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The capacity to predict NO; and the total oxidant (Ox = NO2 + O3) within street canyons is critical for the
assessment of air quality regulations aimed at enhancing human wellbeing in urban hotspots. However, such
assessment requires the coupling of numerous processes at the street-scale, such as vehicular emissions and

Iliil\tﬂt;f]iidstr tightly coupled transport and photochemical processes. Photochemistry, in particular, is often ignored, heavily
VOCs v simplified, or parameterized. In this study, MBM-FleX — a process-based street canyon model that allows fast

computation of various emission profiles and sun-lit conditions with tightly coupled physical (transport and
mixing) and chemical processes and without loss of sufficient spatial resolution — was used to simulate shading
effects on reactive species within urban canyons. Driven by pre-generated large-eddy simulation of flow, MBM-
FleX results show that shading effects on volatile organic compound (VOC) free-radicals significantly affect the
interconversion of odd-oxygen species that cannot be captured by the simple NOx-O3 chemistry, for example,
reducing NO; by limiting the formation of hydroperoxyl radicals. Consistent with previous results in simpler
model systems, the inclusion of VOC free-radical chemistry did not appreciably alter the sensitivity of NO; to
shading intensity in regular canyons, but a non-linear relationship between NO; and shading intensity is found in
deep canyons when the air residence time grew. When solar incidence simultaneously passes through multiple
vortices in street canyons, VOC chemistry and shade may considerably influence model results, which may

therefore affect the development of urban planning strategies and personal exposure evaluation.

1. Introduction

Urban air pollution is critically important to human wellbeing given
that the urban population is expected to grow rapidly to 68% in the
world by 2050 (Nations, 2018) and human exposure to air pollution can
lead to increases in respiratory morbidity and mortality (Anenberg et al.,
2018; Murray et al., 2020; Zeng et al., 2020). For instance, nitrogen
dioxide (NOy) is a vital contributor to urban air pollution as a gaseous
pollutant and as a precursor to aerosol formation, and its concentration
can become high in some urban “hotspots” such as street canyons, which
describe a narrow street flanked by continuous obstructions on both
sides, forming a stagnant environment with, in general, heavy emissions
and reduced dispersion. Street canyons are becoming increasingly
prevalent as urban areas grow denser (Joint Air Quality Unit, 2017).
They can be categorized into three groups based on their aspect ratios
(AR, defined as the ratio of canyon height to street width): avenue
canyons with AR < 0.5; regular canyons with AR ~ 1.0 and no
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significant openings on the facade; and deep canyons with AR > 2.0
(Vardoulakis et al., 2003). The characteristic of airflow and dispersion
pattern within urban canyons are sensitive to Reynolds number (Re)
(Chew et al., 2018), roof shape (Takano and Moonen, 2013), in-canyon
trees and green infrastructure (Abhijith et al., 2017; Gromke and Ruck,
2007; Yazid et al., 2014), street orientation, and ARs (Ahmad et al.,
2005; Chatzidimitriou and Yannas, 2017). The ventilation of canyons
generally decreases with increased ARs, leading to poorer air quality at
the pedestrian level and hence serious public health consequences for
citizens exposed to such circumstances (Solazzo et al., 2011).

Nitrogen oxides (NOy, a summation of the nitrogen oxides NO and
NO3) and ozone (O3) undergo closely coupled dynamics and chemical
processes within the urban canyon environment (Garmory et al., 2009),
which have motivated research studies. Salmond et al. (2013) conducted
a field monitoring campaign and suggested that the presence of leaves
on trees would resist vehicular emissions moving upward to the rooftop
along the leeward facade, giving marked impacts on in-canyon dynamics
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and chemistry. A variety of parametric (e.g. canyon box models) and
numerical (e.g. Computational fluid dynamics (CFD)) models integrated
with chemical schemes have been used to simulate the behavior of air
pollutants (e.g. temporal and spatial distributions, mass exchanges with
the overlying background) within street canyons (Bright et al., 2013;
Kim et al., 2012; Kwak and Baik, 2012; Wu et al., 2021; Zhong et al.,
2016a, 2017). Particles in street canyons raised similar issue of transport
and aerosol microphysics (e.g. Zhong et al. (2018)). However, most of
these studies hypothesized constant photolysis rates within street can-
yons primarily due to expensive computational cost in numerical
models. Given that the photolysis rate of NO, can be 20-40% of the
theoretical value on overcast (Finlayson-Pitts and Pitts Jr, 1999) or hazy
(Li et al., 2018) days, our knowledge of shading effects on air pollution
within street canyons remain limited.

Although CFD-based air quality models offer the most convincing
physical simulations based on current understanding, they require
enormous computational resources in general, which increases by
several orders of magnitude when complex volatile organic compound
(VOC) free-radical schemes are involved. Hence, many earlier simula-
tions either employed simple NOx-O3 chemistry for a broad variety of
modelling scenarios or VOC schemes for a very restricted number of
scenarios to save computing time (Liu et al., 2021; Zhong et al., 2016a).
Previously, studies applied large-eddy simulation (LES) and
Reynolds-averaged Navier-Stokes (RANS) models coupled with a simple
NOx-O3 chemistry to investigate shading effects on air pollutants in
street canyons (Grawe et al., 2007; Liu et al., 2021). However, the
absence of VOC chemistry can introduce substantial uncertainty into
model performance (Kim et al., 2012; Kwak et al., 2013), leading to
sub-optimal or even mistaken strategies for air quality regulation (Dai
et al., 2022).

Using a zero-dimensional, one-box, model (i.e. the well-mixed
assumption for reactive species) cannot address all aspects of air qual-
ity within street canyons due to the presence of strong concentration
gradients, which means that pollution “hotspots” will be undiagnosed,
and too-rapid chemical dilution will occur, leading to underestimated
segregation effects (Monks et al., 2015; Zhong et al., 2014). We have
developed a process-based Eulerian multi-box model (“MBM-FleX”)
with flexible grid resolution to simulate temporal and spatial evolutions
of air pollutants inside street canyons. The model uses a small number of
boxes sufficient to resolve explicitly major vortices in the flow and so
represent the dominant dynamical processes of advection and turbulent
mixing. Compared to online LES-with-chemistry, this model design
boosts computational speed very significantly and so allows computa-
tional resource to be reallocated to the investigation of broader emis-
sions conditions and more complete VOC free-radical chemistry.
MBM-FleX takes LES-derived airflow patterns in idealised regular (AR
=1) and deep (AR = 2) canyons as input, and yields a good temporal and
spatial agreement with LES for a passive tracer and for reactive species
(e.g. NO, NOo, and Og) (Dai et al., 2021). The MBM-FleX model yields
comparable results regarding the spatial features of air pollutants with
an extremely low computational cost for typical regular (~3 min) and
deep (~6 min) canyon simulations to the LES (~10 days) (Dai et al.,
2021) using a high-performance computer (HPC). Model-observation
evaluations are comparable to those of other air quality models (e.g.
CiTTy-Street, ADMS-urban) (Dai et al., 2022; Hood et al., 2021; Pugh
et al., 2012).

Here we extended the MBM-FleX to simulate shading effects on NOy
and Os inside the street canyon with different aspect ratios. It is also
useful to consider the total oxidant Oy, which equals the sum of NO and
O3, since these values are preserved in Carslaw and Beevers (2004). The
solar-induced heating of ground and building facets induced by the solar
radiation may “assist” or “oppose” air circulation, depending on the
angle of solar zenith and the canyon geometry (Cai, 2012b; Paolini et al.,
2014). Such thermal impacts on air flow remain highly contentious.
With a temperature differential of around 10 K, previous studies indicate
that the co-effects of wind-driven dynamic force due to enhanced or
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reduced circulation and the heating (i.e. ground and wall) alter the
in-canyon flow characteristics and hence the distribution of air pollut-
ants inside the canyons substantially (Hang et al., 2020; Liu et al., 2021;
Yang et al., 2021a). Therefore, here we disentangle shading effects on
atmospheric ~ photochemistry  (J  values) from intricate
transport-chemical interactions.

2. Experimental section
2.1. Model description

Fig. 1 presents the multi-box framework (MBM-FleX) by which the
cross-sectional space of an urban street canyon has been divided into 16
and 32 boxes with an equal grid size for regular (AR = 1) and deep (AR
= 2) canyons, respectively. The size and number of model boxes can
vary flexibly depending on particular interests in air quality “hotspots”
within canyons (Dai et al., 2021). NOy, carbon monoxide (CO), and
VOCs from anthropogenic (e.g. vehicles) and natural sources can be
injected into two central boxes that represent a dual carriageway and, if
necessary, into any boxes where line emissions may occur continuously.
Currently, this two-dimensional (2D) MBM-FleX is settled to the case of a
perpendicular background wind to the street axis because cross-canyon
flow generates the most vigorous in-canyon circulations and is hence the
most appropriate location to start an investigation.

Assuming the prevailing wind blows from the screen-left to the
screen-right, we index the in-canyon m x n boxes using “k” for the
ordinate and “i” for the abscissa directions, starting from the bottom-left
(i.e. Boxy,17) toward top-right (i.e. BoX(m,q1). Thereby, concentrations of
gth species within Boxpy j; and within the entire canyon are represented
by Cg ki1 and Cgp, respectively. Pollutant mass exchange between
neighbouring boxes within street canyons occurs through two key
physical processes: advective transport, which is represented by an up-
wind scheme (referred to as “advective velocity™), and turbulent mixing
that defined by Fick’s law (referred to as “turbulent velocity”); mass
exchange between canyons and the overlying background is dominated
by turbulent transfer (Bright et al., 2013; Zhong et al., 2017). A linear
relationship is assumed between in-canyon dynamics and prevailing
wind velocities (Barlow et al., 2004; Murena et al., 2011). A flowchart
(Fig. S1) in the Supporting Information is presented to describe the
components of the MBM-FleX, and more information including mathe-
matical descriptions has been detailed in a previous work (Dai et al.,
2021). The code is available in both R (e.g. version 3.6.2, R Core Team
(2019)) (https://github.com/ddyyqq112233/StreetX-CTM) and Fortran
90 (using the Intel Fortran (IVF) Compiler), respectively.

2.2. Model configuration

2.2.1. Street canyon geometry

Canyon geometries are taken from previous LES configurations, with
the regular canyon having a street width of Iy = 18 m and a building
height of hy = 18 m, and with the deep canyon having [y = 18 m and hy
= 36 m, respectively (Cai, 2012a; Cai, 2012b; Grawe et al., 2007). A
cartesian grid used here has an x-axis that is perpendicular to the canyon
and a z-axis that is vertical to the canyon. Therefore, the box resolution
for both regular (4 x 4, 16 boxes) and deep (4 x 8, 32 boxes) canyons in
x, z directions was Ax = 4.5 m, Az = 4.5 m, respectively, which means
that each MBM-FleX box contains 225 LES mesh elements within street
canyons.

2.2.2. Airflow within canyons

Airflow field in street canyons is difficult to simulate, and it varies
with factors such as building geometry, in-canyon trees, and Re number.
A primary clockwise vortex and two counter-rotating vortices are
observed within regular and deep canyons, respectively (Baik et al.,
2007; Bright et al., 2013; Garmory et al., 2009; Zhong et al., 2017),
however, a single-vortex flow regime may also be found in deep canyons
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Fig. 1. The effects of sun position on regular and deep two-dimensional canyons: (a, d) leeward shading (LS) occurs when the sun is on the leeward side of canyons;
(b, e) no shading (NS) when there is no shadow within canyons; (c, f) windward shading (WS) occurs when the sun is on the windward side of canyons. The canyon
width Iy = 18 m, and the building height hy = 18 m for the regular canyon and ho = 36 m for the deep canyon, respectively. 0;-04 represent different angles of solar
zenith, resulting in half-shaded regular and deep canyons, respectively. When AR = 1 canyon is half-shaded, AR = 2 canyon is in deep shade (grey shading); when AR
= 2 canyon is half-shaded, AR = 1 canyon is partially shaded (yellow shading). In-canyon vortices are also shown (curved arrows). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

when the independence of Re is fulfilled (Chew et al., 2018; Yang et al.,
2020; Yang et al., 2021b). In this study, we applied dynamical param-
eters (Tables S2-S3) derived from available LES results for idealised
regular and deep canyons without any in-canyon obstructions or green
walls (c.f., Bright et al. (2013)), which represent flow characteristics
with Re of ~10° at a prevailing wind speed of Uy = 2 m s ! in the neutral
atmosphere. This also indicates the inlet boundary conditions are
pre-defined, as used in the LES configuration, including a cyclic condi-
tion for the airflow in the both the x- and y-directions. The near-wall
treatment (Schlichting and Kestin, 1961) was used for the flow, and a
zero-flux condition was applied to all chemical species on the solid
boundaries. More details and parameter derivation processes are pre-
sented in Zhong et al. (2017) and Dai et al. (2021).

2.2.3. Chemical mechanism

Two chemical schemes are applied into model simulations account-
ing for urban canyon chemistry, the first is a purely inorganic NOx-O3
chemistry that consists of reactions (1)-(3), below (Carpenter et al.,
1998):

here hv represents the energy absorbed by the reactants where h is the
Planck’s constant and v is the frequency of the absorbed light, M signifies
a third-body molecule that absorbed surplus energy, reuniting O and O
(3P) (i.e. O atoms without any excess energy that almost only are able to
participate in the reaction 2) to produce an O3z molecule. The other is a
reduced chemical scheme (RCS) with 51 gas-phase species and 136 re-
actions derived from the Common Representative Intermediates mech-
anism version (CRIv2-R5) (Watson et al., 2008), including production of
NO;, by interaction of NO with hydroperoxyl radicals (HO3) and peroxyl
radicals (RO9, where R is an organic molecule). Initially, model simu-
lations were confined to midsummer daytime, and photolysis rates were
derived using a two-stream isotropic scattering model at a 0.5 km alti-
tude and a middle latitude (i.e. Birmingham, UK) under clear conditions
(Table S1). Bright et al. (2013) presented full RCS details and its eval-
uation against CRIv2-R5 and the Master Chemical Mechanism (MCMvy3)
(Saunders et al., 2003).

2.2.4. Emissions
In this study, we take a busy midsummer weekday traffic scenario for
a reference run (denoted as “RR”) with Uy = 2 m s~! and 1500 on-road

NO; -+ hv(A < 410nm) — NO + O(*P) €Y}
vehicles per hour at an average speed of 30 mph in Birmingham, UK,
O(P) +0, +M— 05 + M %) which is consistent with previous LES configurations (see, Bright et al.
(2013); Zhong et al. (2017)); the primary NOo: NOy ratio (fyo2) is taken
0; +NO - NO, + 0, 3) as 0.1, as has been used in previous works (Bright et al., 2013; Zhong

et al., 2014, 2015). The emission rates of NOy, VOCs, and CO are 620,
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127, and 1356 g km ! hr!, which equate respectively to 4.44, 16, and
3.52 ppb s~ for a model grid and are denoted as the “Typical Emission
Scenario” (TES); VOC fractions are determined based on the annual
emission mass, photochemical ozone creation potential (POCP)
weighted mass and OH reactivity (Boulter et al., 2009; Bright et al.,
2013), which is 44% (1.55 ppb s 1) for ethene (C2H4), 19% (0.67 ppb
s for propene (C3Hg), 25% (0.88 ppb s~ for formaldehyde (HCHO),
and 12% (0.42 ppb s for acetaldehyde (CH3CHO); only NOy emissions
are considered for the simple NOx-O3 chemistry.

2.2.5. Other configurations and data processing

The initial concentrations of chemical species at t = 0 min (e.g. 1.3
ppb for NO, 6.78 ppb for NO, and 49.99 ppb for O3) are obtained from
the Tropospheric ORganic Chemistry experiment (TORCH) field
campaign in suburban London (Lee et al., 2006). The multi-box models
have been ‘spun-up’ for 30 min without any emissions to generate
important atmospheric intermediates, and all chemical species at t = 30
min are adopted as the boundary condition (e.g. 2.5 ppb for NO, 5.6 ppb
for NOy, and 51.2 ppb for O3) in the layer above the street canyon.
Subsequently, the model is run over 210 min with emissions and
chemistry, using a 0.03 s timestep, to achieve dynamical steady-state
and chemical quasi-equilibrium. Data analysis is performed on simu-
lated concentrations at t = 240 min.

2.3. Model scenarios

Table S4 summaries all simulated scenarios in the regular and deep
canyons. Here we consider three typical scenarios for the relative di-
rection of wind perpendicular to idealised 2D urban canyons and the
sunshine throughout the daytime: (1) the leeward shading “LS” (Fig. 1a
and d) indicates that street canyons beneath the top-right triangle are
shaded; (2) no shading “NS” (Fig. 1b and e) indicates that no shading
effects in street canyons; and (3) the windward shading “WS” (Fig. 1c
and f) indicates that street canyons beneath the top-left triangle are
shaded. In cases LS and WS, the angle of sun zenith is assumed to stay at
45°, 01 (i.e. red line in Fig. 1a and d) and 03 (i.e. red line in Fig. 1c and f),
for regular and deep canyons, respectively, consequently the regular
canyon has been half-shaded, and three quarters of the deep canyon
have been shaded (see, grey plus yellow areas). A critical factor to
consider in this 2D geometry is the solar zenith angle. For each shading
scenario (LS and WS) for the regular and deep canyons, we adjusted the
solar zenith angle respectively to 67.5°, 02 and 04, to investigate its
impact on chemical processes, that is, the shaded area shrinks to the
yellow area from red lines to black oblique lines. Although clouds scatter
solar radiation and have daytime radiative cooling effects on urban
areas (Morris et al., 2001; Nilsson and Niklasson, 1995; Weng and Fu,
2014), that is not our focus here; we assume clear conditions (i.e. cloud
free, no precipitation) throughout model simulations.

The first-order rate coefficients for photochemistry (J-values) are
assigned individually in each box of the MBM-FleX. For the no shading
“NS” modelling scenarios, raw J-values in Table S1 are applied for RCS
photochemical reactions and the value of reaction 1 is applied for the
simple NO4-O3 chemistry in the unshaded areas, respectively. According
to Finlayson-Pitts and Pitts Jr (1999), these values are scaled by 25% in
the fully shaded grids and are scaled to the proportion of shading areas
in the partially shaded grids, which is given by:

J,=025xJ, x SA; + (1 — SAf) x J, =J,(1 —0.75 x SAf) 4

where J; is J values for the rth photochemical reaction, SAyis the fraction
of the shaded area in the grid. Non-photochemical reaction rate co-
efficients are kept unchanged since the solar heating only raises air
temperature by around 2-3 K (Bourbia and Awbi, 2004; Liu et al., 2021).
VOC chemistry is an important contributor to the formation of NO, and
O3 in deep canyons (see Zhong et al. (2017)). The difference between to
the two chemical schemes (i.e. reactions (1)—(3) vs. the VOC scheme) in
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unshaded conditions has been discussed elsewhere (Dai et al., 2022);
here our focus is on how the choice of chemical scheme influences the
calculated shading effects.

In this study, we also discuss the effect of shading magnitude on
concentrations within street canyons. Here the original J-values in un-
shaded grids are multiplied by a factor of 0%, 25%, 50%, and 75% in the
fully shaded grids, respectively. In order to investigate the influence of
prevailing wind speed (Up) on shading effects, J-values are held at a
quarter of their original magnitudes in those fully shaded grids, while Uy
has been altered by +40% from the RR (Uy = 2 m sHtol2ms!
(denoted as “LR”) and 2.8 m s ! (denoted as “HR”), respectively.
Moreover, vehicular emissions are influenced by both traffic conditions
and lane loading capability (e.g. the width of the carriageway). While
maintaining Uy = 2 m s1 (thus, dynamical patterns within the canyon)
and 25% J-values in the fully shaded grids, NOy and VOC emission rates
are normalised (i.e. E4/Eq Trs, where q refers to the gth species) by a
factor of 0.05-1.0 in a step of 0.05 (i.e. 0.05, 0.10, ..., 0.95, 1.0),
respectively, which comprises overall 400 model simulations with
different NO4/VOC ratios.

3. Results and discussion
3.1. Effects of shading and solar zenith angles

Half of the regular canyon and three quarters of the deep canyon is
shaded when the solar zenith angle is at 6; for LS and 63 for WS. In such a
condition, Fig. 2 and Fig. 3 respectively present the spatial distribution
of concentrations for NO; and Os, and their disparities between shaded
and unshaded (NS) scenarios along the leeward (—0.5 < x/ly < —0.25)
and windward (0.25 < x/ly < 0.5) facades of the regular and deep
canyons. The canyon averaged NO5 and O3 (and thus, Oy) differences
alter very slightly (<1 ppb in both regular and deep canyons) as the solar
zenith angle moves from LS (solid lines) to WS (dashed lines), which
suggests little difference in pollution mass transfer from street canyons
to the upper background when the solar zenith angle is such that the
regular canyon is half-shaded. However, LS and WS obviously affect the
spatial distribution of pollutants within street canyons. Following the
course of the primary vortex in the regular canyon (Fig. 2), NO, and O3
differences due to the shading grow more pronounced when the air
passes through the shaded area, but soon lessen quickly as the air rea-
ches the unshaded area. Therefore, LS has a greater influence on ground
concentrations on the leeward side (Box[1,17), while WS has a greater
influence on the windward side (Boxi; 41). Moreover, shifting from the
LS to WS in the regular canyon, the ground NO, differences with respect
to the unshaded run range from 5.0 ppb (5.3%) to 2.8 ppb (2.9%) on the
leeward side and from 1.2 ppb (1.9%) to 6.1 ppb (9.5%) on the wind-
ward side; while the ground Og difference decreases range from —7.5
ppb (—67.4%) to —5.1 ppb (—46.0%) on the leeward side and from —2.8
ppb (—22.2%) to —7.7 ppb (—61.2%) on the windward side, respec-
tively. With the air moving toward the unshaded area near the rooftop,
concentration differences are smaller than those at the pedestrian level
due to the enhanced photodissociation, which is consistent with LES
modelling (c.f., Grawe et al. (2007)).

In the deep canyon (Fig. 3), the upper vortex is formed by the tur-
bulent effect induced by wind shear near the building rooftop (Zhong
etal., 2015), just as for the regular canyon, resulting in similar (but more
pronounced) NO; and O3 patterns under the different shading scenarios.
For the LS, NOy and Ogs concentration differences are up to 7.2 ppb
(5.4%) and —9.7 ppb (—67.4%) in Box[; ¢ on the leeward side. For the
WS, the differences are up to 8.5 ppb (7.9%) and —10.4 ppb (—63.3%) in
Box[46) on the windward side, respectively. The differences decline
rapidly in the lower compartment, within which a minor counter-
clockwise vortex is generated by wind shear at the middle of the canyon,
and the shading effects become less important as the lower compartment
has been fully shaded under both LS and WS. NO; decreases somewhat
(<2 ppb) as a result of reduced contributions from VOC chemistry; that
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is, the production of HO; and RO, has been constrained under the
shading scenarios. O3 levels at the lower compartment stay rather stable
due to intricate transport-chemical processes. The concentration of Oy
decreases slightly (<2 ppb) because of the formation of nitric acid
(HNO3) insides deep canyons.

Considering the solar zenith angle at which the deep canyon is half-
shaded (03 and 04), Fig. 4 shows the spatial distribution of concentration
differences for NOy, O3, and Oy within the regular canyon along the
leeward and windward facades. In comparison to the “half-shaded reg-
ular canyon” scenario (Fig. 2), the spatial distribution of pollutant

differences is similar, although ground NO; and Os differences are
somewhat decreased under varying shading conditions. When full sun-
light crosses through both the upper clockwise and lower anti-clockwise
vortices of the deep canyon (Fig. 5), NO, and O3 reduce substantially
under the shading scenarios, leading to larger concentration differences.
From LS (62) to WS (84), ground NO-, differences slightly increase from
—1.4 ppb (—0.9%) to —3.2 ppb (—2.0%) on the leeward side and from
—13.8 ppb (—5.2%) to —16.1 ppb (—6.1%) on the windward side.
Ground Oj differences change from —11.0 ppb (—75.4%) to —8.1 ppb
(—55.6%) on the leeward side and from —5.0 ppb (—59.5%) to —6.4 ppb
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Fig. 3. The spatial distribution of NO, and O3 (ppb) under lee-side (0;) and wind-side (03) shading with a quarter of original J-values of RCS chemistry in the deep
canyon. Line graph panels g-i present concentration differences with respect to a no-shading simulation (values of shaded situations LS and WS subtracted from those
of the unshaded scenarios NS) for NO,, O3, and O in the deep canyon. The solar zenith angle is such that the regular canyon is half-shaded. Subscripts “leeward” and
“windward” represent the magnitude of differences along with the leeward wall (—0.5 < x/Iy < —0.25) and the windward wall (0.25 < x/Iy < 0.5), respectively.
Arrows give an illustration of the advective flow in the canyon. See text for details.

(—=77.1%) on the windward side, respectively.

Our results show that shading effects modify the spatial distribution
of reactive species within street canyons depending on the canyon ge-
ometry and solar zenith angle. Interestingly, although NO, photo-
degradation rate has been reduced from 9.20 x 10> s t0 2.30 x 103
s~ ! when the deep canyon is half-shaded, NO, concentrations within the
deep canyon become lower by up to ~9% because of the shade. Also, Oy
is a useful measure of the street canyon chemistry and its difference due
to the shade decreases slightly in the regular canyon but decreases
substantially up to 23 ppb (~7%) inside the deep canyon, which can be

attributed to the inclusion of VOC chemistry as it becomes more
important when air residence times are longer. This is further discussed
in the following section by model simulations using the simple NOx-O3
chemistry.

3.2. Effects of VOC chemistry

Inclusion of VOCs emissions from on-road vehicles can affect
photochemical reactions, especially in deep urban canyons with longer
residence times of air pollutants (Zhong et al., 2017). CFD-based models,
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canyon. Line graph panels a—c present concentration differences with respect to a no-shading simulation (values of shaded situations LS and WS subtracted from those
of the unshaded scenarios NS) for NO,, O3, and Oy in the regular canyons, respectively. The solar zenith angle is such that the deep canyon is half-shaded (0, and 6,).
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0.5), respectively. Arrows give an illustration of the advective flow in the canyon. See text for details.

in general, simulate air quality within street canyons or across densely
built regions coupled only to a simple NO4-Os cycle to conserve
computational resources. Shading affects not only NO5 photolysis, but
also several VOC free-radical reactions (e.g. Table S1). Using simple
NOx-O3 chemistry at different solar zenith angles, Fig. 6 gives the spatial
distribution of concentration differences between the shaded scenarios
and the unshaded scenario for NOy, O3, and Oy in regular and deep
canyons. Fig. S3 provides the percentage underestimation of NOj, O3,
and Oy concentrations spatially within street canyons due to shading
effects (see Figs. S3-S6 for the spatial distribution of absolute values).

Considering the shading scenarios, the loss of photon flux causes NO; to
rise regardless of the solar zenith angle, which can also be observed
when VOC chemistry is negligible (e.g. see Figs. 2a and 3a for NOy
distributions in the regular canyon). When only the simple chemistry is
considered, Oy can be regarded as a passive tracer, since changes in NO5
are compensated by opposite changes in O3. Oy concentrations are al-
ways conserved between the shaded scenarios and the unshaded sce-
nario (Fig. 6c, f, 6i, 6 1). Therefore, the magnitudes of O3 depletion are
similar to that of increased NO; but opposite in sign (e.g., positive NOg
and negative O3 differences accordingly of 5 ppb along the leeward wall
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Fig. 5. The spatial distribution of NO, and O3 (ppb) under lee-side (6) and wind-side (8,) shading with a quarter of original J-values of RCS chemistry in the deep
canyon. Line graph panels g-i present concentration differences with respect to a no-shading simulation (values of shaded situations LS and WS subtracted from those
of the unshaded scenarios NS) for NO,, O3, and Oy in the regular canyons, respectively. The solar zenith angle is such that the deep canyon is half-shaded (0, and 6,).
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0.5), respectively. Arrows give an illustration of the advective flow in the canyon. See text for details.

under the LS) (Grawe et al., 2007). Although the spatial distribution of
concentration differences between shading and unshaded scenarios still
varies with solar zenith angle, these changes in concentration are less
important for NOy (up to ~10%) but remain substantial for O3 (up to
~75%).

Our results indicate not only that simulations using the RCS scheme
capture O3 production or depletion more precisely (Muilwijk et al.,
2016), but also the importance of shading effects on NO,. Reduced
photolysis rates constrain the generation of hydroperoxyl radicals
(HOy), thus limiting the synthesis of NO; through the oxidation of NO.

NO; concentrations decrease by 0.1%-7% due to the shading effects
when VOC chemistry becomes important (see, Fig. 5g). Therefore, the
RCS model describes the proper mechanics of Oy depletion as a function
of the local availability of VOC free radicals and the solar energy, which
cannot be simulated by using the simple NO-O3 cycle.

Absolute values of NO, and O3 can be considerably underestimated
without considering VOC chemistry. For example, the averaged NO,
increases from 85 ppb to 136 ppb (37%) and Os from 7 ppb to 13 ppb
(46%) in the idealised deep canyon (Zhong et al., 2017). One might ask
whether these disparities, caused by different chemical schemes, can be
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offset by shading effects. Without shading (i.e. NS), underestimates of
NO; by using the simple NOx-O3 cycle are ~13% and ~41% in the
regular and deep canyons compared to those of using VOC chemistry;
and underestimates of O3 are ~20% and ~55%, respectively (Fig. 5).
Considering the effect of including shading on the underestimates of
simple chemistry, the magnitude of the underestimate varies with solar
zenith angle and canyon geometry. When the regular canyon has been
half-shaded, O3 underestimates change remarkably to ~35% and ~22%
in regular and deep canyons, respectively; when the deep canyon has
been half-shaded, the canyon averaged underestimations are similar to
those of NS in the regular canyon but decrease to ~37% for NO; and to
~31% for O3 in the deep canyon, respectively. It is worth noting that the
underestimate of O3 varies spatially within street canyons (e.g. ~50% at
the pedestrian level and ~15% at the rooftop of the deep canyon). There

is no single and simple factor that can be used to bridge the gap between
concentration differences due to different chemical schemes, with or
without shading, which emphasizes the need to include shading effects
along with VOC free-radical chemistry in future air quality simulations.

3.3. Effects of NOy and VOC emissions

The response of atmospheric chemistry to anthropogenic emissions is
complex and highly non-linear (Colbeck and MacKenzie, 1994; Seinfeld
and Pandis, 2008). It is therefore likely that shading effects will vary
with on-road conditions such as vehicle types and emission factors.
While greater percentage uncertainties in O3 concentrations are found
under a typical traffic condition (as discussed above), their absolute
values are not significant. Nonetheless, shifting traffic emissions also
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alter the chemistry in the urban environment, potentially yielding more
O3 to the critical level higher than 40 ppb and causing adverse effects on
public health and plants (Bortier et al., 2000; Satsangi et al., 2004).
Therefore, we examined various emission conditions to investigate their
impacts on shading effects. Here we adopt percentage differences to
assess shading effects on NO, and Os levels within urban canyons
because varying traffic emissions lead to different absolute values of air
pollution. Results are illustrated in Fig. 7 and Fig. 8 using isopleths
similar to those used in O3-NOx-VOC sensitivity studies (Sillman, 1999).

Fig. 7 shows that NOy and VOC emissions have considerable impact
on shading effects in a non-linear fashion when the solar zenith angle is
such that the regular canyon is half-shaded, but the pattern changes little
with the shading scenarios (i.e. LS and WS). Lower traffic emissions lead
to stronger relative changes due to shading on NO3 by up to ~10% and
~5% in regular and deep canyons, respectively, but result in weaker
shading effects on O3 by up to ~23% and ~13%, respectively. The
shading effects on NO, are more sensitive to NOy than they are to VOC
emissions, particularly under a high-NOy circumstance within street
canyons, but shading becomes more susceptible to VOCs when NOy
emissions are low. The shading effects on Og change very slightly with
VOC emissions but increase greatly with increasing NOy emissions.
When the solar zenith angle is such that the deep canyon is half-shaded
and the regular canyon is less shaded (Fig. 1), the sensitivity of shading
effects to emissions decreases in the regular canyon (e.g. varying <2%
for in-canyon NOy; Fig. 8) but significantly increases in the deep canyon.
In the NOy-sensitive (or VOC-saturated) zone, the shading effect in-
creases with increasing NOy emissions and shows relatively little change
in response to increased VOC emissions.

The solid line in each panel of Figs. 7 and 8 depicts emission con-
ditions leading to the critical level of NO5 (105 ppb) and Os (40 ppb)
without shading, whereas the dashed line gives the critical-level emis-
sion conditions with shading. The disparity between the lines indicates
that model simulations without shading provide imprecise determina-
tion of compliance, particularly for O3 concentrations within the urban
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canyon environment. Despite that results indicate that neglecting shade
has a little effect on compliance with the air quality threshold for the
canyon-average value, it should be noted that half-shading situations
with very high VOC:NOy ratios might be significant if internal com-
bustion vehicles are phased out, removing NOy but leaving VOC emis-
sions from solvent evaporation and biogenic VOCs, which could be
discussed further. Model results for the regular canyon in our work vary
from those of a prior work (Grawe et al., 2007) because to the existence
of VOC free-radical interactions that violate Oy conservation, which
suggests the shading effects and VOC free-radical chemical reactions
need to be considered properly particularly for the deep canyon
modelling.

3.4. Effects of shading intensities

Fig. 9 and Fig. S7 provide the concentration difference for NO, and
O3 between the shaded scenarios (LS and WS) and NS under different
chemical schemes with the photolysis rate of various percentages of
their original values in shaded grids of street canyons. In the regular
canyon, as with Grawe et al. (2007), the shade overall causes increased
canyon averaged NO; and decreased Ogz (i.e. Cno2,0 and Cos, 0, denoted
by black lines in our figures) due to reduced efficiencies of NO,
photolysis (reaction (1), above) and, hence, reduced O3 formation
(Fig. 9a and c, S6a, S6¢). There is a nearly linear relationship between
concentration differences and the shading magnitude, as those in Grawe
et al. (2007), for all shading scenarios and locations shown except NO,
in the deep-canyon, half-shading scenario (Fig. 9b). In the deep canyon,
where chemistry has more time to take place, the relationship between
the shading magnitude and NO differences depends on both the solar
zenith angle and chemical schemes. Fig. 9d and Fig. S7d indicate that the
efficiency of NO; dissociation alone cannot be responsible for non-linear
effects. With VOC free-radical chemistry, a near linear relationship be-
tween NO3 and O3 concentration differences and the shading magnitude
is found when the regular canyon has been half-shaded (i.e. the solar
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zenith angle is 0; or 03, Fig. S7b). However, when the deep canyon is
half-shaded (i.e. the solar zenith angle is 62 or 64), the linear hypothesis
between concentrations and the shading magnitude is still valid for O3
but is not valid for NO, because NO, differences increase non-linearly
with the photolysis efficiency and vary very little throughout a range
of shading magnitudes on the lee-side facade in the deep canyon.
Therefore, using the simple NO4-O3 chemistry can lead to erroneous
estimates of air quality and subsequent health impacts, as the simple
linear assumption between NO5 and shade intensity is no longer appli-
cable when VOC free-radical chemistry is involved. This is particularly
important for urban networks in middle latitudes with a high density of
tall buildings because of sufficient shade and poor ventilation, which
highlights the necessity of considering VOC reactions for physico-
chemical process simulations in the real atmosphere.

3.5. Effects of prevailing wind speeds

The prevailing wind speed (Up) affects the mass exchange efficiency
between the street canyon and the overlying background, leading to
changes in resident time of chemical species and in the distribution of
pollutant concentrations within street canyons (Murena et al., 2011).
Higher Uy (e.g. 2.8 m s~ 1) enables not only enhanced rooftop ventilation
but also more rapid in-canyon air circulation between shaded and un-
shaded areas inside the urban canyon (Grawe et al., 2007), while lower
Up(e.g.1.2m s~1) allows chemistry to occur for longer time (Park et al.,
2015). Albeit that using scaled dynamical parameters cannot describe
in-canyon airflow characteristics absolutely accurately, the objective
here is to investigate in broad terms the impact of canyon ventilation on
the shading effects associated with solar zenith angle and canyon ge-
ometry. When the regular canyon is half-shaded, absolute
shading-non-shading differences for NO, and Ogs are small (as shown in
Fig. S8). Increased Uy leads to markedly lower NO; and higher O3 inside
street canyons due to a stronger mixing between the canyon and the
background (Zhong et al., 2016b). Therefore, considering the percent

11

variance, in the regular canyon, NO; reduces somewhat (to ~1%) as a
result of shading effects due to decreased efficiency of formation
through VOC chemistry at lower Uy, while NOy concentrations rise by
5% at higher Uy, because of VOC chemistry. Differences in O3 decrease
from ~38% to ~29% with increasing wind speeds. In the deep canyon,
the impact of changes in prevailing wind velocity on the shading effects
is quite small (<2%) for NO3 and O3 due to its impacts on both physical
and chemical processes. When the deep canyon is half-shaded (Fig. S9),
the pattern of concentration changes inside the regular canyon is very
similar to that of the “half-shaded regular canyon” condition (i.e. from
—1% to 2% for NO, and from —20% to —15% for O3). The differences
drop substantially with increased Uy in particular for ground NO5 on the
windward side (e.g. from —38 ppb and —32 ppb to —8 ppb for WS and
LS, respectively), however, these changes in percentage are small (from
~-8% to ~ -4%), because ground NO, concentrations can be extremely
high (e.g. up to ~230 ppb) in the deep canyon at low Uy (Murena et al.,
2009; Zhong et al., 2015). The shading effects on the canyon average O3
decrease slightly (<3%) as Up increases, but larger wind impacts are
observed at different locations inside the canyon (e.g. ~15% along the
windward side). Consequently, the impact of prevailing wind speed on
shading effects cannot be disregarded because location-specific con-
centrations need to be predicted accurately in order to develop targeted
and effective strategies.

In this study, MBM-FleX provides a method for coupling different
chemical schemes to simulate reactive species in urban canyons. Inevi-
tably, the current model has some limitations. Firstly, the dynamical
parameters (advective velocity and turbulent velocity) need to be
derived from a pre-computed RANS or LES model; in other words, the
airflow characteristics are predefined in MBM-FleX. Secondly, while the
resolution of the model is adjustable, a higher resolution leads to better
capture of segregation effects (Li et al., 2021; Zhong et al., 2014) but an
exponentially increasing number of dynamical parameters. There is al-
ways a trade-off between the number of meshes and the computation
time. Thirdly, MBM-FleX is only applicable when the predominant wind
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direction is perpendicular to the street axis. In light of these complica-
tions, more studies into the shading effects on air quality at
street-to-regional scale is necessary to improve the rationale of urban
design.

4. Conclusions

The poorly ventilated nature of urban canyons leads to frequent
occurrences of severe air pollution, affecting the health of pedestrians
who are exposed in such environments. Therefore, urban canyons
become “hotspots” areas for air quality management. A processed-based
multi-box model (MBM-FleX) coupled with chemical schemes was
implemented to investigate shading effects on NOy, O3, and Ox (NO3 +
0O3) within urban street canyons. Our results reveal sometimes large
differences between the shaded and unshaded scenarios, demonstrating
that the interaction of shading effects, chemical processes, emissions,
and tracer transport alter the average magnitude and spatial distribution
of air pollution within street canyons. When the solar zenith angle is
such that a regular canyon (aspect ratio ~ 1) is half-shaded, NO, and O3
differences caused by the shading effects become more significant as air
blows through the shaded areas, but quickly reduced when the air moves
into the unshaded areas due to enhanced photochemistry. In the deep
street canyon, considering the same angle of incident sunlight, the
concentration differences rapidly lessen and the shading effects become
less significant in the lower compartment as it is completely shaded on
both lee- and wind-side directions. The spatial distribution of pollutants
in the regular canyon overall are similar when solar zenith angle
changes in this study, while concentration differences within the deep
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canyon increase significantly.

With the simple NO4-Os chemistry, shade slows the photo-
degradation of NO», causing NO concentrations to increase inside street
canyons, while O3 concentrations always vary in an opposite manner
due to Oy conservation. Our results reveal that VOC chemistry can be of
importance in modelling shading effects in terms of its impact on, in
particular, Oy concentrations in street canyons, which becomes crucial
when the generation of NO; from the oxidation of NO with hydroperoxyl
radical (HOy) is substantial. Additionally, the difference in O3 between
shaded and unshaded scenarios is linearly related to shading intensity,
but the shaded-unshaded difference in NO is not linearly related to
shading intensity, especially in deep canyons with longer time for
photochemistry to occur. Prevailing wind speeds also have a location-
specific influence on concentration differences due to the shade. These
difficulties suggest that one cannot simply use a proxy to simulate
shading effects on street-canyon air quality. The relatively strong effect
on street canyon ozone could also have implications for the production
of Highly Oxidized Molecules (HOMs) and, hence, for new particle
formation, but this requires further investigation with an extend
chemistry scheme that includes the ozonolysis of alkenes and aromatics
(e.g. Rissanen et al. (2014)) and is outside the scope of the present study.

Ultimately, the results above should be modelled in combination
with effects on tracer transport, such as the impact of heating (e.g. Cai
(2012b)) and enhanced wall roughness (e.g. in-canyon green in-
frastructures, Buccolieri et al. (2018)). Nevertheless, this study provides
an initial quantification of shading effects on reactive air pollutants
under various solar zenith angles, chemical schemes, traffic conditions,
canyon geometry, and shading intensities. The findings provide steer for
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developing air quality models and proposing air quality solutions for
urban hotspots. The technique utilised in this study is applicable for
assessing the shading effects in the non-neutral atmosphere when
pre-generated LES parameters are available to provide the dynamical
input parameters, it allows a fast computation of a large number of
scenarios without loss of sufficient spatial resolution and representation
of transport, mixing, and chemical processes, and can be further
expanded into a user friendly toolkit for street network air quality
simulations.
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