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ARTICLE OPEN

Chemistry, street canyon geometry, and emissions effects on
NO2 “hotspots” and regulatory “wiggle room”
Yuqing Dai1, Xiaoming Cai1, Jian Zhong 1 and A. Robert MacKenzie 1✉

The extent to which nitrogen dioxide (NO2) undergoes complex chemical-transport processes near strong nitrogen-oxide sources in
street canyons is not fully understood. A multi-box framework with volatile organic compound (VOC) chemistry has been evaluated
against large-eddy simulation (LES) data and observations, and then used to simulate NO2 at street-canyon “hotspots”.
42,000 sensitivity studies — varying nitrogen oxides (NOx) and VOC emission strength, and primary NO2 fraction (fNO2 ) emitted
within each of five streetscape cases — show the importance of detailed VOC chemistry, even in regular canyons (aspect ratio,
AR= 1) when the ambient wind is weak. For a midsummer central London scenario, the inclusion of chemistry moves the canyon
from compliance to out-of-compliance with the 1-hour NO2 standard. Ignoring street-canyon chemistry can lead, therefore, to false
positives in regulatory air quality modelling. Neglecting VOC chemistry can underestimate NO2 by 6–22% in regular canyons, and
even more (−51–31%) in deep canyons (AR= 2), particularly with lower fNO2 values resulting from gasoline-dominated vehicle
fleets or by tighter control of primary NO2 from diesels. The very significant changes in regulatory “wiggle room” across sensitivity
studies demonstrate the utility of this kind of chemistry-transport modelling for identifying efficient and effective regulatory
pathways.

npj Climate and Atmospheric Science           (2022) 5:102 ; https://doi.org/10.1038/s41612-022-00323-w

INTRODUCTION
Poor outdoor air quality has been linked to a mortality burden of
between 28,000 and 36,000 every year in the UK1 and 4.2 million
deaths brought forward globally2; it also significantly increases the
risk of respiratory diseases and has impacts on cognitive
performance in particular with vulnerable groups3–5. Nitrogen
dioxide (NO2) is one of the most harmful urban air pollutants, with
direct adverse impacts on human health; it also contributes to the
formation of harmful secondary pollutants such as ozone (O3),
peroxyacetyl nitrate (PAN), and particulate matter (PM). PAN, in
turn, is important as a “reservoir” compound, transporting and
then releasing reactive nitrogen downstream of its sources6,7.
Tail-pipe emissions from internal combustion engines are the

dominant primary source of NO2 in most urban areas8. Subse-
quently, secondary NO2 is generated from nitric oxide (NO)
through its rapid reactions with O3, hydroperoxy (HO2), and
organic peroxyl radicals (RO2). The radicals are generated from the
photo-oxidation of volatile organic compounds (VOCs), which
derive predominantly from tail-pipe emissions in cold condi-
tions9,10, augmented by evaporative11,12 and biogenic emis-
sions13–15 in warmer conditions. For cities in the global North,
traffic emissions are estimated to be responsible for more than
60% of NOx concentrations at the roadside in urban areas16–18.
Although prominent downward trends in the annual NO2

concentrations have been observed in many megacities (e.g.,
London, Beijing) under tight emission control strategies, evidence
indicates that there is no safe threshold of exposure to air
pollutants19 and the Global Air Quality Guidelines (AQGs) have
been updated by the World Health Organization (WHO) in 2021,
suggesting that annual NO2 levels should not exceed 10 μgm−3 (a
75% reduction), while the 1-hour limit (200 μgm−3) remains
valid20. Breaches of NO2 levels against standards still occurred in
congested areas with inadequate ventilation (i.e., regions with
poor mixing with the overlying atmosphere— “street canyons” for

example). More residents in urban areas will be affected by air
quality issues as buildings in urban areas become denser21 and as
urban populations increase22.
The term “street canyon” refers to a narrow street flanked by

continuous in-line buildings23. According to the aspect ratio (AR,
the ratio of building height to street width), street canyons can be
categorized as “avenue” (AR ≤ 0.5), “regular” (AR ≈ 1), and “deep”
(AR ≥ 2) canyons24. Previous wind/water-tunnel-scale studies
found that one vortex and multiple counter-rotated vortexes in
idealised regular and deep urban canyons with symmetrical
geometries, flat roofs, and a high Reynold (Re) number (~106),
respectively25,26. However, there is a continuing debate about the
threshold value for the formation of multi-vortexes and Re-
independence in street canyons. Chew, et al.27 reported that a
single vortex may form in the deep canyon (c.f., AR= 2) if Re is
around 105; full-scale urban canyon simulations showed that only
a primary vortex is generated in street canyons with AR equals to
one and three, and two vortexes are formed when AR equals to
five and six, while the essential Re for Re-independent airflows is
~106 and ~107 for canyons with AR= 3 and AR= 5, respec-
tively28,29. These controversies suggest that CFD results should be
re-visited in the future by comparison with observations and are
beyond the scope of this study.
NO2 builds up in heavily trafficked street canyons because of

intensive vehicle emissions and the inefficient exchange of air
with the ambient background aloft. This exchange of air, or
ventilation, has been quantified as a rate with units of velocity,
called a “transfer velocity”30, “air ventilation rate”31, or “exchange
velocity”26. The distribution of NO2 in street canyons is compli-
cated by chemical reactions. NO, NO2, and O3 rapidly adjust
towards a photo-stationary state (see, for example, Hewitt and
Jackson32, Baker, et al.33) (Supplementary Methods, reactions 10
and 11). As air flows around urban street canyons, NOx (i.e., the
sum of NO and NO2)-O3 and organic free-radical chemistry
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(hereafter denoted as “free-radical chemistry”) also take place.
Previous studies have stressed the critical role of VOC abatement
and hence free-radical chemistry in controlling NO2 and O3 in
VOC-sensitive urban areas at the regional scale34–36. However, the
impact of VOC on NO2 concentrations at the street scale has been
very sparingly studied. Computational fluid dynamics (CFD)-based
models such as Reynolds-averaged Navier-Stokes (RANS) and
large eddy simulation (LES) have very occasionally been used for
simulating reactive species (e.g., NO, NO2, O3) in street canyons by
coupling dynamics and chemistry33,37–41. These models can
provide very detailed airflow characteristics and a very high-
resolution distribution of reactive species in street canyons37,42,43.
Nevertheless, it is difficult to incorporate complex chemical
schemes into these simulations due to computational resource
constraints, very substantially restricting their scope to survey the
parameter space through sensitivity studies. Gaussian models can
be extended to allow fast computation of the dispersion of
pollutants within street canyons, but they are less process-based
and have limited ability to represent complex chemical reactions
in the atmosphere. Although single-box models (e.g., Pugh,
et al.44) allow more complicated chemistry and/or microphysics
to be incorporated, they cannot calculate within-canyon concen-
tration gradients and chemical segregation45–48, which gives rise
to highly localized pollution “hotspots”.
In the present study, we used a two-dimensional (2D) multi-box

framework that removes the well-mixed assumption presented in
the single-box calculation, to simulate NO2 mixing ratios within
urban street canyons. VOC chemistry was incorporated into the
model without an unmanageable loss of computational speed49.
Overall, the model offers the spatial distribution of pollutants with
a fairly short computational time (e.g., ~6 min for a deep canyon
and ~3min for a regular canyon) compared to the LES (~10 days).
Here, the model results at the pedestrian level were evaluated
against available observations. By taking into account a large
portfolio of emission scenarios, different routes for reducing NO2

in street canyons were explored. The model results show the
extent to which it is important to include free-radical chemistry, as
distinct from the purely inorganic NOx-O3 scheme, thereby
supporting strategies for efficient and effective air pollutant
management.
This article is organized as follows: the Methods section

comprises three sub-sections, i.e. “model description” describes
the multi-box model used in this work and its basic components;

“model evaluation” compares the model results to measurements
within four realistic street canyons; “model scenarios” presents the
details of the model configuration for different emission and
meteorological scenarios. Three sub-sections in the Results and
Discussion section demonstrate the analysed results in street
canyons, the influence of emission heterogeneity and meteorol-
ogy on model results, and implications for future modelling and
air quality regulatory policy, respectively.

RESULTS AND DISCUSSION
NO2 response surfaces and air quality management
Figure 1 shows the modelled mixing ratios of NO2 on the upward-
flowing side of the main circulatory vortex, at the pedestrian level
of regular and deep street canyons. The figure shows a 2D slice
through the parameter space at the typical VOC emission rate (
EnormVOCs ¼ 1) and U0= 2m s−1. The solid line dividing the polluted
air zone (P) and the clean air zone (C) is the UK hourly air quality
objective for NO2 (105 ppb corresponding to 200 μgm−3 based on
the conversion factor estimated at 20 °C and 1 atm), which we will
describe below as the “compliance line”. The dotted and dashed
lines show the compliance line from other relative VOC emission
values projected onto the EnormVOCs ¼ 1 surface: we refer to the dotted
EnormVOCs ¼ 0:1 compliance line as the “low free-radical chemistry” line
(i.e., more complicated chemistry is essentially near-absent, as in
most current regulatory models), and the dashed EnormVOCs ¼ 2 as the
“intense free-radical chemistry” line. The compliance lines reveal a
complex relationship between emission factors and free-radical
chemistry. It should of course be borne in mind that increases or
decreases in NOx and VOC emissions as well as changes in primary
NO2 are often simultaneous in reality, but the lines in Fig. 1 show
the extent to which compliance with the air quality standard
depends on assumptions about chemistry that are routinely
absent from regulatory modelling. Similarly, the much more
computationally intensive LES might typically investigate 6 or 10
of the 8400 scenarios tested by the multi-box model (e.g., Kwak
and Baik50, Kim, et al.51, Kwak, et al.52), and so could miss the
general patterns captured in Fig. 1.
The impact of emissions and primary NO2 in the presence of

free VOC radical chemistry presents a challenge to policymakers
pursuing effective mitigation options. Consider a regular canyon
with an intense emission condition (IEC) of 3000 vehicle hr−1 with
EnormNOx

¼ 2 and fNO2 = 0.26 (with EnormVOCs ¼ 1 for illustration purposes

Fig. 1 Emissions effects on upward-vortex side NO2 mixing-ratios at the pedestrian level in urban canyons. The upward-vortex side NO2
mixing-ratios (ppb) at the pedestrian level of the regular (a) and deep (b) canyons at EnormVOCs ¼ 1 in Case 0 (U0= 2m s−1). fNO2 is the primary NO2

fraction, EnormNOx
and EnormVOCs are the ratios of NOx and VOC emission rates to their typical emission condition (TEC), respectively. All simulated

patterns change when EVOCs is changed, and the compliance line shifts to the dotted and dashed lines when EnormVOCs changes to 0.1 and 2,
respectively. The regions “[P]” and “[C]” divided by the compliance line represent the polluted and clean air zone, respectively. The arrows
represent control strategies for NO2 reduction under an intense emission condition (IEC), see text for details.
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in Fig. 1a), that is, modelling a putatively perfect AR= 1 canyon in
Marylebone Road in central London. Under these conditions, the
site is not compliant: the site conditions are above and to the right
of the compliance line (Fig. 1a). NO2 mixing-ratio reductions are
then strongly dependent upon total NOx emissions and fNO2 .
Reducing solely ENOx by ~10% (the horizontal arrow) or fNO2 from
0.26 to 0.23 (the vertical arrow) brings NO2 into compliance.
However, if free-radical chemistry is effectively ignored, the site is
below and to the left of the dashed line and so already in
compliance. This would be, in effect, a false positive outcome

arising from the neglect of chemistry in the model. If organic
chemistry is twice as intense (i.e., EnormVOCs ¼ 2), the site is very far
from compliance, and reaching compliance would require
reducing ENOx by ~25% or fNO2 from 0.26 to 0.12, with
concomitantly large implications for control technology and
regulation. The compliance line shifts nonlinearly in terms of
free-radical chemistry from the intense situation (dashed line) to
the “zero” situation (dotted line) as EVOCs are reduced, implying
that reducing EVOCs alone results in progressively less effective
NO2 mitigation, leading to a VOCs-saturated and NOx-sensitive
condition. Therefore, multi-variate synergistic controls (e.g., the
oblique arrow in Fig. 1a, with a shorter distance between the IEC
and the limitation) offer a more effective way of reducing NO2 in
street canyons. However, note that the optimum path for air
quality amelioration varies significantly based on the geometry of
canyons and should be evaluated carefully in each instance. The
distance between the present emission scenario and the three-
dimensional compliance surface may help stakeholders in
designing more effective strategies for improving air quality in
urban areas (e.g., Supplementary Fig. 2).
The situation is more complicated when the building height is

doubled, as this greatly reduces the exchange velocity and
increases the residence time of air pollutants, allowing more time
for chemistry to take place25,53. For the deep canyon (Fig. 1b), ENOx

requires to be reduced absolutely (~65%) as NO2 is extremely
high. Neglecting free-radical chemistry makes a very significant
difference to modelled NO2 and, hence, to the position of a site
relative to the compliance line (dotted line in Fig. 1b). For our
hypothetical deep London canyon, the NOx reduction required
would be underestimated by almost 50% for modelling that
ignores chemistry (i.e., the dotted compliance line at fNO2 = 0.26)

Table 1. The “wiggle room” (χ, dimensionless) under the hourly NO2

compliance line(a).

EnormVOCs
(b) Regular canyon (AR= 1) Deep canyon (AR= 2)

0.1 1.0 2.0 0.1 1.0 2.0

Case 0 1.89 1.82 1.48 0.73 0.24 0.29

Case 1(c) 1.46 0.78 0.54 0.41 0.16 0.22

Case 2(c) >1.9a >1.9a >1.9a 1.01 0.34 0.32

Case 3(d) 1.87 1.80 1.43 0.71 0.24 0.28

Case 4(d) 1.86 1.77 1.39 0.69 0.23 0.27

aThe maximum value for χ in the AR= 1 phase space is 1.9; higher values
indicates that parameter values beyond the state space investigated would
be compliant.
b EnormVOCs represents the ratio of VOC emission rates to its typical emission
condition (TEC).
cVarying prevailing wind velocity.
dVarying distribution of vehicle emissions.

Fig. 2 Emission heterogeneities on NO2 mixing-ratios in the regular canyon. The mixing-ratios (ppb) of NO2 on the leeward side (CNO2 ,[1,1])
and windward side (CNO2 ,[1,4]) of the regular canyon at EnormVOCs ¼ 1 under different emission heterogeneities. fNO2 is the primary NO2 fraction, and
EnormNOx

is the ratio of NOx emission rates to the TEC of a typical emission condition. The solid line represents the UK air quality hourly NO2 limit
(105 ppb), and this contour line shifts to the dotted and dashed lines when EnormVOCs changes to 0.1 and 2, respectively.
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and this underestimation gets markedly worse for lower values of
fNO2 .
The region “C” of compliant air quality in the two-dimensional

ENOx— fNO2 space (Fig. 1) can be thought of as comprising the
“wiggle room” (χ) of different ENOx and fNO2 scenarios that provided
tolerable air quality in street canyons (see further discussion in
Supplementary Discussion, subsection 4). When the compliance
line is linear with respect to ENOx , region “C” is a simple shape (e.g.,
the solid and dashed lines in Fig. 1b) and air quality management
options are simple to describe. When the compliance line is either
not linear or becomes far apart for the different chemistry
intensities (e.g., Fig. 1a), then visual inspection of phase space is
the best way to consider management options.
Numerically integrating this region to calculate the area of

compliant parameters collapses the complexity of Fig. 1a into a
single number, but that number provides a useful metric for
quantifying the effect of free-radical chemistry on in-canyon NO2;
the changing magnitude of χ reflects the sensitivity of NO2 to key
emission variables such as ENOx and EVOCs (see Supplementary
Discussion, subsection 4). The metric, χ, is computed as a
dimensionless value of emissions in Table 1 within the 2D space
of Fig. 1. The difference in the metric between the “low free-radical
chemistry” scenario (EnormVOCs ¼ 0:1) and the “intense free-radical
chemistry” (EnormVOCs ¼ 2) provides an upper limit to the extent to
which neglect of free-radical chemistry overestimates the
compliant phase space available in the street canyon, and so
measures the potential for false positives in the regulatory
modelling. For instance, introducing free-radical chemistry
(EnormVOCs ¼ 1) to the standard case, Case 0, decreases the air quality
management “wiggle room”, χ, by only ~3.5%, but introducing
free-radical chemistry to the low wind speed case, Case 1,

decreases χ by 46%. For the deep canyon, the effect of free-radical
chemistry is between 60% and 70% for all wind speeds (Table 1).
The dotted (“low free-radical chemistry”, EnormVOCs ¼ 0:1) compli-

ance line in the deep canyon is non-linear, that is, its gradient
becomes steeper where fNO2 is less than ~0.2. Recalling that the
range of fNO2 can come about by changing the fraction of
gasoline-driven vehicles in the fleet, this non-linearity indicates
that neglecting free-radical chemistry introduces a large error in χ
for areas dominated by gasoline engines. When EnormVOCs ¼ 2 in the
deep canyon, conversion of NO2 to organic nitrates and PAN
(Supplementary Table 6, reaction 125) results in a slight increase in
χ (Fig. 1b, Table 1). Supplementary Fig. 8 and Supplementary Fig 9
present the isopleths of the mixing ratio of PAN as a function of
ENOx and EVOCs at the pedestrian level in regular and deep canyons,
respectively. Since the production of PAN cannot be simulated by
a simple NOx-O3 cycle, ignoring free-radical chemistry may result
in an underestimate of the significance of PAN in street canyons.
The model results show a clear spatial distribution of PAN in
regular and deep street canyons, respectively; high PAN concen-
trations in the presence of low NOx and high VOC emissions imply
that lowering NOx must be accompanied by a concerted effort on
VOC emissions to limit PAN production in the UCL. Additional
information is available in Supplementary Methods (i.e., model
sensitivity).

Model sensitivity
Sensitivity runs (Supplementary Fig. 4–5; Table 1) determine the
impacts of prevailing wind velocity (U0) on NO2 mixing ratios. Air
quality within the modelled urban canyons improves considerably,
up to ~25%, with better ventilation, and deteriorates sharply, by
up to ~60%, when U0 is low (Supplementary Fig. 4–5). This

Fig. 3 Emission heterogeneities on NO2 mixing-ratios in the deep canyon. The mixing-ratios (ppb) of NO2 on the leeward side (CNO2 ,[1,1]) and
windward side (CNO2 ,[1,4]) of the deep canyon at EnormVOCs ¼ 1 under different emission heterogeneities. fNO2 is the primary NO2 fraction, and EnormNOx

is the ratio of NOx emission rates to the TEC of a typical emission condition. The solid line represents the UK air quality hourly NO2 limit
(105 ppb), and this contour line shifts to the dotted and dashed lines when EnormVOCs changes to 0.1 and 2, respectively.
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behavior is in line with previous modelling results54 and
observations55. In our model, the airflow inside street canyons is
assumed to be linearly scaled to U0, but the effects on NO2 are
highly non-linear with respect to emission profiles and monitoring
locations within street canyons (Supplementary Fig. 6–7) because
of the tight coupling of chemistry-transport processes. In the
regular canyon, χ drops very rapidly in Case 1 compared to Case 0
(Table 1) because the low U0 implies a longer residence time for
air parcels, making free-radical chemistry more important.
Figure 2 and Fig. 3 show the effect of emission heterogeneity

on NO2 mixing ratios near the carriageway. The mixing-ratio of
NO2 shows little change (χ ≈ that in Case 0) at the upward-vortex
side as vehicle emissions shift from the central street toward the
pavement, but it becomes very different at the downward-vortex
side, especially in the deep canyon (see Supplementary Fig. 5).
This asymmetry has clear implications for coordinated urban
planning of transport and the built environment. The emission
heterogeneity may also alter the mass fluxes escaping the
canyons and, thus, the overall mixing-ratio of pollutants within
canyons. This becomes even more important when the blocking
effect of central barriers and the segregation impact are taken into
account, which merits future investigation.
An alternative view of VOC free-radical chemistry effects is

provided in Fig. 4, which is produced from NO2-EVOCs “slices”
through the full NO2–EVOCs–ENOx– fNO2 phase space. For clarity, we
normalize the EVOCs values to EVOCs,TEC (i.e., EnormVOCs ) and normalize
NO2 mixing-ratios to their values at EnormVOCs ¼ 1. Each area divided
by vertical dotted lines represents one VOC emission scenario as
labelled in Fig. 4. The range of boxes represents the variability in
NO2 (%) under different ENOx and fNO2 conditions, and the points
and lines represent the variability in NO2 (%) for the IEC situation.
Model errors that would occur from using the simple NOx-O3

scheme are closely approximated by the y-axis range of the boxes,
and are highly dependent upon ENOx , EVOCs, fNO2 , and street
canyon geometries. The degree of model error, due to using the

simple chemistry, is not linearly related to these emission
parameters due to the chemical complexity.
In Case 0, the effect of neglecting VOC free-radical chemistry

underestimates NO2 by 5.9% to 22.1% (8.8% for the IEC) in the
regular canyon, and becomes even more significant (−51.3% to
30.9%, −25.2% for the IEC) in the deep canyon. Lowering U0

greatly enhances the residence time of reactive species and
increases the range of under- or over-estimation in NO2 (Case 1),
making free-radical chemistry more important even in the regular
canyon (−39.5% to 6.9%, −15.4% for the IEC). The effect of
emission heterogeneity on NO2 is minor in the regular canyon
(Cases 3 and 4) under most circumstance but cannot be ignored in
the deep canyon (Fig. 4).

Implications for future regulatory practice and modelling
Chemical (and microphysical) complexities in street canyons have
been accommodated using one- and 1D two-box models of street
canyons to date44,54,56. The magnitude of underestimation or
overestimation of NOx and NO2 levels by the typical one-box
model is quantified in Supplementary Discussion (Subsection 2).
The one-box model significantly under- and over-estimated
mixing-ratios on the upward- and downward-vortex sides of
street canyons, respectively (Supplementary Fig. 12). The inaccu-
racy varies with U0 but is more strongly dependent on emission
source strength and heterogeneity. In general, the one-box model
performs closer to multi-box model results for NOx in less polluted
areas (i.e., low ENOx and EVOCs), but its performance on reactive
species such as NO2 does not improve correspondingly, due to
non-linear chemistry. Previous studies have built empirical
equations that are derived from long-term in-situ observa-
tions57–59 for NO2 calculation from NOx in some operational
models (e.g., STREET60, AEOLIUS61, OSPM62,63). Our results,
however, indicate that such data-driven correlations would vary
substantially across sites based on emissions (see, for example,
Supplementary Fig. 4–7) and should be used with care in

Fig. 4 The NO2 variability under different emission scenarios. The variability in the mixing-ratio of NO2 (%) under different normalised NOx
emissions (EnormNOx

), VOC emissions (EnormVOCs ), and primary NO2 fractions (fNO2 ) in regular (a) and deep (b) street canyons, respectively. Each area
divided by a vertical blue dotted line represents one VOC emission scenario, as labelled. The points and solid lines represent the variability in
NO2 for the intense emission condition (IEC) on a putative perfect AR= 1 “Marylebone Road” (EnormNOx

¼ 2, fNO2 = 0.26).
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regulatory practice and modelling. An additional explanation is
given in Supplementary Discussion (Subsection 3).
The results presented here, particularly our discussion of

regulatory “wiggle room”, χ, should not be interpreted as a
tolerance of emissions, but rather as an acknowledgement that air
quality management operates in the frame of available technol-
ogies and publicly acceptable regulation21,64. Although our focus
has been on NO2 and PAN, VOCs contribute significantly to the
generation of other secondary pollutants such as O3 and
aerosols65–67 and the management required to control those
may be different. The impact of VOC free-radical chemistry on NO2

concentrations in a regular canyon has been uncertain: it has been
previously calculated to be rather limited (~10%)26,68, or more
significant51. By developing a computationally efficient model
with spatial resolution and free-radical chemistry, we can draw out
the impact of chemistry more clearly through an exploration of
the model phase space. Our findings indicate that NO2 production
through VOC chemistry may be substantial or insignificant,
depending in predictable ways on emission characteristics.
It is also worth noting that the effect of VOC chemistry on NO2

at the pedestrian “hotspot” is likely much greater than the effect
on the whole canyon volume. By focusing on “compliant”
parameter sets producing model results below the UK 1-hour air
quality standard, tens of thousands of model integrations can be
described visually in a succinct way and even collapsed to a single
integral metric, χ, which warns when neglect of radical chemistry
is most misleading. The strong dependence of our results on
aspect ratio and wind speed demonstrates starkly the need for
emissions control given the densification of urban living69,70 and
the global terrestrial stilling (i.e., a reduction in land surface wind
velocity of ~8%) which has been observed during recent
decades71–74.
Taking a broader perspective on the “wiggle room”, this

dimensionless factor can be used in a variety of more-or-less
rigorous ways. Estimating the location of particular street canyons
on the contour plot qualitatively is useful in order to develop
efficient synergistic pathways for air quality regulations. The
metric can be expanded to create a “wiggle volume” if necessary
to fit in three-dimensional (3D) parameter space that can be
explained in great detail (Supplementary Fig. 2). The local slope
components of χ reflect the effectiveness of limiting a parameter

(e.g., emissions) to improve air quality. Furthermore, χ could also
be extended to be employed at larger scales, since cooperative
control strategies for regional NOx and VOC emissions are urgently
needed, but research has not yet fully quantified their social
costs75,76.

METHODS
Model description
Figure 5 presents schematics of a typical one-box model and the
multi-box models for street canyons with different geometries.
The compartment with thick black lines represents the entire
canyon (denoted by “Box0”) with a flat roof shape. The
compartment overlying the building roofs represents the ambient
background above the urban canopy layer (UCL). The canyon
volume is split into several boxes (dashed blue lines) to give
Eulerian grid resolutions of, in this case, “16-box” for the regular
(AR= 1) canyon and “32-box” for the deep (AR= 2) canyon. Using
the subscripts “k” pointing to the location along the ordinate
direction and “i” to the location along the direction of the abscissa,
the multi-box model can specify the position of any box within the
canyon (denoted by “Box[k,i]”). Assuming that a non-zero
component of the ambient wind on the rooftop blows from left
to right perpendicularly to the street axis, in-canyon boxes are
indexed from the bottom-left, increasing upwards and rightwards
(e.g., k= 1 represents the pedestrian level, and i= 1 represents
model boxes near the leeward building facet). Emissions of NOx

(ENOx) and VOCs (EVOCs) from anthropogenic or natural sources can
be injected into any box in the multi-box model. The mixing ratios
of the qth species in Box0 and in Box[k,i] are denoted as Cq,0 (ppb)
and Cq,[k,i] (ppb), respectively.
Turbulent mixing between the canyon and background is

parameterized using “exchange rates” in the one- and multi-box
models24,44,48,77, respectively; in-canyon dynamics for the multi-
box model comprise advection and turbulent diffusion, which are
described by a set of parameters (Supplementary Tables 1–2),
namely “advective velocity” and “turbulent velocity”49. These
velocities are derived from previously computed LES data with the
high Reynolds number (~106) turbulent airflow for idealised
regular and deep canyons under a prevailing wind velocity (U0) of
2 m s−1 in the neutral atmosphere25,26, and a linear relationship is
assumed for in-canyon dynamics with respect to U0 in this
study78,79. The mathematical description of the box models is
presented in Supplementary Method (Subsection 1).
Modularization of the model code allows easy modification of

chemical kinetics cell by cell for applications under complex
scenarios (e.g., accounting for shaded areas or stagnant corners),
and even the addition of particle microphysics instead of, or in
addition to, gas-phase chemistry (cf., Zhong et al.80). In the present
study, consistent chemical reaction rate coefficients are assumed
within street canyons (i.e., one set of kinetic coefficients across the
whole canyon). As with the calculation of the flow, there is a trade-
off between computation time and the complexity of the chemical
scheme. The chemical scheme should be as complicated as is
required for the problem being studied, but not more complicated
than necessary77. The near-explicit Master Chemical Mechanism
(MCM)81 or GECKO-A mechanism generator82 could be used to
provide a very detailed description of species-specific chemical
evolution. To save computation time, we opt for a Reduced
Chemical Scheme (RCS)26 including 51 gas-phase species and 136
chemical reactions that was developed from a subset of the MCM
v3.1 with comparable performance (~10%) against the full MCM
v3.1 on NO, NO2, O3 and OH26. The RCS was used for simulating
the daytime NOx-O3-VOC chemistry in the urban canyon environ-
ment by the multi-box models, and photolysis coefficients were
calculated using the Tropospheric Ultraviolet and Visible (TUV)
Radiation Model v4.183, representing for conditions during the

Fig. 5 A conceptual view of box models for regular and deep
street canyons. The bold black frame represents a typical one-box
model, the air is assumed to be well-mixed and thus, pollutants are
homogeneously distributed; the dashed blue lines grided the single
box into several compartments of equal volume, which represents
16- and 32-box models, respectively, in this example. A primary
vortex exists within the regular canyon and two counter-rotated
vortices exist within the deep canyon, the well-mixed assumption is
applied for each box.
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summer daytime in a typical street canyon at a mid-latitude urban
area. Detailed information is provided elsewhere26, and the full
RCS mechanism including the chemical reaction rates is presented
in Supplementary Tables 6–7. Compared to the simple inorganic
NOx-O3 cycle, the somewhat more complicated chemistry of the
RCS (i) incorporates the generation of NO2 by reaction of NO with
HO2 and RO2 (where R is an organic moiety); (ii) incorporates the
production of organic nitrates and PAN; (iii) incorporates
segregation; and (iv) allows some questions of VOC speciation
to be addressed. Additionally, the RCS only considers gaseous
chemistry and does not take into account heterogeneous
reactions within street canyons, which is sufficient for our
purposes in this work. However, our model indicates a potential
pathway to investigate the effects of other chemistry on changes
in air pollution by flexibly coupling specific chemical schemes.

Model evaluation
Having previously demonstrated that the passive tracer and NO2

from the multi-box models matched well with those of the LES
from which the flow was diagnosed49, in this study, we evaluated
the results of the one- and multi-box models against field
observations. We use observations from the “Optimization of
Modelling Methods for Traffic Pollution in Streets” (TRAPOS) —
specifically from Schildhornstrasse (Berlin, Germany), Goettinger-
strasse (Hanover, Germany), and Jagtvej (Copenhagen, Sweden)
— and from Marylebone Road (UKA00315) and North Kensington
(UKA00253) in central London, UK, which are parts of the national
automatic monitoring network (AURN). The multi-box model with

16 in-canyon boxes performed well when evaluated using six
widely-accepted metrics84–87 (see Supplementary Table 5). Metrics
from Hood et al.88, which are representative of the state-of-art, are
also provided; more information can be found in Supplementary
Method (subsection 2).
Figure 6 presents a comparison of normalized modelled NOx

and NO2 against observations (equation 20 in Supplementary
Methods, subsection 2) under various prevailing wind velocities
(U0) in Marylebone Road, respectively. The 16-box model, in
general, performed better with respect to NOx and NO2 compared
to the typical one-box model due to its finer spatial resolution. For
the windward condition (i.e., monitors located on the windward
side of the canyon), modelled mixing ratios of NOx and NO2 were
higher than observed values (Fig. 6a, c). As U0 increased from
2m s−1 to 8 m s−1, modelled mixing ratios decreased significantly
and monotonically, while observations dropped only slightly.
The pattern of model-measurement comparison may perhaps

be explained by the fact that (1) the exchange velocity between
the canyon and overlying background was much greater in reality
than that used in the simulations because the monitoring cabinets
in Marylebone Road are located where the actual AR of the canyon
is less than unity, and the building roofs are rounded rather than
rectangular; (2) the mechanical generation of turbulence overlying
the UCL has been underestimated because the LES domain does
not adequately represent the entire atmospheric boundary layer,
resulting in the dynamics of the inner- and outer-layer being
attenuated compared to reality89.
As the exchange velocity increases, more recirculating pollu-

tants are removed from the canyon. The effects of the background

Fig. 6 Comparison of model results against observations. Comparison of normalized modelled NOx and NO2 concentrations against
observations in Marylebone Road at various prevailing wind velocities (U0) for the windward (a, c) and leeward (b, d) conditions. The error bars
represent the range of data at the same U0, and thus a similar airflow pattern within the street canyon. The points represent the average
values for each group.
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air become more important in determining mixing ratios of air
pollutants on the windward side, which leads to a tendency for
simulated and observed values to converge. For the leeward
condition, observations exhibit very complex patterns (Fig. 6b, d)
possibly due to the blocking effect of trees90. The box models
remained sensitive to U0; only a very slight decrease in wind speed
was found in the observations. Consequently, the contrast
between simulations and observations became larger under high
U0 scenarios. Supplementary Fig. 2 presents a comparison of
normalized modelled NOx against observations under different U0

in three TRAPOS sites, respectively. While the 16-box model
retains an advantage over the one-box model, the results show a
substantial relationship between in-canyon concentrations and
background wind velocities.
There are many potential sources of uncertainty complicating

the comparison of models and observations, which are discussed
in Supplementary Method (Subsection 2). We also note that
adopting empirical parameters (Supplementary Table 4) for the
multi-box model can compensate for such uncertainties and
significantly improve the model performance for place-specific
simulations (Supplementary Table 5, see Supplementary Methods
for details). Overall, the multi-box model offers an improvement
on the state-of-art for efficient simulation of the spatial distribu-
tion of reactive species within regular and deep canyons when
tested against observations (Supplementary Table 5), current
regulatory approaches (Supplementary Discussion, subsections 2
and 4) or the LES results49.

Model scenarios
In this study, we neglect any complications induced by in-canyon
vegetation, street furniture, heating or mechanical turbulence, and
concentrate only on the same idealised (non-vegetated) regular
and deep canyons as in previous studies25,26. Previous literature
showed that NO2 pollution was worst on the upward-vortex side
at the pedestrian level of street canyons25,26,38,91. We therefore
explore the variability of NO2 mainly concentrating for the
reporting of our results in these areas — that is, CNO2 ,[1,1] for the
regular canyon and CNO2 ,[1,4] for the deep canyon (as illustrated in
Fig. 5) — through a series of scenarios (Table 2). The spatial
distribution of air pollutants in street canyons are provided in
Supplementary Discussion, subsection 1.
We use an idealised Marylebone Road as our base regular street

canyon (i.e., the building height and street width are 34 m), and
then represent an idealised deep street canyon by doubling the
building height to 68 m to investigate the effect of canyon
geometry on pollutant mixing-ratios. As the primary driver for the
ventilation of pollutants, the velocity of the prevailing wind (U0)
has significant impacts on air quality in street canyons, determin-
ing the intensity of vortices and, thus, the distribution of mixing-
ratios within canyons; the emission heterogeneity may influence
reactive species due to physical processes and segregation

effects92. Taking a typical U0 of 2 m s−1, uniform emissions into
the central carriageway (Box[1,2] and Box[1,3]) and simple volume-
splitting (i.e., boxes are equal in size) as the base case (Case 0), we
performed model sensitivity studies (Case 1–4) to simulate the
effect of U0 (±40%) and to investigate crudely the impact of a
central reservation or hedgerow on NO2 in street canyons. Model
results are discussed below, and details are presented in
Supplementary Methods, subsection 3.
Initial conditions of NO, NO2, O3, and carbon monoxide (CO)

were taken from in situ measurements at North Kensington
(UKA00253) and were 2.6, 8.3, 32.0, and 151.4 ppb, respectively,
representing a daytime summer atmosphere in London urban
background for the year 2019. The model operated without any
emissions for the first 30-minute “spin-up” period, which allowed
sufficient time for turbulent dynamics to reach a quasi-equilibrium
state for the preparation of key chemical intermediates26,93, and
the mixing ratios of all species at t= 30min were used as
background conditions. After the “spin-up” period, emissions were
switched on and the multi-box model, as a representative of a
typical urban unit, exchanges mass fluxes with the background
continuously through the shear layer at the roof level. The
averaged mixing ratios of pollutants at a quasi-equilibrium state
(here t= 180–240 min) were used for analysis54.
A typical emission condition (TEC) is defined with emission rates

of 525.3, 1032.4, and 170.2 g km−1 h−1 for NOx, CO and VOCs,
respectively, which represents a generic UK situation (i.e., not
Marylebone Road) of weekday on-road traffic volume of 1500
vehicle hr−1 with an average speed of 40 km hr−1 based on
National Atmospheric Emissions Inventory (NAEI). The equivalent
rates of emission of the qth species into a box grid is calculated as
a mixing-ratio rate of change (denoted by “Eq,TEC”). We use a
normalized emission rate (i.e., Eq/Eq,TEC, denoted by “E”) to describe
the variations in total emissions across the sensitivity study. It is
assumed that the percentages of ethene (C2H4), propene (C3H6),
formaldehyde (HCHO), and acetaldehyde (CH3CHO) in the total
VOC mix initially are 44%, 19%, 25%, and 12%, respectively, as
calculated on the basis of annual mass emissions from road
transport, photochemical ozone creation potential (POCP), and
hydroxyl radical (OH) reactivity26,94. Although biogenic VOC
emissions are not included in this research, they are expected to
have a negligible effect on target pollutants such as NO2 and PAN
(see further discussion in Supplementary Method, subsection 3).
In each case, we model 8400 (20 × 20 × 21) emission scenarios

in a trivariate space (i.e., EnormNOx
, EnormVOCs , primary NO2 fractions

(NO2:NOx, denoted by fNO2 )) where E
norm
NOx

¼ 0:1, 0.2,…, 1.9, 2.0 and
EnormVOCs ¼ 0:1, 0.2, …, 1.9, 2.0, reflecting tidal traffic volumes (150-
3000 vehicles hr−1, or equivalent emissions). Smaller values of
EnormVOCs can also be interpreted as approaching the simple inorganic
NOx-O3 cycle, and so also test the effect of VOC chemistry on the
model results. The values of fNO2 are lower in areas dominated by
petrol engines but can be very high in megacities with large
number of diesel engines95, hence, fNO2 = 0.1, 0.11, …, 0.29, 0.3

Table 2. Summary of the multi-box model simulations for reactive species(a).

Configuration

Case 0 U0= 2.0 m s−1; 1.0 × (we,0, |Wa, Ua | ,|we, ue | ); γq,[1,2]= γq,[1,3]= 0.5

Case 1 U0= 1.2 m s−1; 0.6 × (we,0, |Wa, Ua | ,|we, ue | ); γq,[1,2]= γq,[1,3]= 0.5

Case 2 U0= 2.8 m s−1; 1.4 × (we,0, |Wa, Ua | ,|we, ue | ); γq,[1,2]= γq,[1,3]= 0.5

Case 3 U0= 2.0 m s−1; (we,0, |Wa, Ua | ,|we, ue | ); γq,[1,1]= γq,[1,2]= γq,[1,3]= γq,[1,4]= 0.25

Case 4 U0= 2.0 m s−1; (we,0, |Wa, Ua | ,|we, ue | ); γq,[1,1]= γq,[1,4]= 0.5

aU0: prevailing wind velocity in the background; (we,0, |Wa, Ua | ,|we, ue | ): in-canyon physical parameters for the multi-box models (Wa,[k,i] and Ua,[k,i] (m s−1) are
pollutant transfer velocities due to advective transportation respectively in the vertical and horizontal directions; and we,[k,i] and ue,[k,i] (m s−1) are transfer
velocities due to turbulent mixing); γq,[1,i] (i= 1, 2, 3, 4): the proportion of vehicle emissions in Box[1,i] to the total emissions (see Supplementary Methods). From
Case 1 to Case 4, model sensitivities were conducted to investigate the effects of the prevailing wind, emission heterogeneity on in-canyon NO2.
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can be interpreted as representing the efficiency of emissions
control technology or, approximately, the effect of engine type on
NO2 in street canyons.

DATA AVAILABILITY
The observed air quality and weather data for the site on Marylebone Road in central
London are available at https://uk-air.defra.gov.uk/networks/network-info?
view=aurn; the data for the “Optimization of Modelling Methods for Traffic Pollution
in Streets” (TRAPOS) sites are presented at https://www.dmu.dk/
AtmosphericEnvironment/trapos/datadoc.htm.

CODE AVAILABILITY
The air quality multi-box modelling code for urban canyon simulations is given at
https://github.com/YQ1229/MBOX4CANYON.
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