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Abstract

The presence of vegetation within urban canyons leads to non-trivial pat-
terns of the concentration of airborne pollutants, as a result of the complex
structure of the velocity field. To investigate the relationship between concen-
tration, velocity fields and vegetation density, we have performed wind-tunnel
experiments in a reduced-scale street canyon, oriented perpendicular to the
external wind flow, within which we placed a steady ground-level line source
of a passive tracer. The aerodynamic behavior of vegetation was reproduced
by inserting plastic miniatures of trees along the two long sides of the canyon,
according to three different densities. The canyon ventilation was investigated
by acquiring one-point simultaneous statistics of concentration and velocity
over a dense grid of points within the canyon. The results show that the pres-
ence of trees hinders the upward mean vertical velocity at the rooftop, causes
a reduction of the turbulent kinetic energy inside the canyon, and reduces the
energy content of the large scales. The scalar concentration is conversely char-
acterized by an enhanced level of turbulent fluctuations, whose magnitude is
not dampened increasing the tree density. Within the canyon, high tree den-
sity inhibits turbulent mass fluxes, which are instead enhanced at roof level,
where the mean component of the scalar flux is however hindered. A statistical
analysis of concentration time series reveals that the lognormal distribution is
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suitable to model concentration fluctuations and extreme events, in dispersing
plumes emitted by a linear source.

Keywords Mass transport - Street canyon - Trees - Ventilation - Wind-tunnel
experiments

1 Introduction

Inserting vegetation in the urban environment is a promising strategy to mit-
igate the urban heat island effect and to reduce flood risks and air pollution
levels (Ferrini et al. 2020). The presence of trees in cities guarantees shading
and evapotranspiration, which are fundamental for temperature regulation
(Oliveira et al. 2011; Grilo et al. 2020). Green areas increase the amount of
permeable surface and therefore the infiltration capacity of urban terrain. This
ensures the regulation of stormwater runoff, and an increase of soil moisture
for evapotranspiration (Armson et al. 2013; Zolch et al. 2017). Thanks to the
large surface area of the leaves, tree crowns act as sinks of pollutants as they
promote dry deposition and absorption (Hewitt et al. 2020; Diener and Mudu
2021). Moreover, during the daytime, photosynthesis guarantees COy seques-
tration (Nowak and Crane 2002; Ferrini and Fini 2011). Besides, green areas
offer human and ecosystem well-being, providing natural areas for amusement,
increasing biodiversity, and attenuating noise pollution (Van Renterghem et al.
2015).

However, urban vegetation may also have adverse effects on street venti-
lation and air quality. Notably, vegetation alters pollutant dispersion mecha-
nisms, depending on its density, its spatial configuration, as well as the relative
location of the pollutant source (Abhijith et al. 2017). Recently, Grylls and van
Reeuwijk (2022) employed Large Eddy Simulations (LES) to study the effects
of trees on air quality in street canyons, using a vegetation model that incor-
porates deposition, shading, and aerodynamic drag (Grylls and van Reeuwijk
2021) and analysing the two competing processes affecting air quality: the
beneficial role of deposition on the leaves and the reduced ventilation induced
by trees aerodynamics.

Experimentally, the aerodynamic effect of vegetation on pollutant disper-
sion in urban areas was studied in wind tunnels, as recently reviewed by Zhao
et al. (2023), laying reduced-scale vegetation in model street canyons. Gromke
and Ruck (2007) performed concentration measurements in an isolated street
canyon, oriented perpendicular to the wind flow, with a row of model trees
placed along the central axis. They found that the presence of trees causes an
increase of the mean pollutant concentration close to the upwind building and
a decrease in it close to the downwind building. These effects are more pro-
nounced with greater tree crown diameter or smaller tree spacing, whereas the
crown porosity causes remarkable concentration variations only if it is greater
than 97% (Gromke and Ruck 2009). With a wind blowing with an angle of
45° with respect to the canyon axis, the increase of pollutant concentration
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due to the presence of trees is still detectable, but not when the wind flow is
parallel to the canyon axis (Gromke and Ruck 2012). A vegetation-induced in-
crease of the mean concentration within urban canyons was also observed with
Reynolds-averaged Navier—Stokes simulations (Gromke et al. 2008; Buccolieri
et al. 2009) and LES (Moonen et al. 2013; Merlier et al. 2018). In a recent
work, Fellini et al. (2022) presented the results of an experimental campaign
aimed at providing a high-resolution three-dimensional characterization of the
mean scalar concentration field inside a vegetated street canyon, perpendicu-
lar to the wind flow. They found that different spatial patterns of the mean
concentration emerge depending on the tree density. Moreover, the presence of
trees increases the pollutant concentration at the upwind wall, mostly at the
pedestrian level, even if it does not affect significantly the average concentra-
tion calculated over the whole canyon. All papers cited above focused on the
spatial distribution of the time-averaged concentration within street canyons.
In the present work, we aim at extending this investigation to the estimation
of the turbulent mass fluxes, within the canyon, which drive the transfer of
pollutant towards the external atmosphere.

The issue of the turbulent (mass and momentum) transfer between the
external flow and a plant (Raupach et al. 1996; Finnigan 2000) or urban (Gar-
bero et al. 2010; Neophytou et al. 2014; Perret et al. 2019) canopy has been
so far addressed by a large number of authors. On one side, studies on plant
canopies were conducted adopting idealised (Raupach et al. 1986; Poggi et al.
2006) or (more rarely) realistic (Pietri et al. 2009) modeled trees, focusing
on the role of vegetation density (Poggi et al. 2004) and terrain morphology
(Poggi and Katul 2007a,b). On the other side, most studies on the urban
canopy considered simplified urban geometries, focusing on the effect of the
canyon height-to-width ratio (H/W., where H is the height of the canyon and
W, is its width) (Di Bernardino et al. 2015, 2018; Jaroslawski et al. 2020),
upstream turbulence (Salizzoni et al. 2011; Blackman et al. 2015, 2018) and
thermal fluxes (Marucci and Carpentieri 2019; Fellini et al. 2020) on the street
canyon ventilation.

Studies focusing on the combined effect of both trees and building density
on turbulence dynamics are however still missing. This study is a first step,
forward to fill this gap. After describing the wind tunnel facility (section 2)
and the measurement techniques (section 3), in section 4, we present flow
(subsection 4.1) and concentration fields (subsection 4.2) and of the vertical
mass fluxes (subsection 4.3), within and above the street canyon. In section
4.2.1 we provide a probabilistic characterization of concentration fluctuations,
with a focus on extreme values, which have important applications in toxic
risk analysis. Conclusions are drawn in section 5.

2 Experimental setup

The experimental campaign was carried out in the atmospheric wind tunnel
of the Laboratoire de Mecanique des Fluides et d’Acoustique (LMFA), at
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Fig. 1 (a) Scheme of the urban network reproduced inside the test section of the wind
tunnel. (b) Reference street canyon in the Zero (b), Half (c), and Full (d) configurations.
The yellow line represents the linear source, while the green dots are the model trees. (e)
System LDA-FID coupled with the mirror.

the Ecole Centrale de Lyon. It is a recirculating system, with a test section
12 m long, 2 m high and 3.5 m wide. Inside the test section, an urban street
network in scale 1:200, with a geometry similar to the one adopted by Garbero
et al. (2010), was created using model buildings 0.1 m high, spaced by 0.2
m in the streamwise direction and by 0.1 m in the spanwise direction (Fig.
la). Narrower streamwise streets (H/W,,=1) and wider perpendicular streets
(H/W,,=0.5) were arranged to avoid flow channeling. The roughness of the
roofs was reproduced with 5 mm high steel nuts, randomly placed on the
top of the blocks. A wind flow was generated by an axial fan, installed in
the upper conduit of the recirculating wind tunnel. The turbulent flow was
developed placing a homogeneous turbulent grid and a row of 7 Irwin spires,
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Fig. 2 (a) Streamwise mean velocity profiles at the top of the building-like obstacles (black
dashed line), measured at 4 different positions around a building-like-obstacle (red bottom
z-axis) and at 4 different distances along the streamwise direction of the wind tunnel (blue
top z-axis). (b) Reynolds stresses. The full markers represent the constant-stress region. (c)

Production and dissipation rate of turbulent kinetic energy. (d) Standard deviation of the
three velocity components.

0.95 m high, at the entrance of the test section. The interaction of the wind
flow with the grid, the spires and the rough blocks on the floor generates
a neutrally stratified boundary layer of depth d=1.1m, with a free-stream
velocity Uy = T(z = §)=bm/s, where @ is the mean streamwise velocity. The
Reynolds number of the flow is Re = §U, /v ~ 3.6 x10°, where v ~ 1.52x107°
m? /s is the kinematic viscosity of the air at 19°C, which guarantees Reynolds
independent flow dynamics (Allegrini et al. 2013; Marucci and Carpentieri
2019). In the lower part of this boundary layer, in the so-called inertial layer,
the mean velocity profile is well fitted by a logarithmic profile of the form

a(z) = %m(‘z‘d), (1)

K Z0
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Fig. 3 Velocity spectra of the streamwise velocity (a) and of the vertical velocity (b) for
growing distances from the obstacles, z/d. The empirical spectra S.(f) and S (f) are
compared with a model extrapolated from field data (Kaimal et al. 1972), represented with
the red line.

where u,=0.29 m/s is the friction velocity, k=0.4 is the von Kdrméan con-
stant, d=0.094 m is the zero-plane displacement, and zyp = 1 x 1073 m is
the aerodynamic roughness length. We defined the inertial region isolating
the fraction of the mean velocity profile that lays on a straight line in the
semi-logarithmic plot. To obtain a precise delimitation of the inertial zone, we
explored different extensions of the linear region above the roughness sub-layer
in the range 0.15 < 2/§ < 0.4 (Fellini et al. 2022). We selected u., d and zg
so as to minimize the sum of the square difference between the logarithmic
law (equation 1) and the velocity measurements in the linear region (Salizzoni
et al. 2008). Furthermore, we verified that u, is consistent with the value of
Reynolds stresses according to the relation u? = —u/w’ (Fig. 2b). In Fig. 2a,
we report vertical profiles of w measured at four different positions around a
building-like-obstacles — above the rooftop, above a streamwise street, above a
spanwise street, and above a street intersection — and at different streamwise
distances from the entrance of the test section. The vertical profiles collapse
onto a single curve, meaning that the external boundary layer has reached an
equilibrium condition. Consistently, the Reynolds stress profile clearly exhibits
a constant stress region in the lower part of the velocity field (Fig. 2b) and pro-
duction (P) and dissipation (g) of turbulent kinetic energy overlap throughout
the whole boundary layer (Fig. 2c). The profiles of the standard deviation of
the streamwise, transversal, and vertical velocity components (defined in Fig.
2d as oy, 04, and oy, respectively) show typical shapes of a neutral boundary
layer (Raupach et al. 1991; Salizzoni et al. 2008; Garbero et al. 2010). Finally,
we report the spectra of the streamwise velocity signal (u(t)) and of the verti-
cal velocity signal (w(t)) for increasing distances from the obstacles (see Fig.
3). We compare them to the model proposed by Kaimal et al. (1972), based
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where f is the constant sampling frequency, S, (f) and S, (f) are the spectra
of u(t) and w(t), respectively, n = fz/u in the non-dimensional frequency,
z is the vertical distance, and u is the local mean longitudinal velocity. The
measured spectra show a good agreement with the Kaimal’s model in the
inertial region, meaning that the empirical spectra are similar to atmospheric
spectra. Further details on the experimental facility and on the evaluation of
the boundary layer parameters, €, and P are available in Fellini et al. (2022).

The reference street canyon is a closed cavity L=1m long, H=0.1m high,
W.=0.2m wide, within which the scalar ground-level line source is placed. We
adopted a canyon with lateral edges bordered by walls in order to avoid lateral
mass fluxes and to define a control volume for the rigorous estimation of the
ventilation efficiency, performing a mass balance between the mass flux emit-
ted by the line source and the mass flux leaving the canyon at the rooftop.
The geometry of the street canyon provides an aspect ratio H/W,.=0.5 and
a length to height ratio L/H=10, which approximates the characteristics of
an indefinitely long canyon (Salizzoni et al. 2009; Allegrini et al. 2013). The
canyon is around 9 m away from the entrance of the test section, and it is ori-
ented perpendicular to the wind flow direction. The ground-level linear source
(simulating traffic pollutant emissions) is Ly=0.65 m long, thus it does not
cover the entire length of the canyon (see yellow line in Fig. 1b), in order to
avoid wall effects. It consists of a metallic tube pierced with needles emitting
an ethane-air mixture within a homogenization chamber, located in a slot cut
in the floor of the wind tunnel. From this chamber, the gas mixture is in-
jected in the canyon, at ground level, through a metallic grid 65cm long and
lem wide. The small holes of the grid produce substantial pressure drop thus
rendering the gas flow in the street canyon insensitive to local pressure fluc-
tuations. The injection flow rate is 0.4 1/min, allowing an emission velocity
(equal to 0.01 m/s) sufficiently low to avoid flow perturbation in the cavity
(Marro et al. 2020). Ethane was chosen as a passive tracer since it has a density
similar to air. The origin of the reference system was assumed in the middle
of the street canyon, at the upwind wall (see red arrows in Fig. 1la,b), with the
z-coordinate oriented in the streamwise direction, the y-coordinate oriented
along the canyon axis and the z-coordinate oriented upward.

The urban vegetation was simulated through plastic miniatures of trees,
with a trunk of 2 cm and a porous crown, made of plastic filaments, 6.5
cm high and 4.5 cm wide. In a 1:200 scale, the miniatures represent trees
16m high and 9m wide, similar to plane trees or hypochestnuts, typically
planted in tree-lined boulevards located in urban canyons flanked by buildings
20m high. The aerodynamic behavior of the model trees was characterized
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measuring their aerodynamic porosity and drag coefficient (Fellini et al. 2022).
The aerodynamic porosity is the ratio between the spatial average wind speed
downstream the obstacle and the average speed of the approaching wind. It
was evaluated performing velocity measurements on a dense grid upstream and
downstream a single tree, placed in a homogeneous flow. The velocity field was
integrated over the tree silhouette, obtaining an aerodynamic porosity equal to
0.3, which approximates the porosity of a real tree (Manickathan et al. 2018)
and is consistent with the value of the optical porosity computed with image
processing. The drag coefficient was estimated as 2F'/ PanefAc, where F' is
the drag force measured by means of a load cell, p, the air density (around
1.18kg/m? at 25°), U, ¢ the velocity of the approaching wind measured using
the Pitot tube, and A. the projected frontal area of the tree. Increasing Uy,
the drag coefficient converges to a constant value equal to 0.65, which is in
line with the drag coefficient of a real tree (Manickathan et al. 2018), for
Reynolds numbers based on the tree (Re; = UrefHr/v, where Hrp is the
tree height) greater than 10%. The model trees were inserted in the reference
canyon, arranged according to three different configurations: no trees inside
the canyon (Zero, Fig. 1b), two parallel rows of seven trees spaced 14 cm apart
(Half, Fig. 1c) and two parallel rows of fourteen trees spaced by 7 cm (Full,
Fig. 1d).

3 Measurement techniques

We used the Laser Doppler Anemometer (LDA) technique, to measure the
streamwise (u), transversal (v), and vertical (w) components of the velocity
field. As detailed below, we first measured simultaneously u and v inside the
canyon only, then we coupled a mirror to the LDA to measure v and w both
inside the canyon and at the roof level. In a third measuring session, the system
LDA-mirror was coupled with a Flame Ionization Detector (FID) to measure
vertical turbulent mass fluxes, both inside the canyon and at the rooftop. The
concentration field was measured with high spatial resolution by means of the
FID alone (Fellini et al. 2022).

3.1 Concentration

The scalar concentration was measured using a FID model HFR400, suitable
to measure hydrocarbon concentration time series. The instrument is equipped
with a sampling capillary tube 0.3 m long, 1.27 x 10~* m inner radius, and
imposed pressure drop of 33330.6 Pa, guaranteeing a frequency response of
about 800 Hz (Nironi et al. 2015). The FID works in the range 0-10 V, and
it detects concentration values in the range 0-5000 ppm, with a precision of
about 1-2 ppm. The relation between the electric potential measured by the
FID and the concentration in ppm is a linear function, whose slope coefficient
is calculated by calibrating the instrument at the beginning and at the end
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of each measurement session (Marro et al. 2020). A variation of 3% of the
coefficient is accepted, as the instrument is sensitive to ambient conditions.
Since the wind tunnel is a recirculating system, the background concentration
increases with time. Thus, a linearly interpolated value of the background
concentration recorded at the beginning and at the end of each measurement
is subtracted from the concentration signals.

The scalar field was characterized using a three-dimensional measuring
grid, whose details are available in Fellini et al. (2022). In the present work,
we extract from that dataset a 2D vertical section in the center of the canyon
(z/H=1), and a 2D horizontal section at the rooftop (z/H=1). The measure-
ments were performed setting a constant sampling frequency of 1000 Hz and
an acquisition time of 120 s. Analysing concentration signals, we verified that
the acquisition time is enough long to guarantee a good convergence of the
mean and standard deviation of the concentration. To collect more samples
for the investigation of the probability density function of the concentration,
we extended the acquisition time to 300 s for a limited number of sampling
points located along a longitudinal profile in the center of the canyon (z and z
coordinates were fixed at /H=1 and z/H=0.4, respectively). In the vegetated
canyon configurations, a higher number of sampling points were measured, to
capture the heterogeneity of the mean concentration profiles.

3.2 Velocity

The velocity field was measured using a LDA Argon class IV, equipped with
a b W power laser, emitting two blue and two green beams with wavelengths
Abtue=488 nm and Agrcern,=514.5 nm, respectively. The beams have a diameter
of 0.1 mm and the LDA focal length is 400 mm. The point of intersection of
the four beams determines the measuring volume. In dual-beam configuration,
the LDA provides the module and the direction of two velocity components
simultaneously, notably u and v. To measure the u component together with
w, the LDA is coupled with a mirror, which deflects the laser beams (as shown
in Fig. 1le). We maintained a data rate of around 1500 Hz, and a sampling time
sufficiently long to collect at least 250 000 samples in each measuring point,
to obtain a good convergence of the statistical moments of the velocity signal.
During the acquisition, the power of the blue and the green beams was set
at 800 mW. The seeding of the flow was generated with the fluid SAFEX®)-
Inside-Nebelfluid ”Dréager Spezial W”, emitting droplets with dimensions in
the range 0.5-2 pm.

3.3 Turbulent mass flux
The turbulent vertical mass fluxes are evaluated as the cross-correlation be-

tween concentration fluctuations and velocity fluctuations, ¢/(¢) and w'(¢),
respectively. Instantaneous fluctuations are defined as ¢/(t) = ¢(t) — ¢ and
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w'(t) = w(t) — W respectively, where ¢(¢) is the concentration time series with
the background concentration removed (see section 3.1), w(t) is the vertical
velocity time series, ¢ and w are their mean, and t is the time. The estimate
of cross-correlation requires concentration and velocity to be measured simul-
taneously, in the same control volume. This can be achieved by coupling the
FID and the LDA (Fig. le).

The installation of the LDA-FID system and the evaluation of the cross-
correlation were performed following the approaches and methods provided
by Marro et al. (2020). The distance between the measuring volume of the
LDA and the sampling tube of the FID was set at 4 mm, as it is the optimal
distance to avoid flow disturbances caused by the FID and to guarantee that
concentration and velocity measurements refer to the same fluid elements. In
this setup, the time delay between the two signals (Atjqg), due to the travel
of the particles across the sampling tube (see subsection 3.1), was estimated
to be 0.016 s (Marro et al. 2020). The cross-correlation between velocity and
concentration fluctuations (w’c’) was computed using the sample-and-hold re-
construction and resampling (S+H) method (Kukacka et al. 2012; Marucci
and Carpentieri 2019). Notably, the concentration signal was shifted by At;,g,
and resampled on the irregular sampling frequency of w(t), using the nearest
neighbor interpolation since the correspondence between velocity and concen-
tration data was missing. This method is reliable in this application, as it
provides results with less than 6% difference from those of the well-established
slot correlation method (Marro et al. 2020).

Flow velocity and turbulent mass fluxes were measured on a 2D vertical
grid along the longitudinal axis of the canyon (the streamwise coordinate is
fixed at «/H=1) and on a horizontal grid at the rooftop (fixing the vertical
coordinate at z/H=0.98). The vertical grid, being located in the centre of
the canyon, is easily accessible to the experimental equipment (in particular
the system LDA-FID coupled with the mirror) in both the empty and vege-
tated canyons, the horizontal grid, fixed 2 mm below the canyon rooftop, is
used to investigate the flow field and mass transfer between the inner canyon
and the external atmosphere. The vertical grid at 2/H=1 is composed of five
longitudinal profiles sampled at heights z/H=[0.2, 0.4, 0.6, 0.8, 0.98], whilst
the horizontal section at the rooftop includes three longitudinal profiles at
x/H=[0.5, 1, 1.5]. Both sections extend from y/H=-3.5 to y/H=+3.5. The
longitudinal spacing of the sampling points is 50 mm in the Zero configura-
tion, while it is irregular in the vegetated canyon configurations, due to the
encumbrance of trees, and due to the fact that the mean scalar field is not
homogeneous, so more points were acquired in correspondence of the mean
concentration peaks (Fellini et al. 2022).

4 Results

In this section, we investigate the influence of tree density on the flow velocity
(Fig. 4-6), concentration statistics (Fig. 7-11), and mass fluxes (Fig. 12-15).
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Fig. 4 Two-dimensional sections of mean vertical velocity (al-a3), vertical velocity standard
deviation, (b1-b3) and turbulent kinetic energy (cl-c3), on the plane at x/H=1. The Zero
(al, bl, cl), Half (a2, b2, ¢2), and Full (a3, b3, c3) configurations are shown. Black dashed
lines indicate the position of the trees. Colored circles represent the measuring points. The
shaded area in the sketch shows the position of the cross-section in the canyon.

The mean and the turbulent components of all quantities are shown on vertical
and horizontal sections (located at /H=1 and z/H=0.98 or z/H=1, respec-
tively), both obtained from linear interpolation of measured data. Moreover,
using instantaneous concentration, velocity, and mass fluxes data we evaluate
the concentration probability density function inside the canyon (Fig. 11) and
the spectra of vertical velocity fluctuations and turbulent mass fluxes at the
rooftop (Fig. 6, 15).

4.1 Flow field

As we are interested in analyzing the vertical mass transport in the street
canyon, we focus here on the spatial distribution of the mean and standard de-
viation of the vertical velocity, normalized as (wW*, o3,) = (W, 0 )/Uso, respec-
tively. Positive w™* refers to upward flow and negative w* refers to downward
flow. As we mentioned in section 3, we measured also v and v components.
Figure 4al-a3 show the mean vertical velocity in the center of the canyon.
In the Zero configuration (panel al), the @w* field is organized in two sym-
metric zones of upward flow (around y/H=-1.5 and y/H=+1.5), and three
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Fig. 5 Two-dimensional sections of mean vertical velocity (al-a3) and vertical velocity
standard deviation (b1-b3), on the plane at z/H=0.98. The Zero (al, bl), Half (a2, b2),
and Full (a3, b3) configurations are shown. Black dashed lines indicate the position of the
trees. Colored circles represent the measuring points. The shaded area in the sketch shows
the position of the cross-section in the canyon.

zones of downward flow located at the edges and in the center of the canyon.
The asymmetries in the upward flow regions, are due to tiny uncertainties in
the arrangement of the building-like blocks (Garbero et al. 2010) and slight
inclination of the external flow with respect to the wind tunnel axis (Nironi
et al. 2015). In the Half configuration (panel a2) the succession of positive
and negative zones is still present, but the spatial organization is different: we
identify three zones of positive w* and two zones of negative w*. In the Full
configuration (panel a3), positive w* values prevail and the spatial pattern is
more homogeneous. The mean flow within a urban canyon perpendicular to
the external wind flow is governed by a recirculating cell (Gromke and Ruck
2007; Fellini et al. 2022) as the external flow enters the canyon at the down-
wind wall and exit at the upwind wall. As a consequence, moving toward the
downwind wall of the street canyon, we expect a downward flow to occur and
the presence of trees to lead to a more heterogeneous pattern. Moreover, due
to the recirculation we do not observe a decrease in the mean vertical velocity
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Fig. 6 Spectra of w’(t) calculated in three different sampling points along the central line
(z/H=1) at the rooftop (z/H=0.98): (a) y/H=-1.5, (b) y/H=0, (¢) y/H=2. The blue
points on the shaded plane in the bottom inset represent the positions where the spectra
were calculated.

moving towards the ground level. The random shape, size, and orientation of
the model trees produce further asymmetries, even if they are smaller than
the different longitudinal patterns induced by the different tree spacing.

Conversely, vegetation does not induce peculiar spatial patterns in the
vertical velocity standard deviation (Fig. 4b1-b3): o7 remains fairly constant,
both along the y and z axes, until the interface between the canyon and the
external flow (z/H = 0.98) where it increases sharply, and it reaches the same
value (about 0.08) in all configurations. On average, below the tree crowns, o},
decreases with the increase in tree density: in the Full configuration, the spatial
average of 0 (calculated by weighting the single values by the area associated
to each measurement point) is 40% lower than in the Zero configuration.

In panels c1-¢3 of Fig. 4, we analyze the turbulent kinetic energy, estimated
as k* = 0.5(02 4+ 02 + 02)/UZ . In the Zero and Full configurations (panels
cl and ¢3), k* is homogeneous in the interval z/H=[0.2, 0.8]. In the Half
configuration (panel ¢2) it is slightly heterogeneous moving along the vertical
direction: higher close to the ground and lower in the interval z/H=[0.4, 0.8].
The enhanced values of k* observed close to the ground are due to the fact
that the dampening effect is mainly limited in correspondence of the tree
crowns, while the large spacing between trunks allows the k* to slightly recover
the intensity it has in the empty canyon. As observed for o}, (panels b1-b3),
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the presence of trees dampens k*: on average, we observe a decrease of 60%
between Zero and Full configurations. Moving to the rooftop of the canyon
(2/H in the interval [0.8, 0.98]), we identify a sharp increase of k*, regardless
of the presence of trees. The increase of both k* and ¢}, reveals the presence
of a shear layer of thickness z/H ~ 0.2, where the turbulence of the external
flow is entrained in the cavity flow (Salizzoni et al. 2011; Fellini et al. 2020).

An evident imprinting of the trees can be noticed by comparing the mean
vertical velocity patterns at the rooftop among the different configurations
(Fig. 5al-a3). In the non-vegetated canyon (panel al), w* has a quite homoge-
neous behavior along the y-axis: negative at the downwind wall, and positive at
the upwind wall. Indeed the external flow enters the canyon at the downwind
wall and leaves it at the upwind wall, following a recirculating flow structure
(Gromke and Ruck 2009). In the vegetated canyons, this pattern is maintained,
but it is more heterogeneous at the upwind wall, as trees hinder the vertical
flow motion: the upward flow occurs between adjacent trees, and its spatial
periodicity increases with tree density (panels a2, a3).

On the other hand, the values of o7, at the rooftop (Fig. 5b1-b3) are almost
unaffected by the presence of trees. In the Zero and Half configurations (pan-
els bl and b2), o values are almost homogeneous both in the longitudinal
and streamwise directions. In the Full configuration (panel b3), some hetero-
geneities arise: o, decreases moving towards the edges of the canyon, mostly
at the left upwind corner. In all configurations, o}, values are significantly
higher than the one inside the canyon.

To investigate the influence of trees on the scales of the turbulent struc-
tures involved in the energy motion at the rooftop of the canyon, we analyze
the spectra of the vertical velocity signal, calculated with the Welch method.
Once resampled the w(t) signal at a constant sampling frequency of 1000 Hz,
the Fourier transform was applied to windows of 500 samples (filtered with
the Hamming filter), in order to obtain well-resolved spectra without losing
information in the low-frequency range. The final spectrum is the mean of the
spectra calculated in each window. In Fig. 6, we report the velocity spectra,
calculated in three sampling points along the central profile at the rooftop of
the canyon: two points in correspondence of the concentration peaks (y/H=-
1.5 and y/H=2, as will be shown in section 4.2) and one point in the centre
(y/H=0). The three different curves represent the velocity spectra (S,) in
the Zero, Half, and Full configurations, expressed as a function of the non-
dimensional frequency fH /. To compare spectra in different vegetation con-
figurations, we referred to the velocity signal normalized as (w(t) — w) /o, so
that the three curves have the same subtended area, equal to 1. Spectra show
a decrease in the energy content of the large-scale structures (non-dimensional
frequencies in the range 107!-10°) when the canyon is vegetated, that are
likely be responsible for the reduced o, levels induced by high tree density
at the canyon rooftop (pointed out in Fig. 5b3). The decrease in energy as-
sociated with large scales with tree density can be attributed to the fact that
the characteristic length scales of turbulence are significantly influenced by
the decreasing tree spacing observed in the Zero, Half, and Full configura-
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Fig. 7 Two-dimensional sections of mean concentration (al-a3) and concentration standard
deviation (b1-b3), on the plane at «/H=1. The Zero (al, bl), Half (a2, b2), and Full (a3,
b3) configurations are shown. Black dashed lines indicate the position of the trees. Colored
circles represent the measuring points. The shaded area in the sketch shows the position of
the cross-section in the canyon.

tions. Conversely, if we look at length scales of the order of magnitude smaller
than the tree spacing (namely, non-dimensional frequencies larger than around
0.7 and 1.4 for the Half and Full configurations, respectively), the three curves
overlap meaning that the effect of the vegetation density is no more detectable.
Indeed, at intermediate scales (fH/u = 10°-10') the three spectra show an
evident inertial region with constant slope proportional to -5/3 (the charac-
teristic Kolmogorov inertial scaling), regardless of the tree density.

4.2 Concentration field

As a first step, we recall the main features of the mean concentration field
(investigated in detail by Fellini et al. 2022) and, then, we analyze the concen-
tration standard deviation and the coefficient of variation (Fig. 7-9). We use
the non-dimensional form (¢*,0%) = (¢, 0¢)UxcdLs/Qct, where ¢ and o, are the
mean and the standard deviation of the concentration time series, respectively,
0 is the height of the boundary layer, Ly is the source length and Q. is the
ethane mass flowrate.

Inside the canyon, we notice that, in the range y/H = [—3, 3], the presence
of trees induces a transition from a rather homogeneous mean concentration
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Fig. 8 Two-dimensional sections of mean concentration (al-a3) and concentration standard
deviation (b1-b3), on the plane at z/H=1. The Zero (al, bl), Half (a2, b2), and Full (a3,
b3) configurations are shown. Black dashed lines indicate the position of the trees. Colored
circles represent the measuring points. The shaded area in the sketch shows the position of
the cross-section in the canyon.

field to a heterogeneous one (panels al-a3 of Fig. 7), along the longitudinal
axis. The Half configuration (panel a2) exhibits three zones of higher mean
concentration, whilst the Full configuration (panel a3) is characterized by two
nearly symmetric accumulation zones and a well-defined area of low concen-
tration in the centre of the canyon: here, the concentration is approximately
half the one measured in the accumulation zones. The increase in the spatial
heterogeneity of pollutant concentration with tree density is in contrast with
the behavior of the mean velocity field (shown in Fig. 4al-a3), which tends
to homogenize with the increase in tree density. Notice that, at the edges, ¢*
has very low values because the line source does not cover the entire length of
the street canyon. Conversely, the mean concentration does not decrease go-
ing farther away from the ground-level source, as the pollutant is transported
within the canyon by a recirculating structure. For a detailed analysis of the
mean scalar field, see Fellini et al. (2022). The increased variability in the
mean concentration field arises from the complex interaction between larger-
scale motions and the smaller eddies within the canyon, which are generated
by the presence of trees. Given this context, there are reservations about the
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Fig. 9 Two-dimensional sections of the coefficient of variation of the concentration on the
plane at x/H=1 (left column) and z/H=0.98 (right column). The Zero (al and bl), Half
(a2 and b2), and Full (a3 and b3) configurations are shown. Black dashed lines indicate the
position of the trees. Colored circles represent the measuring points. The shaded area in the
sketch shows the position of the cross-section in the canyon.

suitability of relying on a single parameter, such as the bulk vertical exchange
velocity (uq), which requires averaging concentrations within the canyon, to
assess the canyon’s ventilation potential.

The standard deviation of the concentration (Fig. 7b1-b3) follows almost
the same patterns observed for the mean concentration field: a quite homo-
geneous trend in the spatial range y/H = [—3,3] for the Zero configuration
(panel bl) and concentration fluctuation peaks when trees are added (pan-
els b2 and b3). However, some differences can be pointed out: o} decreases
slightly along the y-axis in the non-vegetated canyon and shows an increasing
trend in the vertical direction, mostly in the correspondence of peaks in the
Full configuration. Differently from o} (Fig. 4b1-b3), the average o does not
follow a well-defined decreasing trend with vegetation density: with respect
to the Zero configuration, the spatial average of o increases of 18% in the
Half configuration and decreases of 6% in the Full configuration. However, the
local maxima of ¢ are larger in the presence of trees (see green areas in Fig.
7b2,b3).

The mean concentration and the concentration standard deviation patterns
are similar also at the rooftop (Fig. 8). Both show a clear positive gradient
from the downwind wall to the upwind wall, which is almost constant along
the y-axis in the non-vegetated canyon (panels al and bl), while it presents
accumulation zones at the upwind wall in the Half and Full configurations
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(panels a2, b2, a3 and b3). These high concentration areas enhance the differ-
ence in ¢* and o between the two walls: in the Zero configuration, the spatial
average of ¢* at the upwind wall is 58% higher than the one at the downwind
wall (note that this is computed by weighting the single value by the spacing
between the measurement points along the profiles at 2/ H=0.1 and z/H=1.9,
respectively), and this difference reaches 66% and 75% in the Half and Full
configurations, respectively. For the concentration standard deviation, the dif-
ference between the walls is 52%, 57%, and 65% in the Zero, Half, and Full
canyons, respectively. As we observed inside the canyon, the presence of veg-
etation increases the local maxima of o} (see yellow areas in panels b2 and
b3).

In order to highlight differences between mean and standard deviation
patterns, in Fig. 9, we investigate the spatial distribution of the coefficient of
variation of the concentration, defined as C,, = o./¢. As we will see in section
4.2.1, C, is a key parameter in the analytical models for the probability density
function of the scalar concentration in dispersing plumes (Orsi et al. 2021).
Inside the canyon (panels al-a3), the coefficient of variation shows very similar
spatial distributions in the Zero and Half configurations, with lower values close
to the centre (blue region) and increasing values moving toward the lateral
edges of the canyon. Here, the mean and the fluctuating component of the
concentration are very low, as there is no scalar emission from the source, thus
the evaluation of C, is affected by large uncertainty. In the Full configuration
(panel a3), we observe two regions characterized by weak C,, values, leading
to an average decrease of 11% with respect to the Zero configuration. The
vegetation-induced transition from a homogeneous field to a heterogeneous
one is not as pronounced as for ¢° and o fields, where we observed local
differences up to 50% in the Full configuration (see Fig. 7a3,b3), however, the
high tree density slightly dampens the concentration fluctuations around the
mean, leading to a more heterogeneous pattern with respect to Zero and Half
configurations.

At the rooftop (panels b1-b3), C, is almost homogeneous in all configura-
tions, and 40% larger than within the canyon. However, some heterogeneities
appear: higher (), values at the edges of the canyon and an area of lower C,
around y/H = —3 in the Full configurations. Again, the heterogeneities are
linked to the uncertainty in the C), estimate due to the low concentration
measured laterally.

4.2.1 Concentration probability density function

The characterization of the probability density function (pdf) of pollutant con-
centration has several applications including the evaluation of the health risks
related to the exposure to high levels of toxic substances, odors assessment, or
the estimation of the upcrossing probability. Indeed, these questions require
the knowledge of the occurrence probability of instantaneous concentration
values above critical thresholds, and, therefore, information about the pdf.
Previous studies investigated the pdf of concentration fluctuations arising from
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Fig. 10 (a) Empirical pdfs fitted by the gamma (orange), lognormal (green), and Weibull
2p (blue) distributions. The Zero, Half, and Full configurations are considered. (b,c) Scat-
terplots that compare analytical and empirical skewness and kurtosis.
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Fig. 11 Longitudinal profile at x/H=1 and z/H=0.4 of (a) mean concentration, (b) con-
centration standard deviation, (c) coefficient of variation of the concentration, calculated
from the long concentration time series. The Zero (orange), Half (blue), and Full (green)
configurations are shown.

localised releases in the atmospheric boundary layer (see the review of Cassiani
et al. 2020). Nironi et al. (2015) carried out measurements of concentration
fluctuations inside a plume released by a point source, considering different
source sizes and elevations. They found that the empirical pdf changes shape
with distance from the source, and is well modeled by a gamma distribution.
Other studies report that the lognormal distribution is a suitable model for
plume dispersion in neutral boundary layers (Yassin 2008; Finn et al. 2010),
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while the two- and three-parameter Weibull distributions provide analytical
formulations to estimate the percentiles of the concentration, who have impor-
tant applications in the odor assessment (Oettl and Ferrero 2017). Conversely,
releases by linear sources were poorly investigated. Li and Bilger (1996) calcu-
lated the statistical moments of the scalar concentration behind a line source
and they found that the empirical pdf is skewed to the right near the source
and it is symmetrical and close to a Gaussian in the far field. Sawford and Sta-
pountzis (1986) compared the pdf calculated from wind-tunnel measurements
of concentration of heat, downstream of a line heating source (performed by
Stapountzis et al. 1986), with a one-dimensional fluctuating model.

To fill this gap, we performed a statistical analysis of the pdf of long con-
centration time series, measured along longitudinal profiles in the centre of
the canyon (see Section 3.1). To compare the pdfs calculated in different spa-
tial points and different configurations, we adopt the sample space variable
x(t) = c(t)/¢. By means of the method of moments, we fitted the empiri-
cal pdfs with the three analytical distributions mentioned above, that proved
suitable to model the passive scalar concentration pdf in turbulent flows (as
mentioned above): the gamma distribution, the lognormal distribution and the
two-parameters Weibull distribution (Weibull 2p). The analytical pdfs can be
commonly expressed as a function of the unique parameter, C,:

1. gamma distribution:
1919

P(x,V) = ) X" ! exp(—dy) (4)

where I'(+) is the gamma function and ¥ is the the shape parameter, defined
as ¥ = C 2
2. lognormal distribution:

) [ln(X)JrlH(\/liTS)r} 5)

P(x,Cy) = expy —
0o )= e on P 2Tn(l + C2)
3. Weibull 2p distribution:
C’U—l.OSG X 0171.08671 X CU—I.USG
P(x,Cy) = T (a> exp{—(a—w) ] (6)

where a,, is the scale parameter, which can be approximated as a function
of C, (Orsi et al. 2021):

1
{1+ cro) ®

Ay =

The goodness-of-fit between the empirical and analytical distributions was
evaluated calculating the mean absolute error between the empirical cumula-
tive distribution function (cdf) and the gamma, lognormal, and Weibull 2p
cdfs. Comparing the mean absolute errors (reported in tables 1-3 in the sup-
plementary material), we found that, in all spatial points and in all the tree
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density configurations, the largest absolute error is associated to the Weibull
2p distribution. This result was expected in the presence of a linear source,
as the Weibull 2p distribution approximates the concentration pdf close to
a point source where the meandering dominates the dispersion process (Orsi
et al. 2021). Conversely, the lowest mean absolute error is associated to the
lognormal distribution in the 80% of the spatial points in the Zero config-
uration, in the 70% in the Half configuration, and in the 100% in the Full
configuration. In the Zero and Half configurations, also the gamma distribu-
tion is a suitable model, indeed it shows a mean absolute error comparable
to the one associated to the lognormal distribution in the 60% of the spatial
points in the Zero configuration and in the 40% in the Half configuration.

The empirical pdfs together with the lognormal, gamma, and Weibull 2p
distributions are reported in Fig. 10a. Here, the concentration time series were
normalized as [(c(t) — €)/oc] + 3, to collapse all the distributions calculated
along the longitudinal profiles into a single distribution with zero mean and
unit variance. As the analytical distributions do not fit negative concentration
fluctuations, the normalized concentration was shifted by a constant equal to
3. The empirical pdfs show a positive skewed bell-shaped behavior in all spatial
points. The same shape is observed in the Zero, Half and Full configurations,
hence it is not affected significantly by vegetation density. A qualitative obser-
vation of the overlap between analytical models and empirical pdfs confirms
that the Weibull 2p distribution is the worst model, while both the gamma
and lognormal distributions reproduce well the empirical pdfs, despite some
discrepancies in the peak and in the left tail. The similarity among the pdfs is
due to the fact that the longitudinal profiles of C,, (which is the only param-
eter that appears in equations 4-6) show variations of the order of 6% (Fig.
11c), so they can be considered homogeneous along y-axis, as the variations
are small compared to the local variations (up to 50%) found in the mean and
turbulent concentration profiles (Fig. 11a,b).

We investigated the quality of the fitting also considering the third and
fourth moments. The equations of the analytical skewness (Sj;) and kurtosis
(K,) as a function of C, are provided in Appendix 1. In panels b and ¢ of
Fig. 10, we report the scatter plots of the analytical versus empirical skewness
and kurtosis, respectively. The skewness is higher than zero, revealing that the
pdfs are skewed to the right. The kurtosis is higher than 3, so the distributions
have fatter tails than the Gaussian distribution. The empirical skewness and
kurtosis are underestimated by the analytical functions provided by both the
Weibull 2p and the gamma distributions. On the other hand, a non-biased
estimation of the empirical moments is obtained from the lognormal distribu-
tion. Indeed, the scatter plot shows a good correlation between the empirical
skewness and kurtosis with the analytical ones, mostly in the Full configura-
tion. We can, therefore, conclude that the lognormal distribution performs a
better fitting of the empirical skewness and kurtosis, and of the entire pdf,
especially with high tree density.
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Fig. 12 Two-dimensional sections of convective (al-a3), turbulent (b1-b3), and total (c1-
c3) mass fluxes on the plane at x/H=1. The Zero (al, bl, cl), Half (a2, b2, ¢2), and Full
(a3, b3, ¢3) configurations are shown. Black dashed lines indicate the position of the trees.
Colored circles mark the measuring points. The shaded area in the sketch shows the position
of the cross-section in the canyon.

4.3 Vertical mass transport

We decompose the vertical mass flux (we) in the mean component (wé) and the
turbulent component (w’c’) (Fischer et al. 1979). The latter corresponds to the
cross-correlation between velocity and concentration fluctuations measured in
the same control volume (see Section 3.3).

Figure 12 shows the non-dimensional mean, turbulent and total mass fluxes
(where vertical velocity and concentration are normalised as defined in the
previous sections), evaluated in the inner canyon. The behavior of the mean
vertical fluxes (Fig. 12al-a3) is similar to that of the mean vertical velocity
(observed in Fig. 4al-a3), characterized by a well-organized spatial pattern in
the non-vegetated canyon, that is partially lost increasing the tree density. In
the Zero configuration (panel al of Fig. 12), the mean mass flux is positive in
two symmetric regions in the centre of the canyon and negative close to the
edges. The Half configuration (panels a2) is characterized by three zones of
positive mean flux, and three less extended zones of slightly negative flux. In
the Full configuration (panels a3), the mean flux is positive almost in the whole
section, except for an area close to the left edge where it is negative. Turbulent
mass fluxes transport mass down homogeneously in the Zero configuration
(panel bl) and in between the trees in the Half configuration (panel b2),
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Fig. 13 Two-dimensional sections of convective (al-a3), turbulent (b1-b3), and total (c1-
c3) mass fluxes on the plane at z/H=0.98. The Zero (al, bl, cl), Half (a2, b2, c2), and
Full (a3, b3, ¢3) configurations are shown. Black dashed lines indicate the position of the
trees. Colored circles mark the measuring points. The shaded area in the sketch shows the
position of the cross-section in the canyon.

2 while they uniformly approach zero in the Full configuration (panel b3). This
s reveals that w/c’" is inhibited by an increasing tree density. Regardless of the
66 presence of trees, w’c’ * at the interface between the canyon and the external
s flow (notably z/H=0.98) sharply increases to the same value (around 8), in
e line with o, and k* (Fig. 4, panels b1-b3 and cl-c3, respectively). The total
s20 mass fluxes (4cl-c3) have the same spatial distribution of the advective fluxes,
e with lower tree density leading to higher heterogeneity along the y-axis. In the
e Zero and Half configurations, the contribution of the negative turbulent fluxes
2 enhances the downward fluxes (blue areas in panels cl and c2).




633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

24 Annika Vittoria Del Pontel:2 et al.
6
‘ (b)
5
/ 4
> s
<] - y
ko <
X g 1
w
0
Quadrant Il Quadrant | -1 L
c<0,w>0 c¢>0,w>0
2
< 15
Quadrant Il
s | (S (©
4
o
(a) \g
< 05
\tr

Fig. 14 Quadrant analysis of w’c’ at the rooftop of the canyon (z/H = 1, z/H = 0.98).
(a) Schematic representation of the quadrants in the plane {¢’, w’}. (b) Local quadrant
contributions to w’c¢’. (¢) Normalized quadrant contributions to w’c’. The blue dotted line
on the shaded plane in the bottom inset represents the position where the quadrant analysis

was performed.

The mean mass flux and the mean vertical velocity (Fig. 13al-a3 and Fig.
5al-a3, respectively) follow the same behavior at the rooftop as well. In the
non-vegetated canyon (panel al of Fig. 13), the mean flux is homogeneous
and negative along the downwind wall (x/H=1.5), where the external flow
(without pollutant) enters the canyon, and homogeneous and positive along
the upwind wall (z/H=0.5), where the polluted air leaves the canyon. We de-
tect the same streamwise pattern in the vegetated canyons (panels a2, a3), but
the outgoing mean flux is broken into smaller flux segments by the presence
of trees. Moreover, positive w*¢* fluxes are weaker in the Half configuration
(panel a2), while their intensity is not homogeneous along y in the Full config-
uration (panel a3). Turbulent mass fluxes (panels b1-b3) are positive and quite
homogeneous in all configurations with significantly larger values than inside
the canyon (Marucci and Carpentieri 2019), especially in the presence of trees
(panels b2, b3). As already observed inside the canyon, the total vertical mass
fluxes (panels cl-c3) follow the same trend of w*c*, but the strong positive
contribution of the turbulent fluxes enhances the upward transport, and leads
to slightly positive fluxes at the downwind wall. Therefore, the upward total
mass fluxes at the upwind wall are significantly higher than the mean ones,
and they are more heterogeneous with the increase in tree density.

y/H
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-a- Half
-a- Full
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Fig. 15 Spectra of w’c/(t) calculated in three different sampling points along the central
line (x/H=1) at the rooftop (2/H=0.98): (a) y/H=-1.5, (b) y/H=0, (c) y/H=2. The blue
points on the shaded plane in the bottom inset represent the positions where the spectra
were calculated.

In order to understand if the positive turbulent mass fluxes detected at
the rooftop (Fig. 13b1-b3) are due to the entrance of clean external flow or to
the leaving of polluted air from the canyon, we perform the quadrant analysis
(e.g. Di Bernardino et al. 2018). The time series of w’c/(t) are decomposed
on the four quadrants of the Cartesian plane {¢/,w’}. In Fig. 14a, we report
a scheme of the quadrant division: quadrant I identifies outflow events with a
concentration higher than the mean, while quadrant III inflow events with a
concentration lower than the mean.

In Fig. 14b, we report for a longitudinal profile at the centre of the canyon
rooftop (¢/H = 1 and z/H = 0.98) the local contribution of each quadrant,
defined as the sum of the turbulent fluxes in the quadrant (w’ ¢y, where g=I, 11,
III, IV). Regardless of the presence of trees, the contributions of quadrants II
and IV, which represent negative turbulent mass fluxes, are negligible relative
to the ones of quadrants I and III, as expected (see Fig. 13b1-b3). The contri-
bution of quadrant IIT is higher than the one of quadrant I, meaning that the
entrance of external clean air provides an higher contribution to the positive
turbulent mass fluxes in the centre of the canyon rooftop than the exiting of
polluted air. Comparing the different tree density configurations, we notice a
clear distinction between the spatial homogeneity of the profiles of quadrant
I and III in the Zero configuration (continuous lines), and their heterogeneity
in the vegetated canyons (dashed lines). Thus, the presence of trees affects the
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local contribution of inflow and outflow events. Conversely, the normalized
quadrant contributions to w’c’ — expressed as the ratio between w’c; and the

total contribution of all quadrants (w’c’) — is uniform along the canyon axis,
regardless of the presence of trees (Fig. 14c).

We performed the spectral analysis of w’c/(t) signal, to investigate the
turbulent scales involved in the turbulent mass transport at the rooftop of the
canyon. Figure 15 shows the spectra of the normalized mass fluxes (w'c/(t) —
w'c’) /oy e (where oy is the standard deviation of w’c’(t) signal), calculated
at y/H = [-1.5,0,2], along the central profile at the canyon rooftop. As we
observed in the vertical velocity spectra (Fig. 6), the large-scale structures
dominate the turbulent mass transport in the empty canyon, and the energy
associated to them decreases with the increase in tree density.

5 Conclusion

The aim of the present study was to investigate the impact of tree-lined avenues
on turbulent flow and concentration fields, and on the vertical mass transport
in an urban street canyon, subject to an external boundary layer. This was
addressed by performing concentration, velocity, and combined concentration-
velocity measurements inside a large canyon (H/W.=0.5) oriented perpendic-
ular to the wind direction, in a wind tunnel. Three different tree densities
were considered: an empty canyon (Zero configuration), a canyon with low
tree density (Half configuration), and a canyon with high tree density (Full
configuration).

The increase of vegetation density leads to a partial homogenization of the
mean vertical velocity field and to a reduction of the turbulent kinetic energy,
inside the canyon. However, at the rooftop, the presence of trees does not sig-
nificantly smooth the intensity of velocity fluctuations, but, it partially hinders
the mean vertical velocity at the upwind wall. The tree-induced reduction of
turbulent fluctuations unveils a peculiar effect of high-density vegetation on
turbulent dynamics inside a canyon. This effect deserves the attention of the
scientific community as tree avenues with intersecting crowns are common in
many European cities.

Concerning concentration fluctuations, we found that vegetation induces
a transition from an almost homogeneous pattern (characteristic of the non-
vegetated canyon), to a heterogeneous one, both inside the canyon and at the
rooftop. On average, the intensity of concentration fluctuations is not signifi-
cantly smoothed by the presence of trees, rather local maxima are exacerbated
in the vegetated canyons than in the empty one. The coefficient of variation
of the concentration does not show a significant spatial pattern with the tree
density, even if we notice that it slightly decreases in the Full configuration.
Within the canyon, the C, assumes values that vary between 0.4 and 0.6.

The statistical analysis of the concentration time series reveals that the
concentration pdf is skewed towards positive values, it has fatter tails with
respect to the Gaussian distribution, and it maintains the same shape in the
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different tree density configurations. The gamma and the lognormal distri-
butions perform a good fitting of the experimental pdf in the Zero and Half
configurations, while in the Full configuration, the lognormal distribution is
the best model. In all configurations, the lognormal distribution provides the
best estimate of the third and fourth moments.

The total mass fluxes are mainly governed by the mean mass fluxes, which
in turn show almost the same pattern of the mean vertical velocity. The pattern
of mean mass fluxes depends on vegetation: inside the canyon, the mean mass
fluxes show a well-organized spatial pattern in the empty canyon, which is lost
increasing the tree density and, at the rooftop, the upward mean mass fluxes
are hindered by trees. Turbulent mass fluxes are homogeneous and negative
inside the non-vegetated canyon, while they are reduced to almost zero with
high vegetation density. The vegetation-induced decrease in the turbulent mass
fluxes (as well as vertical velocity standard deviation and turbulent kinetic
energy) may be responsible for a reduction of the mixing inside the canyon,
leading to a more heterogeneous scalar field in the vegetated canyon. At the
rooftop, turbulent fluxes are high and positive and their intensity is not affected
by the presence of trees. The quadrant analysis reveals that, regardless of the
presence of trees, the inflow events of clean air (quadrant III) provides an
higher contribution to the positive turbulent mass fluxes at the rooftop than
outflow events of polluted air (quadrant I). Moreover, we showed that the
normalized contribution of inflow and outflow events to w’c’ is homogeneous
along the longitudinal direction of the canyon. On the contrary, in the presence
of trees, the local contribution of outflow (quadrant I) and inflow events is
heterogenous along the longitudinal axis of the rooftop.

The spectral analysis of the vertical velocity and turbulent mass fluxes
signals revealed that the energy content of large-scale structures decreases
with the increase in tree density, or rather the decrease in tree spacing.

The wind-tunnel experimental campaign allowed us to highlight the com-
plexity of the turbulent mass transport within an urban street canyon, with
different vegetation densities. While high vegetation density has been shown
to enhance thermal comfort and urban biodiversity, its impact on air quality
remains a subject of debate. On one hand tree avenues increase pollutant de-
position and regulate local temperature; on the other hand the tree crowns,
especially the intersecting ones, hinder the vertical mean flow and dampen
turbulent kinetic energy and turbulent mass fluxes. As a consequence of that,
at the pedestrian level, the transport and the mixing is less efficient, mostly
close to the upwind wall, an issue which has to be considered together with
the beneficial effects of high tree density.

A limit of the present study was that the experimental equipment employed
to measure velocity and mass fluxes (LDA, mirror, LDA-FID system) was not
suitable to perform measurements close to the canyon walls, due to the re-
flection of the laser beams on the miniatures of trees. This issue prevented us
to capture the three-dimensionality of the turbulent flow and scalar transport
within the canyon, thus to completely identify the flow dynamics leading to
the formation of concentration peaks in a vegetated canyon. However, we pro-
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vided high-resolution measurements of the mean and turbulent concentration,
vertical flow velocity, and mass fluxes in the centre and at the rooftop of the
canyon, together with an estimate of aerodynamic porosity and drag coeffi-
cient of the model trees. These measurements are useful to validate numerical
models, aimed at simulating flow and dispersion in urban-like geometries in
presence of vegetation. Moreover, a new experimental campaign is currently
underway to investigate the effect of vegetation on the flow field considering
different orientations of the canyon with respect to the external flow.

Data availability

The experimental dataset is available on the website:
https://doi.org/10.5281/zenodo.7757044 (Fellini et al. 2023). We provide con-
centration, velocity, and turbulent mass fluxes data within the canyon, and
the characterization of the flow field above the buildings.
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Appendix 1: Expressions of the third and fourth moments of the

gamma, lognormal and Weibull distributions

The skewness and kurtosis of the gamma, lognormal and Weibull 2p distribu-
tions are reported as a function of the only parameter C,:

1. gamma distribution:

where 19 is defined

2
Sp(9) = —
£0) Nz

6
K,(9) = =
(9) ?9+3
as ¥ = C 2

2. lognormal distribution:

K. (Cy) = exp[4In(1 + C?)] 4+ 2exp[3In(1 4+ C?)] + 3exp[2In(1 + C?)]

Sk(Cy) = [exp(In(1 + Cy) + 2]y/exp[In(1 + C2)] — 1

3. Weibull 2p distribution:

3 )
Sk(cq,) = F(l =+ W)qu?’ai} _

Ku(C) =1(

where

4

3¢, -0

1+ W)Cfaﬁ, — 48,071 —602 — 1.

Ay =

1

T'(1+ C1-086)

-3
(9)

(10)



