) and constants f(z*), y(z*) and §(z*) to use
with equation (17) with the corresponding mean and 95t percentile relative errors.

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75
D

Figure 5. Evolution of the scale factor (D) as a function of the road depth (D) under
isothermal stability conditions at (A) z* = 0.15 and (B) z* = 0.3.
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The evolution of the scale factor as a function of the road depth is given in Figure 5 for
the two altitudes considered in this work, the solid lines being the results of equation
(18). This interpolation function also matches well with the scale factor results for each
road depth considered and for both cases of altitude (R? > 0.999). Thus, using equation
(18), it is possible to continuously calculate the scale factor as a function of the road
depth.

Lastly, by combining equation (17) and (18), it is finally possible to know the downwind
concentrations at pedestrian level and first-floor level (respectively at z* = 0.15 and z*
= 0.3), in neutral stability condition (no thermal effects), and for any depressed road
depth ranging between 0 and 1.

Let's take an example where it is desired to predict the downstream pollutant
concentration at pedestrian level and 20 m from the road centerline, under a neutral
stability condition, for a depressed road of 10 m width and 3.5 m depth. We have,
therefore, x* =2, z* = 0.15 and D = 0.35. Using equation (18), we obtain the scale factor
a =29.04. Then, using equation (17), we obtain the dimensionless concentration
C* = 2.76. By using the same process with D = 0, we obtain C* = 3.11, telling us that with
such a depressed road (D = 0.35), we can expect pollutant concentrations of 11% lower,
20 m downwind from the road centerline and under neutral conditions, compared to in
absence of depressed road. Note that this example does not include any background
concentration or other additional pollutant sources.

4.2. Influence of the thermal stability conditions
4.2.1. General tendencies

The influence of the depressed road configuration on pollutant concentrations
downwind has then been assessed considering thermal stability conditions (stable and
unstable atmospheres). Examples of results obtained depending on the thermal
stability conditions are given in Figure 6. This figure shows the evolution of the
downwind concentrations as a function of the distance from the road centerline for the
two altitudes considered in this study and five Richardson numbers (-0.4, -0.2, 0, 0.2
and 0.4) considering a road depth of D = 0.25. According to the results, the thermal
stability has a great impact on the pollutant concentrations downstream. Indeed, the
concentrations are on average 1.8 times higher for Ri = 0.2 and 2.6 times higher for
Ri = 0.4 (stable cases) compared to Ri = 0 (isothermal case), while there are on average
almost four times as low for Ri =-0.2 and even more for Ri =-0.4 (unstable cases)
compared to the neutral case. This observation is true for both z* = 0.15 and z* = 0.3.
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Figure 6. Evolution of the dimensionless pollutant concentration (C*) as a function of
the dimensionless distance from the road centerline (x*) for a road depth of D = 0.25
and various Richardson numbers (Ri) at (A) z* = 0.15 and (B) z* = 0.3.

The origin of these great variations came from changes in the vortices located inside
the depressed road (see illustrations in Figure 7), these changes being induced by the
thermal effects. Indeed, for D =0.25, the two main vortices obtained in neutral
condition (Ri=0) become a single main vortex in unstable condition (Ri=-0.2)
whereas the stable condition (Ri = 0.2) preserves the two vortices and enlarges them.
Inversely, when a single vortex is obtained under neutral conditions, as for D = 0.375,
an unstable condition preserves the single vortex while a stable condition leads to two
vortices.

To conclude, not only does the depth of the road modify the vortices within the
depressed road and, consequently, the downstream concentrations, but also the
stability condition induced by thermal effects. Stable conditions tend to the
development of two vortices (higher downwind concentrations) while unstable
conditions tend to the development of a single vortex (lower downwind
concentrations).
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Figure 7. Heatmap of the dimensionless pollutant concentration (C*) in the depressed
road for two road depths (D = 0.25 and D = 0.375) and three Richardson numbers (Ri
=-0.2, 0 and 0.2) with the corresponding streamlines.

4.2.2. Predicting downwind pollutant concentrations under non-isothermal conditions

A function describing the downwind pollutant concentrations depending on the
distance from the road centerline for a neutral stability condition has been presented
previously in Section 4.1.2. This function, given in equation (17), can also be used for
both stable and unstable thermal conditions, with an overall mean and 95t percentile
error of 3.4 % / 6.3 % respectively at z* =0.15 and 2.4 % / 5.3 % respectively at
z* =0.3. For non-neutral stability conditions, only the scale factor a(z*; D) changes to
become dependent on the Richardson number (i.e., the thermal stability condition).
Thus, the three constants a(z*), b(z*) and c¢(z*) remain the same (a =3.85,b = 0.22 and
c=28.88forz*=0.15;a=1.17, b =0.24 and c = 20.23 for z* = 0.3).
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Table 4. List of the scale factor a(z*; D ; Ri) to use with equation (17) for various
thermal stability conditions.

Ri[-]
-1 -08 -06 -04 0'3 -0.2  -0.1 0 02 04 0.6 0.8 1
e
=0.15
p-o | 300 30. 3L 3L 32. 32. 33. 338 344 351 358
06 55 05 58 - 12 - 71 26 6 9 4 2
D=0. | 1.8 34 67 13. 22. 32. 43. 546 675 813 946
125 8 2 5 25 - 29 - 37 08 0 7 7 7
D=0. |00 01 04 15 35 82 17. 30. 54 780 99.3 115. 128
25 6 4 1 6 7 9 52 12 85 7 4 24 75
D=0. - - - - - 06 49 28, 75. 107. 124. 138. 157.
5 8 4 89 15 71 70 54 68
=0.3
p=o | 18 19 19 20 20. 21. 21, 222 229 235 243
60 06 53 02 - 54 - 39 67 6 1 8 0
D=0. | 1.2 21 43 85 14. 21. 28. 370 465 569 673
125 0 9 3 2 - 46 - 33 75 0 3 3 0
D=0. |00 00 02 10 24 56 13. 20. 37. 538 69.1 811 918
25 4 9 8 5 2 3 31 45 56 7 7 1 6
D=0 04 34 20. 52. 758 880 986 113.
5 ) ) ) ) ) 7 4 21 54 0 6 8 50

The Ri-dependent scale factors a(z*; D ;Ri) for the stable and unstable thermal
conditions considered in this study are listed in Table 4. The corresponding mean and
95t percentile relative errors induced by the interpolation function are given in
Table S2 and Table S3 in the supplementary materials respectively.

The a parameter is the only variable depending on Ri and D in equation (17). Thus, for
a given considered altitude, studying a is equivalent as studying the pollutant
concentration evolution downwind. The evolution of the scale factor a(z*; D ; Ri) as a
function of the Richardson number Ri has been plotted for the two altitudes considered
in this work and four road depths (D =0, 0.125, 0.25 and 0.5). The results are given in
Figure 8. According to this figure, and as a general trend, the downwind pollutant
concentrations increase with the Richardson number and inversely. In absence of
depressed road (D = 0), the thermal stability condition is only slightly changing the
downwind pollutant concentration. In this case, the evolution of « is linearly correlated
with the evolution of Ri, and increasing the latter by 0.2 leads to an overall increase in
the downwind concentration of 1.75%.

For depressed roads, the changes in downwind pollutant concentrations are much
more significant. As an example, for D = 0.25, the downwind pollutant concentrations
are overall twice as high for Ri = 0.2 compared to Ri = 0 while they are overall twice as
low for Ri =-0.2. The downwind pollutant concentration evolution is no longer linear
and became quadratically correlated for a shallow depressed road (D =0.125). For
deeper depressed roads (D = 0.25 and 0.5), the evolution of the downwind pollutant
concentrations as a function of the Richardson number is still quadratically correlated
but only for Ri > 0 (stable conditions); for unstable conditions (Ri < 0), this evolution
follows a sigmoid function.

The equations describing the evolution of the scale factor a(z*; D ; Ri) as a function of
the Richardson number and the road depth are given in equation (19) and (20) when
following a quadratic or a sigmoid function respectively.

a(z*;Ri; D) =A; XRi?+B; XxRi+C;, (19)

4z

OI(Z*;Ri; D) = m

+C, (20)
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with a(z*; Ri D) the scale factor depending on the Richardson number and the road
depth [-] and A4, By, €y, 4,, B, and C, six constants depending on the Richardson
number and the road depth [-].
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Figure 8. Evolution of the scale factor a(D; Ri) factor as a function of the Richardson
number (Ri) for (A) z*=0.15and (B) z* = 0.3

The equation to be chosen between equation (19) and (20) depends on the thermal
stability condition considered as well as the road depth, as shown in Figure 8. Table 5
summarizes which equation should be used for which thermal stability condition with
the corresponding constants.

Table 5. Description of the equation to be chosen to calculate the scale factor
depending on the thermal stability condition and the corresponding constants.

Equ. Equ.
(19] (20) Al Bl Cl AZ BZ CZ
z'=
0.15
D=0 ° - 0 2.87 32.79 ; ; ;
D=
75 ° ; 1642 4826 31.73 ; ; ;
o ifRi °ifRi
D =025 ‘fé“ < ‘fORl = | 3812  137.49 29.63 61.95 938 0.08
[ B [ [ B [
D=05 lfgl < ‘fOR‘ = | 9398 21556 32.12 57.00 -23.62 0.05
z*=0.3
D=0 ° ; 0 2.83 21.26 ; ; ;
D=
oz ° ; 1329  33.96 20.92 ; ; ;
p=025 | ® ‘fé?‘ < ¢ ‘fOR‘ Z | 2200 9387 2014 | 4164 881 0.04
p=05 | ® ‘fé?‘ < ¢ ‘fOR‘ Z | 6165 14981  22.50 4042 2227 0001
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Lastly, by combining equations (17), (18) and (20), it is finally possible to predict the
downwind pollutant concentrations at pedestrian level and first-floor level
(respectively at z* = 0.15 and z* = 0.3), for road depths of 0, 0.125, 0.25 and 0.5 and for
any Richardson number ranging between -1 and 1.

Let’s take an additional example based on the previous one given in Section 4.1.2. As a
reminder, it was previously desired to predict the downstream pollutant concentration
at pedestrian level and 20 m from the road centerline for a depressed road of 10 m
width and 3.5 m depth. We had, therefore, x* =2, z* = 0.15 and D = 0.35 which led to
C* = 2.76 under neutral conditions. Now, we want to know the impact of thermal effects
on this concentration when the wind speed is equal to 3 m.s? at 10 m high, and when
the ground is 10 K colder than the ambient air, leading respectively to a stable thermal
condition. According to equation (2), it leads to Ri = 0.37. Equation (19) does not allow
to calculate the scale factor for D = 0.35 but allow the calculation for both D = 0.25 and
D =0.5. The corresponding scale factors are 75.3 and 99.0 respectively. Assuming a
linear evolution of the scale factor as a function of the road depth, we obtain a = 84.8
for D =0.35, leading to C*=8.06 using equation (17). Thus, we can expect
concentrations of around three times higher for the stability condition considered for
this example. Note that the obtained result is only an order of magnitude, since we
needed to assume a linear evolution of the scale factor for the road depth considered in
this example.

4.3. Recommendations for the use of depressed road to mitigate air pollution

The results previously discussed give interesting construction guidance on when
considering building a depressed road. Indeed, it was previously shown that the
thermal stability condition is a key parameter when considering the construction of a
depressed road: while deep depressed roads can lead to lower downwind pollutant
concentrations in comparison to shallow depressed roads (or in absence of depressed
roads) in both neutral and unstable thermal conditions, they lead to higher downwind
concentrations under stable thermal conditions. Thus, depressed roads can be both
beneficial and detrimental to downwind air quality.

To bring out the best of depressed road to mitigate downwind pollutant concentrations,
the following recommendations can be suggested:

e Depressed roads should be considered when atmospheric stability is mainly
neutral or unstable at times of heavy traffic. This case is the most likely case
since unstable atmospheres occur generally during the day, when the traffic
and, therefore, the emissions are the highest. Thus, by building a depressed
road in such case, downstream pollutant concentrations can be highly reduced.
During the night, when the stable atmosphere appears, the depressed road will
be detrimental for downwind air quality but is not a big issue, nonetheless,
since the traffic-related emissions are generally the lowest at this moment.

e Depressed roads should be avoided when stable atmospheres are occurring
while the traffic is greatest. In such case, a depressed road will be
counterproductive and detrimental the downstream air quality.

e  When considering building a depressed road, the road depth should be of at
least D =0.375 to ensure reaching the threshold obtained under neutral
stability conditions and maximizing the downwind concentration reduction.

o The equations given to predict the downstream pollutant concentrations as a
function of the depressed road depth and the thermal stability condition
should be used, prior to construction, to find the best depressed road depth
depending on project constraints. It should also be noted that, even if no
buildings were considered in this study, these equations can still provide a first
estimation of the downwind pollutant concentrations.
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5. Conclusion

The influence of depressed road configurations was studied using a validated CFD
model. This study considered both numerous road configurations (with various
depressed road depth) and thermal stability conditions (stable, neutral, and unstable
atmospheres) for a total of 51 simulations performed. Based on the results of these
simulations, the main conclusions are as follows:

(a) Under neutral thermal conditions (Ri =0), a depressed road leads to lower
downwind pollutant concentrations compared to a classical road. The
downwind pollutant concentration decreases with increasing road depth until
reaching a threshold for a depressed road depth D of 0.375, beyond which
concentrations do not change anymore.

(b) Under unstable thermal conditions (Ri < 0), a depressed road leads to lower
downwind pollutant concentrations. The downwind pollutant concentrations
decrease with increasing road depth, much more significantly than under
neutral thermal conditions.

(c) Under stable thermal conditions (Ri > 0), a depressed road leads to higher
downwind pollutant concentrations. The downwind pollutant concentrations
increase with increasing road depth.

(d) The origin of the variations in downwind pollutant concentrations due to
thermal effects are changes in the vortices which appear in the depressed road.

(e) Four equations allowing to continuously predict downwind pollutant
concentrations as a function of the distance from the road centerline are given.

(f) It is recommended to consider depressed roads to mitigate downwind air
pollution when the atmosphere is both mostly neutral /unstable and the traffic
is high to avoid counterproductive effects.

6. Limitations of the study and further work

Further work could be considered to increase the effectiveness of depressed roads on
the reduction of downwind pollutant concentrations, such as considering solid barriers
(e.g., noise barriers) or vegetative barriers. However, considering these new designs,
the experiments must include thermal stability conditions given the impact of thermal
effects on the air quality benefits of depressed roads. This study only considered
idealized cases of depressed roads (vertical sidewalls, no buildings, etc.). Thus,
supplementary work could also be done to assess the impact of such new parameters.
Studying the influence of depressed roads in the presence of building, with non-vertical
sidewalls or with nonconstant surface temperature are some examples of such
additional work.
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Figure S1. Evolution of the dimensionless pollutant concentration (C*) as a function
of the dimensionless distance from the road centerline (x*) atz* =0.15 m and z*
= 0.3 m and for three mesh sizes (0.25, 0.5 and 1 m).

Figure S2. Grid selected for computation (H/W = 1.0 case).

19/26




Table S1. Mean and 95t percentile relative errors obtained when using the
interpolation function given in equation (17) in neutral stability condition.

z'=0.15 z'=0.3
MRE PI?ES MRE P95 RE
] ey | [ %]

D=0 40% 65% 1.7% 3.0%
D=0125| 43% 69% 1.8 % 29%
D=0.2 35% 59% 21% 34 %
D=025 | 26% 42% 21% 34 %
D=0.3 23% 48% 2.0% 32%
D=0375| 21% 56% 1.9% 3.0%
D=0.5 20% 57% 1.8% 31%
D=075 | 20% 62% 1.7 % 3.5%
D=1 20% 44% 21% 4.0 %

Table S2. Mean relative errors obtained when using the interpolation function given
in equation (17) for various thermal stability condition.

MRE [%)]
1 08 06 04 03 02 01 0 02 04 06 08 1
pe
=0.1
5
poo | 25 27 30 33 3.6 40 43 47 50 54 58
% % % % - % - % % % % % %
D=0.|16 19 24 33 4.1 43 46 46 47 48 49
125 | % % % % - % - % % % % % %
D=0.|28 25 22 18 18 20 23 26 31 36 39 42 44
25 % % % % % % % % % % % % %
D=0.]| - - - - - 21 20 20 30 31 38 40 45
5 % % % % % % % %
=0.3
poo | 28 24 20 16 1.5 1.7 15 16 19 23 29
% % % % - % - % % % % % %
D=0.]25 20 16 14 1.5 1.8 22 27 32 39 45
125 | % % % % - % - % % % % % %

D=0. |30 27 26 19 17 16 09 18 21 25 29 34 39
25 % % % % % % % % % % % %N %
=0. 1.5 15 18 33 32 38 41 5.0
5 % % % % % % % %
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Table S3. 95t percentile relative errors obtained when using the interpolation
function given in equation (17) for various thermal stability condition.

95t RE [%]

1 098 06 04 03 02 01 9 02 04 06 08 1

z
=0.1
5
D=0 42 47 51 55 6.0 65 68 73 7.8 82 87
% % % % - % - % % % % % %
D=0.|42 31 42 56 6.6 69 73 74 75 7.7 79
125 % % % % - % - % % % % % %
D=0.190 83 81 63 57 47 39 43 53 60 65 70 72
25 % % % % % % % % % % % %N %
D =0. - - - - - 77 71 57 50 52 62 66 73
5 % % % % % % % %
=0.3
D=0 75 68 6.1 54 4.6 30 30 26 32 39 46
% % % % - % - % % % % % %
D=0.|75 67 56 42 29 29 37 43 51 62 74
125 % % % % - % - % % % % % %

D=0.191 87 85 70 63 54 22 43 34 40 50 6.0 69
25 % % % % % % % % % % % % %
=0. 57 46 31 51 53 63 69 80
5 % % %9 % % % % %
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