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Abstract: The benefits of ‘green infrastructure’ are multi-faceted and well-documented, but estimating
those of individual street-scale planting schemes at planning can be challenging. This is crucial
to avoid undervaluing proposed schemes in cost–benefit analyses, and ensure they are resilient to
‘value engineering’ between planning and implementation. Here, we introduce prototype software
enabling urban practitioners to estimate the site-specific air quality impacts of roadside vegetation
barriers: highly localised changes in pollutant concentrations due to changes in the dispersion of
vehicular emissions close to source. We summarise the recent shift in understanding regarding the
impacts of vegetation on urban air pollution towards changes in pollutant dispersion (cf. deposition)
and describe our prototype software, offering rapid estimates thereof. First tests of the underlying
model’s performance are promising, reproducing: annual mean NO2 and PM2.5 concentrations
in a street canyon (Marylebone Road, London, UK) to within 10% and 25%, respectively; and
changes in pollutant concentrations of the right order of magnitude behind roadside barriers in
a wind tunnel simulation of a street canyon and a real open-road environment. However, the
model underestimates the benefits of a barrier in a simulated street canyon under perpendicular
wind conditions. The prototype software is a first step towards informing practitioners of the site-
specific impacts of vegetation barriers, which should always be additional to (i.e., no substitute
for) essential emission reductions. The code is open-source to engage further researchers in its
continued development.

Keywords: nitrogen dioxide; particulate matter; air quality; road transport; exposure; public health;
dispersion modelling; planning; natural capital; nature-based solutions

1. Introduction

Urban forests and ‘green infrastructure’ bring many benefits to our towns and cities,
including increased biodiversity, sustainable urban drainage, mitigation of the urban
heat island effect and improved air quality (see, e.g., [1–4]). We tend to categorise these
benefits as environmental in kind, but, directly or indirectly, many of them translate to
economic benefits via cost savings, such as reduced mains drainage costs (see, e.g., [5]),
reduced indoor cooling costs (see, e.g., [6]) and reduced health damage costs linked to
air pollution (see, e.g., [7,8]). For example, the London i-Tree Eco Project estimated that
the UK capital’s 8.4 million trees, collectively, deliver benefits of over £130 million per
year [9]. A similar study, commissioned by Toronto Urban Forestry, estimated that the
10.2 million trees in Canada’s largest city provide ecological services worth $60 million per
year [10]. Recognition of the benefits, or ‘nature based solutions’ [11], delivered by this
natural capital can support the preservation of existing green infrastructure (e.g., justifying
maintenance costs) and investment in further green infrastructure. It can be a challenge,
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however, for non-specialists to quantify at planning (including, but not limited to, the
official process of obtaining planning permission) the environmental benefits, let alone
the economic value, of an individual street planting scheme. Quantitative estimation of
benefits at planning is essential to enhance a scheme’s resilience to cost-cutting between
design and implementation. Our understanding of urban green infrastructure has evolved
rapidly in recent years, particularly regarding exposure to urban air pollution. Here, we
introduce prototype software enabling urban practitioners to estimate the site-specific air
quality impacts of street planting at planning.

This paper has two specific aims: (1) to introduce the prototype Green Infrastructure
for Roadside Air Quality, or ‘GI4RAQ’, Platform; and (2) to present the first tests of
its performance (comparisons with real-world measurements and wind tunnel studies).
We describe the model concept, logic, and code in some detail, drawing particular attention
to features that differentiate it from existing tools (e.g., Gaussian dispersion models and
the i-Tree tool; www.itreetools.org, accessed on 4 June 2021). The prototype Platform’s
air quality code should be regarded simply as a framework, which conserves mass but
is currently based on some crude assumptions and approximations; this framework will,
however, readily accept parameters generated with the aid of more sophisticated models.
We describe the limitations of the current release, and point to further developments that
would increase its predictive skill and scope without adding undue complexity.

The software is applicable to the design of streets in new developments, where it can
aid the side-by-side planning of grey and green infrastructure, but also to the redesign of
existing streets as part of grey infrastructure modification to encourage modal shift and
incorporate planting for reduced pedestrian and cyclist exposure. Initiatives to increase
provisions for active travel (e.g., Transport for London’s Cycleways [12] and Transport for
Manchester’s ‘Beelines’ [13]) may offer opportunities to incorporate planting to reduce
cyclist and pedestrian exposure to vehicular pollution. Such initiatives have gained mo-
mentum as social-distancing, in response to COVID-19, has demanded a rebalancing of
spatial allocations in streets between motorised transport and active travel (e.g., Streetspace
Plan for London [14]). When used in street redesign, GI4RAQ will be used alongside
many other design checks and balances to consider, for example, traffic safety, visibility,
biodiversity and maintenance issues.

1.1. Exposure to Air Pollution at the Roadside

Road transport is the largest single source of urban outdoor air pollution (see, for
example, the review of studies identifying and apportioning the sources of particulate
matter (PM), spanning 51 countries [15]). Whilst the exhaust component of road transport
pollution will decline with the move to electric (and hydrogen-fuelled) vehicles, electrifica-
tion will not reduce and could even exacerbate its non-exhaust components: brake, tyre
and road wear [16–18]. At points of friction between brakes and wheels, or wheels and
roads, vehicles generate PM, and electric vehicles laden with heavy batteries may generate
more PM due to their greater weight [18].

The best way to improve air quality is to reduce emissions at source (e.g., via modal
shift to public transport and active travel), but reducing exposure to these emissions offers
a means of further reducing their health impacts. The concentrations of pollutants are
highest where they are emitted, rapidly decaying towards their urban-average ‘background’
concentrations with increasing distance from source. The roadside environment, in which
large numbers of people come into close proximity with vehicles, is therefore a priority
area for exposure reduction. It is also an environment where vegetation barriers, in the
right locations, have potential to reduce local exposure; we refer to recent reviews [19–21].

Vegetation at the scale of realistic urban planting schemes has only a minor influence
on local air quality via its emissions of volatile organic compounds (see, e.g., [22] and
references therein), which can be mitigated via careful species selection (see, e.g., “Urban
Tree Air Quality Score” [23]). It also typically removes only a few percent of PM and an even
smaller fraction of nitrogen dioxide (NO2) and, yet, vegetation barriers can reduce exposure
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to proximate sources of pollution by as much as 50% in their immediate wake [20,24]. That
is, barriers can change the distribution of pollution close to source by altering the flow
of polluted air and, hence, its mixing with cleaner surrounding air. Changing the local
distribution of pollution implies a mixture of benefits and disbenefits in the vicinity of
a vegetation barrier, the sizes and locations of which will be complex functions of site-
specific conditions.

This complexity could underpin the wide range of findings relayed in [19]’s relatively
early review of ‘air pollution abatement performances of green infrastructure’. Not only
do different studies cited therein report different impacts (ranging, approximately, from
a 70% reduction, to a 250% increase, in pollutant concentrations; see their Figure 3), but
some studies individually report a wide range of effects. For instance, [25]’s computational
fluid dynamics (CFD) study of the impacts of tree canopies in a narrow street reported
concentration increases at the equivalent of head height of between 0 and 120%; their
Figure 10 illustrates dependencies on both the configuration of trees within the street, and
the wind direction relative to the street.

The most recent review of ‘urban vegetation in air quality management’ [21] concluded
that studies to date do not support generalised guidance on the design of suitable interven-
tions, as each study’s findings are limited to site-specific meteorological or morphological
conditions. Authors in [21] also noted, with reference to [26,27], that our knowledge of the
impact of urban form on the flow of air and pollution dispersion is not yet adequately ap-
plied in urban planning and decision making. The prototype GI4RAQ Platform utilises this
knowledge to estimate the site-specific impacts of proposed green (or grey) infrastructure
barriers in specific locations, subject to local conditions of wind and urban form.

1.2. Deposition of Pollution to Street-Scale Vegetation

Numerous studies of the impacts of vegetation on urban air quality have reported
sizeable benefits in local air quality downwind of a hedge and/or line of trees, and referred
to the deposition, removal or ‘filtering’ of pollutants (see the reviews of [19,28–31] and the
primary studies cited therein). It is clear that deposition occurs, and is of benefit for air
quality, but it is of limited benefit in most urban contexts unless the timescale for deposition
is relatively long [32,33]. The benefits of deposition are dwarfed by the effects of urban
vegetation on local pollution dispersion, be they positive or negative [20,24,34].

For instance, Macdonald et al. [35] and Donovan et al. [23] simulated the emission,
transport and deposition of PM in the West Midlands (WM) and Glasgow, and explored
the impacts of increased planting in each region. In the WM, they estimated that trees were
responsible for removing 4% of primary PM10, and the planting of a further 25% of land
not already covered by hard surfaces (including important amenity areas, such as gardens
and parkland) would reduce primary PM10 concentrations by just 10%. In Glasgow, they
estimated that the then-current removal of 3% of primary PM10 could be bolstered to
reduce PM10 concentrations by just 2%, and even the planting of 100% of all areas not
already covered by hard surfaces would yield only a 7% reduction. A more recent CFD
model study [24] estimated that deposition to trees in central Leicester reduced PM2.5
concentrations by 2.8%, but the effects of those trees on dispersion (not removing PM2.5,
but just altering its distribution) reduced PM2.5 concentrations by 9%.

In a numerical model, it is relatively straightforward to separate the simulated effects
of different mechanisms, such as deposition and dispersion. It is much more difficult,
however, to differentiate between these based on measurements of pollutant concentrations
before and after the introduction of a vegetation barrier (e.g., [36]). Attribution of concentra-
tion changes to the presence of a barrier requires prior elimination of the effects of all other
factors that have changed between (and during) measurement periods, e.g., the strength
of local emissions, background air pollutant concentrations and local wind conditions
(e.g., [37,38]).

Measurements in controlled environments, such as wind tunnels, are appealing as
they allow us to impose specific wind conditions. However, wind tunnel experiments, in
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which polluted air is forced through vegetation covering the tunnel’s entire cross-section
(e.g., [39]), only tell us about the fraction of pollution removed from air passing through the
vegetation. They tell us nothing about the air that, on encountering the physical obstruction
posed by a vegetation barrier in a street, moves around it rather than through it.

1.3. Changing Pollution Dispersion Close to Source

Whilst deposition to vegetation, in the absence of its other effects, can only be beneficial
(i.e., irrespective of where the vegetation is introduced), the impacts of vegetation on
pollution dispersion may be of benefit or disbenefit to local air quality or, indeed, a
combination of the two in different locations relative to it. The impacts of a vegetation
barrier in ostensibly similar locations could also differ due to differences in: local wind
conditions aloft; local urban form, with which those winds aloft interact; the strength
of local emissions; the background air quality; and the precise positioning of vehicles,
people, and the barrier introduced between the two. A strategic and selective approach
is needed for planting in the name of improving local air quality. It is important to plant
the right vegetation, in the right locations, to deliver genuine benefits where they are
sought (i.e., ‘Right Tree, Right Place’ ethos [40]) and to avoid planting where it would
be of disbenefit. The challenge is to predict the site-specific impacts of proposed barriers
(i.e., the locations and magnitudes of accompanying benefits and disbenefits) and to enable
urban practitioners to do so, irrespective of their specialist area of expertise, as part of
comprehensive urban planning teams.

In the simplest scenario, where the wind blows consistently from vehicles towards
people, and we introduce a vegetation barrier between the two, the concentrations of
pollutants emitted by those vehicles can be expected to: increase immediately upwind of
the barrier due to blocking; decrease in the immediate wake of the barrier, where a partially
isolated region of overturning air is created by the fraction of polluted air diverted up and
over the barrier; and relax towards the concentrations encountered before the barrier was
introduced with increasing distance downwind [20].

Extensive literature, however, suggests that the wind direction at the base of a street
is a complex function of interactions between the wind conditions aloft (i.e., above any
buildings) and the local urban form. Harman et al. [41], for instance, synthesised the
findings of multiple studies, from the 1980s [42] to the 2000s [43], in a formulation for street
canyons of width (W) and height (H). When the wind aloft blows perpendicular to a street
of W ≤ 3 H, it yields a reversal of air flow across the entire base of the street, relative to that
aloft. Meanwhile, for a street of W > 3 H, it yields a reversal of air flow across just a fraction
of its width (extending a distance of 3 H from its ‘upwind’ side; defined with respect to the
wind direction aloft), whilst the direction of low-level air flow matches that aloft across the
remainder of the street (see [41]’s Figures 1 and 2, and their accompanying text).

The local pattern of air flow could affect not only what is ‘upwind’ and what is
‘downwind’ of a barrier at the base of a street, but also the degree to which emissions
are trapped within certain regions. The reversal of air flow at the base of a narrow street
(W ≤ 3 H) is due to the creation of a vortex of overturning air in the wake of the buildings
lining one side of that street, sometimes referred to as a ‘recirculation region’ [41], much the
same as that created in the wake of a vegetation barrier. The partial isolation of air within a
recirculation region could have profound consequences for local air quality, and the impacts
of vegetation barriers. For instance, if vehicles lie within such a region, their emissions
may be somewhat trapped and accumulate to higher concentrations. The addition of a
vegetation barrier within the recirculation region would risk further reducing the volume
of air in which the emissions are trapped, and further increasing their concentrations.
Conversely, if all vehicles are excluded from such a region, it may represent an area of
somewhat better air quality, partially isolated from proximate emissions; a vegetation
barrier might be better employed between vehicles (outside this region) and people further
downwind. We note that the patterns of air flow identified in CFD and wind tunnel
simulations are not always observed in real streets (e.g., [44]), possibly due to the greater
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heterogeneity of real (cf. simulated) urban form and/or additional confounding factors,
such as vehicle movements. Nonetheless, we expect the air flow within a street, and hence
the impacts of a vegetation barrier on the dispersion of vehicular pollution close to source,
to be a complex function of local conditions; there is no ‘one size fits all’ intervention.

1.4. Informing Urban Air Quality Interventions at Planning

Aligned with the scientific literature (as reviewed in [20]), and responding to urban
planning needs (as identified in [21]), the prototype GI4RAQ Platform focuses exclusively
on the impacts of vegetation on the dispersion of pollution close to source; it thereby com-
plements the i-Tree tool (www.itreetools.org, accessed on 4 June 2021) that estimates only
the benefits of pollutant deposition, accrued at much larger planting scales. Our prototype
software offers estimates of the local air quality benefits and/or disbenefits of vegetation
at street planting scales, where its benefits via enhanced deposition are expected to be
dwarfed by the effects of that vegetation on the local dispersion, and hence distribution,
of pollution [20]. In so doing, the software supports the consideration of public exposure
at the level of individuals—perhaps particularly vulnerable individuals (i.e., the young,
the old and those suffering from certain pre-existing medical conditions, such as chronic
obstructive pulmonary disorder) and/or individuals in particularly polluted locations—to
complement consideration of the total burden of air pollution (e.g., [7,8]).

In Section 2, we describe the air quality code underpinning the prototype software
(2.1), referring the reader to Supplementary Materials for more technical details, and
the model setups we have used to emulate real-world measurements and wind tunnel
studies in the first tests of the code’s performance (2.2). We present the results to the
performance tests in Section 3 and discuss their implications for the capabilities of the
current prototype GI4RAQ Platform in Section 4. Here, we also outline the nature of future
calibration-validation (cal/val) measurements, and the contributions the wider research
community can make, by performing cal/val measurements or offering more sophisticated
parameterisations to improve on the relatively simple relationships assumed in the current
code. Although crude in places, the code is designed to capture the gross features of
air flow and pollution dispersion as functions of local conditions and, coupled with the
user interface (UI), enable a wide variety of urban practitioners to apply this mechanistic
understanding to the design, or redesign, of streets from the earliest stages of planning.

2. Materials and Methods
2.1. Open Source Air Quality Code

The prototype GI4RAQ Platform (www.gi4raq.ac.uk, accessed on 4 June 2021) offers
urban practitioners rapid, first-order estimates of the site-specific impacts of proposed
barriers and, thereby, the ability to iterate on proposals in pursuit of their desired air
quality outcomes (within the constraints of local conditions). This contrasts with most
Gaussian dispersion models that do not inform practitioners of the potential impacts
of within-street interventions. The user need only engage with a simple web-based UI,
whilst the underlying air quality code handles the complexities outlined in Section 1.
They are asked to ‘draw’ the cross-section of the street of interest to them, then specify the
location of that street section (informing the wind conditions invoked aloft); its orientation
(governing the interactions between the winds conditions aloft and the local urban form
they have ‘drawn’, determining the pattern of air flow within the street); the locations
and strengths of vehicular emissions of NO2 and PM2.5 within that street section; the
background concentrations of NO2 and PM2.5, specific to that conurbation; and the nature
of the barrier they propose introducing, including its dimensions, position, seasonality
and ‘percentage obstruction’ when in leaf. These user-specified parameters are passed to
our open-source air quality code (https://github.com/GI4RAQ/GI4RAQ-open, accessed
on 4 June 2021) for analysis. This Python code determines the patterns of air flow and
mixing within the street (i.e., treating NO2 and PM2.5 as passive tracers) with and without
the proposed barrier, before passing the percentage differences in annual mean NO2 and

www.itreetools.org
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PM2.5 concentrations back to the UI for display to the user; they are displayed in the form
of two-dimensional pictures spanning the street section. Maintaining records of authorship
(and user-specified parameters, on which the estimates are based), the user can then create
PDF reports and invite others to iterate on their proposal.

The prototype GI4RAQ Platform is free to use, accessible to all and includes a com-
prehensive video User Guide. We have developed it in partnership with Wild Ilk Design
Studio (www.wildilk.com, accessed on 4 June 2021) and a wide range of urban practitioners
(see Acknowledgements). The remainder of Section 2.1, however, focuses on the underlying
open-source air quality code, developed by the authors at the University of Birmingham
specifically for the Platform. This code can be run ‘offline’ (i.e., independent of the UI),
specifying the values of user-input parameters instead of drawing on those entered via the
UI and passed to the code via a JSON string. Doing so offers greater flexibility. For instance,
whilst the UI limits the software’s application to UK streets, due to the climatological wind
data employed, the offline code is readily applicable to streets worldwide when coupled to
suitable meteorological data.

The code comprises a two-dimensional model representative of the specified street
section, in which steady-state concentrations are calculated in response to the other user-
specified parameters, including emissions of NO2 and PM2.5 from specified ‘emission
zones’; the flow of air into, around and out of the street section, described by ‘advection
velocities’ at the interfaces between adjacent boxes, depending on the street’s geometry;
and the mixing of air across these interfaces, described by ‘exchange velocities’. We refer
to the (mean) flow of air as advection, and the turbulent mixing of air as dispersion. The
mass-conservation model is outlined in Section 2.1.5 and elaborated on in Supplementary
Materials Section S7; the crude means by which we currently estimate the advection
and exchange velocities are described in Supplementary Materials Sections S5 and S6,
respectively.

2.1.1. User-Specified Street Section

During the design process, we sought the most parsimonious description of a street
cross-section that captured the most important (and most common) arrangements of
emission source(s), green infrastructure, people and buildings. In the UI, the user is asked
to dimension the cross-section of the street of interest to them: the heights of the nearest
buildings on either side; and the distances by which their facades are set back from the
respective ‘street boundaries’—i.e., the divisions between public and private realms. If a
street is bounded by a large open space, such as a park, the distance to the nearest building
on that side of the street (on a line perpendicular to the road) may be considered. That
distance, however, is used to determine (in this case, rule out) the influence of that urban
form on the flow of air in the vicinity of the road. The user is then asked to specify the
distance between the two street boundaries, as they divide that space into a series of
dimensioned zones, as illustrated in the example street section (Figure 1). The underlying
model is applicable to streets of width-to-height ratio, W/H = 1−∞; it does not capture the
creation of more than one vortex in particularly deep or narrow street canyons (W/H < 1).

The cross-section of a street bounded by Victorian terraced houses, for instance, may
be quite uniform. In some streets, however, the urban form is much more heterogeneous.
Here, we encourage users to explore the impacts of their proposed barrier subject to
multiple street sections encountered in the street of interest to them, to test the sensitivity
of the Platform’s estimates to its geometry (see Part 3 of the User Guide in the UI).

www.wildilk.com


Forests 2021, 12, 769 7 of 29

Figure 1. Example street section, dividing and dimensioning the space between the nearest buildings either side of the
road (on a line perpendicular to it) into receptor zones (RZ), emissions zones (EZ) and neutral zones (NZ); a wide variety
of street configurations are possible, limited only by the constraints described in the figure for compatibility with the air
quality model.

The street section is divided into three types of zone: receptor zones, emission zones
and neutral zones. Receptor zones are spaces occupied by people, such as pedestrians
and residents, generically referred to as ‘receptors’. Receptor zones are associated with no
significant emissions, and could be a front garden between a building and a street boundary
(e.g., RZBL1 in Figure 1) or a pavement between a street boundary and a kerb (e.g., RZ1
in Figure 1). Emission zones are spaces primarily associated with traffic emissions: the
actual carriageways carrying polluting vehicles between the two ‘kerb’ markers. The
user is required to specify either one or two emission zones. A single emission zone may
be sufficient to describe a road comprising one or more lanes of traffic in each direction.
Two zones could be used to resolve differences in traffic volume in one direction relative to
the other (e.g., EZ1 and EZ2 in Figure 1) or, for example, to differentiate between emissions
from the main carriageway(s) and those from an adjacent bus lane. Finally, neutral zones
are spaces associated with neither significant numbers of people nor significant emissions,
such as a central reservation (e.g., NZ1 in Figure 1) or a parking bay (e.g., NZ2 in Figure 1).

This zoning approach enables the user to capture the main features of a wide variety
of streets; the constraints on configurations for compatibility with the model are outlined
in Figure 1, whilst further examples of compatible street sections are provided in Supple-
mentary Materials Section S1. As the user defines and dimensions zones, the UI builds up
a graphical depiction of the street section, closely resembling Figure 1.

2.1.2. Two-Dimensional Street Model

The air quality code constitutes a two-dimensional model comprising five columns of
variable width and three rows. The grid is laid out to represent the user-specified street
section (cf. Figure 1). We limit the total number of boxes to 15 for reasons of practicality,
trading-off spatial resolution against compute speed and ease of use. Whilst the code cannot
readily accommodate additional rows and columns, we intend to increase its flexibility in
due course.

The dimensioning of the three rows is as follows. The first row extends from the base
of the street to the top of the proposed barrier (limited in the UI to being lower than the
buildings either side); the second row stretches from the top of the barrier to the top of
the shortest building (i.e., BL2 in Figure 1); and the third row extends from the top of the
shortest building to the top of the tallest building (i.e., BL1 in Figure 1). If the buildings on
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both sides of the road are of equal height, the second and third rows are dimensioned so as
to split the distance between the top of the barrier and the top of the buildings into two
rows of equal height.

The model, like most atmospheric chemistry-transport models, calculates average
NO2 and PM2.5 concentrations in each box. It cannot resolve gradients in concentration
within any one box. The dimensioning of the columns therefore varies, as we aim to place
column interfaces where we expect significant gradients in concentration, such as either
side of the proposed barrier. Full details of the logic behind our dimensioning are provided
in Supplementary Materials Section S2.

In the UI, the user is asked to specify the location of their street section and the
compass direction looking down the street in that location (i.e., into the plane of the
section). The location is used to select appropriate climatological wind data from the UK
Meteorological Office [45] to describe the background wind conditions, which are used to
approximate the wind speed and direction above the surrounding buildings, including
variability therein. These data are then used to determine the air flow within the street.
Based on 10 consecutive years of wind data, we calculate the fractions of time for which the
wind blows in four 90◦ sectors: from left to right across the street, rendering BL1 in Figure 1
‘upwind’ of the road; from right to left, rendering BL2 in Figure 1 ‘upwind’ of the road; and
predominantly parallel with the road, either into or out of the plane of Figure 1. In each
sector, we reduce the climatological wind conditions to a time-weighted mean across-street,
or along-street, wind speed (see Supplementary Materials Section S3 for full details). We
then use this wind speed to determine the air flow within the street, both with and without
the proposed barrier. The changes in pollutant concentrations returned to the user via the
UI are the time-weighted average changes in concentrations calculated in these four pairs
of model calculations. Users of the offline code, however, are free to write out the absolute
concentrations, and changes therein, calculated in each individual wind-sector scenario.

Figure 2 (adapted from [41]’s Figure 1a) illustrates the patterns of air flow expected
within our example street section (W > 3 H) when the wind aloft blows from left to right;
the arrows, illustrating the directions of air flow within the street, represent the ‘isolated
roughness flow regime’ of [42]. Based on [41]’s formulation introduced in Section 1.3,
the wind aloft creates a recirculation region in the wake of BL1—a trapezoidal region of
overturning air extending a distance of about 3 H across the street. Within the recirculation
region, the direction of air flow at the base of the street is reversed relative to that aloft
whilst, in the ventilated region beyond, the direction of air flow matches that aloft. As we
are primarily concerned with the exposure of people at pedestrian level (i.e., closest to
vehicular sources of pollution), we slightly modify the extent of this recirculation region to
reflect the distance for which a person up to 2 m tall is enclosed within it: Equation (1).

ER = 3H− 3 (1)

where ER is the horizontal extent of the recirculation region (m) downwind of a building of
height, H (m).
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Figure 2. Expected patterns of air flow into, around, and out of our example street section (W > 3 H) when the wind aloft
blows from left to right (similar to Figure 1a of [41]). The shape and dimensions of the trapezoidal recirculation region
are taken from [41], informing the extent of this region, ER, calculated according to Equation (1) to enclose a person up to
2 m tall.

Figure 3 illustrates the model grid adopted to represent this example street section.
To resolve the circulation of air within the recirculation region, bringing air with emissions
from EZ1 and EZ2 towards receptors in RZ1 and RZBL1, we require a minimum of two
columns and two rows. Our dimensioning of rows always provides the latter, but we
purposefully dimension the columns to provide the former; only when the recirculation
region stops short of the first emission zone (i.e., is not expected to trap any emissions) do
we opt not to resolve this circulation—representing it with a single column—and save a
column for better use elsewhere in the street section. By default, the two columns spanning
the circulation region (C1 and C2) are divided in line with the street boundary, as it is here
that the user may wish to include an existing barrier, such as a garden wall or fence (not
shown in Figure 3); see later. Note that the shape of the recirculation region, represented by
a two-dimensional array of boxes, is thereby approximated to a rectangle.

The width of the third column (C3) is defined so its far edge aligns with the centre
of the proposed barrier (the dashed green rectangle in Figure 3); the UI limits the user to
proposing a single barrier between the kerb and the street boundary on one side of the
road. Note, the same grid is used to determine the distribution of pollution, both with and
without the proposed barrier. The partially isolated region of overturning air created in the
immediate wake of the proposed barrier (see Section 1.3) is analogous to the recirculation
region in the wake of a building, and so we calculate its extent (again truncated to reflect
the region enclosing a person up to 2 m tall) according to Equation (2):

EB = 3HB − 3 (2)

where EB is the extent of the partially isolated region (m) downwind of a barrier of height,
HB (m). In our example, where this region stops short of the building(s) on the far side, the
remaining two columns (C4 and C5) are divided in line with its far edge. Whilst a fraction
of air is expected to be diverted over the barrier, and around the partially isolated region in
its wake, the remainder is expected to continue to pass through it.
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Figure 3. Model grid adopted to represent our example street section when the wind aloft blows from left to right,
comprising five columns (C1–5) and three rows (R1–3). The dashed green rectangle illustrates the position of a proposed
barrier (specified by the user) of height, HB, altering the flow of air around a partially isolated region in its immediate wake;
the extent of this region, EB, is calculated according to Equation (2) to enclose a person up to 2 m tall. The black arrows
indicate the directions (but not the magnitudes) of the advection velocities used to model the flow of air without the barrier,
and modified in response to the barrier.

The black arrows in Figure 3 indicate the directions (but not the magnitudes) of the
advection velocities prior to introducing the barrier. The comparatively slow mixing of air
between adjacent boxes is described by exchange velocities (not shown in Figure 3). Not
only does the pattern of advection (and mixing) change when the wind aloft blows from
right to left, but so does the dimensioning of the columns; this is described for our example
street in Supplementary Materials Section S4. The two model grids adopted in these
perpendicular wind scenarios are then reused for the parallel wind scenarios (i.e., when the
wind aloft blows into or out of the plane of the street section). In these parallel scenarios,
we assume there is no air flow perpendicular to the street (i.e., all advection velocities
in the plane of the street section are equal to zero), and we need only account for the
mixing of air via exchange velocities. To avoid introducing a bias linked to our choice of
model grid, the changes in NO2 and PM2.5 concentrations due to the proposed barrier
are calculated using both grids adopted in the perpendicular wind scenarios, and the
results are given equal weight in jointly reflecting the changes estimated under parallel
wind conditions aloft. Note that, as the positions of the five columns in the two grids
may differ, the final weighted-average changes in concentrations returned to the user
(reflecting climatologically variable wind conditions aloft) may span anywhere from five to
ten columns.

2.1.3. Emissions

The user is required to specify either the emission rates for NO2 and PM2.5 (µg m−1 s−1),
or the total vehicle movements (veh hr−1), in each emission zone they include in their
street section. If they choose to specify vehicle movements, these are converted to emission
rates for NO2 and PM2.5 (µg m−1 s−1) based on UK vehicle fleet composition projections
from the National Atmospheric Emissions Inventory (NAEI [46]; base year 2018), including
hot and cold start emissions. The NO2 emissions come solely from vehicle exhaust, whilst
the PM2.5 emissions have both exhaust and non-exhaust (brake, tyre and road wear)
components. This conversion from vehicle movements to emissions can be easily adapted
in the future to reflect the evolving UK vehicle fleet (e.g., increasing numbers of electric
vehicles). Meanwhile, users with access to local emissions data (e.g., local authority officers
with measured or modelled emissions for individual road links) are encouraged to use
these. Irrespective of how they are specified, and the emissions associated with a particular
emission zone are assumed to be distributed evenly across the full width of that zone.



Forests 2021, 12, 769 11 of 29

Where an emission zone straddles more than one column (see, e.g., EZ2 in Figure 3), its
associated emissions are split between those columns in proportion to the fractions of the
emission zone that lie within those column (i.e., in Figure 3, roughly 60% of emissions from
EZ2 are ascribed to C2, whilst the remaining 40% are ascribed to C3).

2.1.4. Barriers

Currently, the user is limited to exploring the air quality impacts of a single barrier on
one side of the street. That barrier can take a variety of forms, comprising a green barrier
(e.g., a hedge) or grey barrier (e.g., a wall or a fence), with or without a parallel line of trees.

The green or grey barrier is essential to obstruct the horizontal flow of polluted air
from vehicles to people at head height, and is therefore a requisite component and must
be at least 2 m high. The user specifies, not only the dimensions of the barrier’s cross
section, but also its precise position between the kerb and street boundary; the ‘percentage
obstruction’ it poses (in the case of a green barrier, based on optical porosity at managed
maturity, when in leaf; see, e.g., [47]); and, in the case of a green barrier, its seasonality
(i.e., evergreen or deciduous).

The green or grey barrier may be accompanied by a line of trees to obstruct the flow
of polluted air at a higher level, extending the height of overall barrier. The user specifies
the dimensions and relative positions of the tree crowns (including their spacing along the
street), in addition to the percentage obstruction they pose at managed maturity when in
leaf, and their seasonality. The model calculates the percentage obstruction posed by the
overall barrier: the height-weighted average of the percentage obstruction posed by each
of its components (simply halved in the case of deciduous vegetation to account, crudely,
for the time that vegetation is not in leaf). These components include any gap left between
the green or grey barrier below and the tree crowns above. We use this overall percentage
obstruction to modify the advection and/or exchange velocities between model boxes in
the vicinity of the barrier; recall, the height of the first row is set to the height of the barrier,
and we include a division between columns in line with its centre.

In the last section, we touched on the inclusion of existing barriers at street boundaries.
These are currently limited to grey barriers (e.g., walls or fences), but we hope to extend the
scope of the code in due course to include green barriers (e.g., garden hedges). When speci-
fied by the user, existing barriers are included in all model calculations, i.e., both with and
without the proposed barrier. We thereby quantify the impacts of the proposed barrier on
the distribution of pollutants within the street, in the context of the influence those existing
barriers exert on the pattern of air flow therein. Where possible, just as for the proposed
barrier, we try to include a division between columns in line with each existing barrier.
We make some a priori assumptions, however, as to where they will have a relatively
minor effect on the impact of the proposed barrier, and sometimes opt not to resolve their
impacts on air flow in order to save a column for better use elsewhere within the street (see
Supplementary Materials Section S2 for full details of the logic behind our dimensioning).
In time, we hope to develop a more sophisticated treatment of advection that will offer
greater resolution, and remove these a priori assumptions, without detrimentally affecting
the compute time and the user’s engagement in an iterative design process.

2.1.5. Mathematical Framework of the Model

The key to the model’s rapid estimation of steady-state pollutant concentrations in
each wind-sector scenario (with and without the proposed barrier) is the prescription of
advection and exchange velocities at each interface between its 15 boxes (five columns by
three rows). This permits an analytical (as opposed to a numerical, or iterative) mathemati-
cal solution. Supplementary Materials Sections S5 and S6 explain how, for the purposes of
the prototype GI4RAQ Platform, we estimate the advection and exchange velocities respec-
tively, and modify these around barriers. The approaches we currently take are crude, and
we intend to refine these in due course. Meanwhile, the mathematical framework will read-
ily accept values calculated by more sophisticated and/or realistic means (e.g., using CFD
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models or experimental data). In preparation for the analytical computation of steady-state
concentrations, the code converts the prescribed velocities into fluxes as outlined below.

For each pollutant, the horizontal and vertical advection velocities (describing the
mean flow of air) are used to derive the horizontal and vertical advection fluxes according
to Equations (3) and (4).

F(adv)
k,i =

{
Uk,ick,i−1, Uk,i ≥ 0
Uk,ick,i, Uk,i < 0

(3)

G(adv)
k,i =

{
Wk,ick−1,i, Wk,i ≥ 0
Wk,ick,i, Wk,i < 0

(4)

where, as schematically illustrated in Figure 4, the horizontal advection flux (per unit
area—this applies to all definitions of flux thereafter) into box RkCi (i.e., row k, column i)
from box RkCi−1, F(adv)

k,i , is positive where the horizontal advection velocity from box
RkCi−1 to box RkCi, Uk,i, is positive (i.e., from left to right); ck,i−1 and ck,i are the pollutant’s
concentrations in boxes RkCi−1 and RkCi, respectively. Likewise, the vertical advection flux
into box RkCi from box Rk−1Ci, G(adv)

k,i , is positive where the vertical advection velocity from
box Rk−1Ci to box RkCi, Wk,i, is positive (i.e., upwards); ck−1,i and ck,i are the pollutant’s
concentrations in boxes Rk−1Ci and RkCi respectively.

Figure 4. Schematic of the horizontal and vertical advection fluxes of a pollutant into box RkCi, Uk,i
and Wk,i, respectively, calculated according to Equations (3) and (4).

Likewise, for each pollutant, the horizontal and vertical exchange velocities (describing
the turbulent mixing, or dispersion, of air) are converted to net horizontal and vertical
turbulent fluxes according to Equations (5) and (6). The dependence of each net turbulent
flux on the pollutant’s concentration gradient follows Fick’s law [48].

F(turb)
k,i = uk,i(ck,i−1 − ck,i) (5)

G(turb)
k,i = wk,i(ck−1,i − ck,i) (6)

where, as schematically illustrated in Figure 5, the net horizontal turbulent flux into box
RkCi from box RkCi−1, F(turb)

k,i , due to horizontal exchange velocity, uk,i, is positive where
the concentration gradient slopes down from box RkCi−1 to box RkCi (i.e., from left to
right); and the net vertical turbulent flux into box RkCi from box Rk−1Ci, G(turb)

k,i , due to
vertical exchange velocity, wk,i, is positive where the concentration gradient slopes down
from box Rk−1Ci to box RkCi (i.e., upwards).
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At steady state, the combination of the advection and turbulent fluxes of each pollutant
must equate to the ‘emission’ fluxes of that pollutant, where the latter include the user-
specified emissions into the street from emission zones at its base (see Section 2.1.3),
the additional fluxes into the street associated with the entrainment of polluted air aloft
(characterised by user-specified background pollutant concentrations) and the fluxes out of
the street associated with the expulsion of air into the region aloft. Using vector notation to
cover the entire two-dimensional array of model boxes, we can express the combination of
advection and turbulent fluxes as the product of a matrix, A (a function of advection and
exchange velocities, Uk,i, Wk,i, uk,i and wk,i; see Equations (3)–(6)) and a vector of pollutant

concentrations,
→
C . We can also express the combination of emission fluxes as a vector,

→
D,

and equating one to the other to reflect steady state yields Equation (7).

A
→
C =

→
D (7)

Rearranging Equation (7) yields Equation (8) that allows us to calculate steady-state

concentrations,
→
C , via inverse matrix, A−1 and emission vector,

→
D. For further information,

please see Supplementary Materials Section S7.

→
C = A−1

→
D (8)

2.2. First Tests of Model Performance

To test the performance of our simple box model, we have used it to estimate the
absolute concentrations of pollutants, and the changes produced by roadside barriers,
measured in well-constrained real-world and wind tunnel environments. We exploit the
established dataset of measurements at the Automatic Urban and Rural Network (AURN)
site on Marylebone Road, London, UK (latitude: 51.522530◦ N, longitude: −0.154611◦ E)
to test the model‘s capacity to estimate the right order of magnitude of NO2 and PM2.5
concentrations in a highly trafficked urban street canyon (W ≈ 1.7H). We subsequently
emulate a wind tunnel study [49], in which tracer-doped air was used to assess the impacts
of introducing roadside barriers in a street of similar aspect ratio (W = 2H), under both
parallel and perpendicular wind conditions aloft. Finally, we use the model to estimate
the changes in NO2 concentrations measured behind a roadside barrier introduced in a
real open-road environment [50] (W >> 3H). Below, we describe the model setups used in
these direct comparisons between model and measurements.
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2.2.1. Absolute Concentrations in a Real Street Canyon

The AURN site, run by the UK Government’s Department for Environment, Food
and Rural Affairs (DEFRA), is located on the southern pavement of Marylebone Road,
which runs roughly east–west in north London. This is a well-known pollution hot spot,
in which DEFRA’s reference analysers provide hourly measurements of NO2 and PM2.5
concentrations. Here, we use the model to estimate the annual mean concentrations of NO2
and PM2.5 in 2012—chosen on account of the recent publication of a simulation of 2012
annual mean NO2 concentrations, across the entire street section in this location, using an
‘advanced street canyon air pollution model’ [51].

The street section’s dimensions are estimated from Ordnance Survey MasterMap
products and Google Maps ‘street view’, and compare well with those adopted in previous
studies, e.g., [52]; we ascribe the same height of 23.5 m to the buildings on both sides of
the street. The street section’s dimensions, and the model grid we apply, are illustrated in
Figure 6, looking roughly west (254◦) along the street; emission zones EZ1 and EZ2 thus
represent westbound and eastbound carriageways, respectively.

Figure 6. Street section dimensions and model grid adopted in our modelling of 2012 annual mean
NO2 concentrations beside Marylebone Road; also illustrated are emission zones, EZ1 and EZ2, and
the approximate location of AURN measurements.

The emissions of NO2 and PM2.5 from vehicles within the street (an average of
77,180 vehicles per day in 2012 [53]) are specified based on the 2013 London Atmo-
spheric Emissions Inventory (LAEI) [54]. PM2.5 emissions are taken directly from the
LAEI (20.2 µg m−3 s−1 and 18.8 µg m−3 s−1 are ascribed to EZ1 and EZ2, respectively),
whilst NO2 emissions are estimated based on LAEI emissions of NOx (i.e., NO + NO2).
The fraction of NOx emissions that constitute direct emissions of NO2 is often assumed to
be around 10% [55–57], although, in practice, it is highly dependent on the local vehicle
fleet composition [58]. As our model treats NO2 as a passive tracer, we must increase this
fraction to account for the rapid conversion of some directly emitted NO to NO2 via ozone
titration. We assume that the total fraction of NOx emissions, directly emitted as NO2 or
emitted as NO and rapidly converted to NO2, is equal to the ratio of NO2 to NOx con-
centrations (i.e., [NO2]/[NOx]) typically observed in a similar urban environment. At the
annual mean concentration of NOx measured at the AURN site in 2012 (313.2 µg m−3),
four empirical relationships used by UK air quality regulators yield [NO2]/[NOx] ≈ 24%,
27%, 31% and 19% ([59–62], respectively). Treating 25% of NOx emissions as NO2, we
ascribe NO2 emission rates of 137.9 µg m−3 s−1 and 113.3 µg m−3 s−1 to EZ1 and EZ2
respectively. Meanwhile, the annual mean background pollutant concentrations in this
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location are estimated using DEFRA’s UK Air Information Resource [63]: 40.03 µg m−3

NO2 and 17.15 µg m−3 PM2.5 for 2012.
The background wind conditions are derived from 2012 hourly observations of wind

speed and direction at the nearest UKMO station (Heathrow), courtesy of the MIDAS Open
archive [45]. As outlined in Section 2.1.2, these are first reduced to the fraction of time the
wind blows in each of four 90◦ sectors relative to the street, and the mean across-street or
along-street wind speed in each: 19.9% left to right across the street at 4.02 m s−1; 18.3%
from right to left across the street at 2.62 m s−1; and a total of 61.7%, either into or out of the
plane of the street section, at 3.96 m s−1. We model the concentrations of NO2 and PM2.5
subject to each of these wind scenarios, before calculating a time-weighted average.

2.2.2. Impacts of Roadside Barriers in a Simulated Street Canyon

The impacts of introducing roadside barriers in a street canyon similar to Marylebone
Road (W = 2 H) have been explored in a wind tunnel study, using a 1:150 scale model [49].
Here, we attempt to reproduce the changes in pollutant concentrations measured half-way
along the street, mainly at a height equivalent to 1.5 m, on introducing 2.25 m-tall barriers
between the road and the adjacent buildings. Authors in [49] made these measurements
under, separately, parallel and perpendicular wind conditions aloft. Whilst the original
study measured the impacts of simultaneously adding barriers either side of the road,
we are limited to modelling the impacts of introducing one barrier at a time. Under
perpendicular wind conditions, therefore, we perform separate calculations for the addition
of a barrier (a) upwind and (b) downwind of the road; the scaled-up street dimensions,
and resulting model grids, are illustrated in Figure 7; for consistency, we adopt the same
model grids for the parallel-wind calculations. These grids ensure that the region behind
each barrier is divided into two boxes, enabling us to resolve differences between the two
locations in which measurements were made at the base of the street behind the barrier
(see Figure 7).

Figure 7. Street section dimensions and model grids adopted in our emulation of a wind tunnel study exploring the impacts
of roadside barriers in a street canyon [49] when the barrier is positioned (a) upwind or (b) downwind with respect to the
wind direction aloft; also illustrated are emission zones, EZ1 and EZ2, and the approximate locations of the measurements.

In the wind tunnel study, 7006.5 cm3 min−1 doped air (928 ppmv SF6) was introduced
via four line sources, each 1.42 m long (running parallel with the street and counter-sunk
into the base of the scale model). They were divided into two pairs, each pair representing
a separate carriageway. We emulate this setup in our model with two emissions zones, EZ1
and EZ2. Viewed in cross-section (Figure 7), each emission zone extends from the position
of one line source, to the position of its paired line source, and is ascribed an emission rate
of 232.1 mg m−1 s−1 SF6. We assume the background SF6 concentration is zero.
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The wind conditions in the model are constrained by assuming the wind speed at the
height of the buildings either side—either parallel with, or perpendicular to, the street—is
equal to the wind speed achieved in the wind tunnel (4.65 m s−1).

Finally, we must specify the percentage obstruction posed by the barrier in our model
(the green shaded rectangles in Figure 7a,b). Two types of barriers were employed by [49]
(pore volume fractions of 96.1% and 94.5%). We perform a range of calculations specifying
obstructions of 50%, 70% and 90%.

2.2.3. Impact of a Barrier beside a Real Open Road

The impact of a barrier on roadside NO2 concentrations has been assessed beside
an open road (W >> 3 H), Interstate-280 (Woodside, CA, USA) [50]. Here, we attempt to
reproduce the percentage difference between the mean NO2 concentrations measured in
this assessment (i) behind a line of bushes (3 m tall and 5 m wide in cross section) and (ii) in
an adjacent clearing (equidistant from the road). Figure 8 illustrates the cross-section of this
open-road environment, looking roughly southeast along the road (130◦), with dimensions
estimated from Google Maps satellite and street views; also illustrated are the model grids
adopted when the barrier lies (a) upwind and (b) downwind of the road, relative to the
wind aloft; as before, we reuse these grids for the parallel-wind calculations.

Figure 8. Street section dimensions and model grids adopted in our simulation of the differences between NO2 concentra-
tions measured behind a line of bushes, and in an adjacent clearing, beside Interstate-280 [50] when the barrier is positioned
(a) upwind or (b) downwind with respect to the wind aloft; also illustrated are emission zones, EZ1 and EZ2, and the
approximate location of the measurements.

We have no direct means of constraining the emissions of NO2 from Interstate-280 dur-
ing [50]’s summer study period. We can, however, specify a background NO2 concentration
(7 µg m−3) with reference to measurements at the Redwood City monitoring station [64],
located roughly 3 km to the northeast of the site. We simply halve the Jun–Aug 2017 mean
NO2 concentration measured at this urban station, in view of the study site’s proximity to
the Pacific Ocean (10 km to its south and west); background NO2 concentrations during
southerly and westerly winds would be negligible compared to the urban monitoring
site. We then tune the emissions of NO2 (40.3 mg m−1 s−1 from each side of the dual
carriageway, represented by emission zones EZ1 and EZ2 in Figure 8) to determine an NO2
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concentration at the measurement site in the absence of a barrier (16.62 µg m−3) close to
the reported mean measurement in the clearing (16.83 µg m−3, based on [50]’s Table S1).

The background wind conditions in the model are constrained using the wind speeds
and directions measured in situ throughout the measurement period (at approximately half
the height of the buildings either side); see [50]’s Figure 3 and Table 2. Like for Marylebone
Road, these are first reduced to the fraction of time the wind blows in each of four 90◦

sectors relative to the street, and the mean across-street or along-street wind speed in each
at a reference height of 10 m (scaling the in situ wind speed measurements by a factor of
1.5): 29.0% left to right across the street at 1.88 m s−1; 12.5% from right to left across the
street at 1.58 m s−1; and a total of 58.5%, either into or out of the plane of the street section,
at 1.64 m s−1. We then model the concentrations of NO2 throughout the street section,
subject to each wind scenario, both with and without the barrier. Having calculated the
percentage changes in NO2 concentration due to the barrier in each wind scenario, we
finally calculate the time-weighted average changes in NO2 concentration.

Regarding the barrier, we specify a percentage obstruction of 75%, based directly on
the 25% (optical) porosity of the bushes (‘Stop 2′) estimated in [50]’s Table 1.

3. Results
3.1. Absolute Concentrations in a Real Street Canyon

Figure 9 illustrates the 2012 annual mean distribution of NO2 we modelled in a
cross-section (W ≈ 1.7H) of Marylebone Road, London, at DEFRA’s AURN site (a); and
a reproduction of [51]’s Figure 7, showing their recent simulation of annual mean NO2
at the same site, in the same year, using an ‘advanced street canyon air pollution model’
(b). Where indicated in the figure, our model yielded an annual mean NO2 concentration
of 103.7 mg m−3, which is 10% higher than the 94.0 mg m−3 measured. Comparing the
left- and right-hand sides of the figure, our model yielded a similar, qualitative annual
mean distribution of NO2 to [51]’s simulation, but yielded approximately 10% higher NO2
concentrations in the lower half of the street. We note that their model is much more
sophisticated than our simple two-dimensional box model, and refer the reader to [51] for
full details.

Figure 9. (a) Our modelled 2012 annual mean NO2 (µg m−3) beside Marylebone Road, and (b) a reproduction of [51]’s
Figure 7 (originally published by Taylor & Francis Ltd.: www.tandfonline.com, accessed on 7 June 2021); note, for direct
comparison, our reproduction of [51]’s Figure 7 is reflected in the vertical relative to their original.

As a sensitivity test, we repeated our model calculations, including only direct emis-
sions of NO2 (assumed to be 10% of total NOx emissions; see Section 2.2.1) and omitting
the effects of NO-to-NO2 conversion via ozone titration. This yielded a 37% lower annual
mean NO2 concentration of 65.5 µg m−3. We also tested the validity of otherwise treating
NO2 as a passive tracer (i.e., assuming the influence of NOx sinks can be neglected) by

www.tandfonline.com
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using the same model framework to estimate the annual mean concentration of NOx at
this site. Setting emissions to 100% of the LAEI’s [54] values for NOx (551.6 µg m−3 s−1

in EZ1 and 453.2 µg m−3 s−1 in EZ2) and the background concentration to 75.5 µg m−3,
based on [63], the model yielded an annual mean NOx concentration of 330.3 µg m−3, just
5% over the 313.2 µg m−3 measured.

The annual mean distribution of NO2 illustrated in Figure 9a is the time-weighted
average of the NO2 distributions we model in four separate wind-sector scenarios. Disag-
gregating these, we find that the model reproduced much of the observed dependence of
NO2 measurements at the AURN site on wind direction: an elevated mean concentration
when the wind blows from left to right across the street (southerly winds) of 119.8 mg m−3

cf. 110.9 mg m−3 measured; a lower mean concentration when the wind blows from right
to left across the street (northerly winds) of 77.9 mg m−3 cf. 62.5 mg m−3 measured; and an
intermediate mean concentration when the wind blows in either direction along the street
(easterly or westerly winds) of 106.2 mg m−3 cf. 98.2 mg m−3 measured.

Finally, Figure 10 illustrates the 2012 annual mean distribution of PM2.5 we mod-
elled at this site. It was qualitatively similar to our modelled distribution of NO2, with
elevated concentrations in the vicinity of emission zones at the base of the street canyon,
decaying towards the specified background concentration at its top. The concentrations
of PM2.5 were lower than those of NO2, however, due its lower emissions and lower
background concentration. Where indicated in the figure, the model yielded an annual
mean PM2.5 concentration of 26.8 mg m−3, which is 25% higher than the 21.5 mg m−3

measured. Our simple model employed a single, annual mean background PM2.5 con-
centration (irrespective of wind direction; discussed in Section 4). As a sensitivity test,
we repeated the model calculations with a 25% lower background concentration (12.86 cf.
17.15 µg m−3). This yielded an annual mean PM2.5 concentration of 22.5 µg m−3, just 5%
over the 26.8 µg m−3 measured.

Figure 10. Modelled 2012 annual mean PM2.5 (µg m−3) beside Marylebone Road.

3.2. Impact of Roadside Barriers in a Simulated Street Canyon

Figure 11 illustrates the percentage changes in SF6 concentration we modelled on
introducing a roadside barrier (50, 70 or 90% obstruction) in a street canyon (W = 2H)
under parallel wind conditions aloft, as we seek to emulate [49]’s wind tunnel study. Under
parallel wind conditions, the impacts of introducing a barrier on the left were a mirror
image of the impacts of introducing one on the right, but this symmetry broke down when
we later looked at the impacts under perpendicular wind conditions. Best agreement
between the percentage reductions we modelled behind the barrier at the base of the
street, and those measured by [49] (taken from their Figure 9; values of ‘Dc+

rel floor’ at
x/H= 0.834 and 0.917, y/H = 0) was achieved with a 90% obstruction. Here, we modelled
a 52% reduction in pollution immediately behind the barrier cf. 40–50% measured; and a
36% reduction closer to the adjacent building cf. 40% measured. Our modelled reductions
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dropped to 26% immediately behind the barrier and 18% beside the building when we
specified a 50% obstruction, but remained of the right order of magnitude. Meanwhile, at
the façade of the adjacent building, a third the distance from the bottom to the top of the
street canyon, we modelled reductions of 6–13% with barriers of 50–90% obstruction. These
are somewhat greater than the 0–5% reductions measured (taken from [49]’s Figure 9; value
of ‘Dc+

rel wall’ at y/H = 0, z/H = 0.333) but nevertheless of the right order of magnitude.

Figure 11. Modelled changes in SF6 mass concentration (%), on introducing a roadside barrier in a street canyon under
parallel wind conditions aloft, when the barrier is located (a) on the left of the street, and (b) on the right of the street, as we
seek to emulate [49]’s wind tunnel measurements.

Figure 12 illustrates the percentage changes in SF6 concentration we model on in-
troducing a roadside barrier (50, 70 or 90% obstruction) in the simulated street canyon,
(a) upwind and (b) downwind, relative to perpendicular wind conditions aloft. Qualita-
tively, like the measurements, the model yields reductions in concentration behind the
barrier, both at the base of the street and a third the way up the adjacent building’s façade.
However, the magnitudes of the reductions we model are much lower than those measured
by [49] (taken from their Figure 5; values of ‘hh = 2.25 m, lh = 1.67 m−1′ and ‘hh = 2.25 m,
lh = 3.34 m−1′ in positions fA/B10-1, fA/B10-2 and wA/B4-4). When the barrier is down-
wind, we model a maximum reduction of 12.1% (immediately behind a barrier of 90%
obstruction) compared to a measured reduction of 32–54%. When the barrier is upwind,
the percentage reductions we model are at least two orders of magnitude lower, effectively
zero, whilst [49]’s measured reductions range from 2 to 44%. We discuss the likely cause of
these underestimates, relative to [49]’s idealised wind tunnel simulation, in Section 4.
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Figure 12. Modelled changes in SF6 mass concentration (%), on introducing a roadside barrier in a street canyon under
perpendicular wind conditions aloft, when the barrier is located (a) upwind and (b) downwind relative to the wind aloft, as
we seek to emulate [49]’s wind tunnel measurements.

3.3. Impact of a Barrier beside a Real Open Road

Figure 13 illustrates the percentage changes in NO2 concentration we modelled on
introducing a roadside barrier in an open-road environment (W� 3H), for comparison
with [50]. These are the time-weighted average changes in NO2 we modelled in four
separate wind-sector scenarios. In this figure, we present the modelled results subject
to the original model grids (Figure 8), and an alternative model grid (discussed below).
Employing the original model grids, we calculated a 2.1% reduction, where [50] measured
a reduction of 11.8%. Note, however, that we calculated a 9.2% reduction very close to
the measurement site, but limited to the immediate wake of the barrier (when the wind
blows from left to right as pictured). Recall from Section 2.1.2 that, when a barrier is
introduced in a ventilated region, we attempt to resolve the extent of the partially isolated
region of overturning air created in its immediate wake. With just one column remaining,
however, the modelled impact of the barrier further to the right (a 2.1% reduction) reflects
the average change in NO2 concentration we calculate across the full 47 m remaining
between this partially isolated region and the building on the right-hand side of Figure 13.
In this instance, the single remaining column does not permit us to resolve the return of air
flow forced up and over the barrier (via the middle row of boxes) to the lowermost row of
the model prior to expulsion up, out of the street.



Forests 2021, 12, 769 21 of 29

Figure 13. Modelled changes in NO2 mass concentration (%), on introducing a roadside barrier in an open-road environment,
as we seek to emulate [50]’s measurements beside Interstate-280 in the USA.

When we repeated the model calculations, prioritising resolution of this pattern of air
flow on the right-hand side (at the expense of resolution on the left-hand side, where the
changes in NO2 are more homogenous), we obtained the results illustrated at the bottom
of Figure 13. Subject to the alternative model grids, we then modelled an 11.9% reduction
in the immediate wake of the barrier, and a 17.0% reduction at the measurement site.
Whilst we did not precisely reproduce the measured reduction in either case, we modelled
reductions of the right order of magnitude close to the measurement site in both cases. It is
also reassuring that the overall picture of the modelled changes in NO2 across the whole of
this open-road environment was relatively insensitive to the model grids employed. In
both cases, we modelled increases of less than 2.5% on the far side of the dual carriageway
from the barrier (i.e., on the left of Figure 13); increases of 2.5–10% in the top and bottom
model rows in the vicinity of the road, and between the road and barrier; more marked
increases of 15–40% in the middle row, where polluted air is forced up and over the barrier
(when the wind blows from left to right); and marked decreases in the lowermost row,
in the wake of the barrier, as previously described, relaxing towards zero-change in the
region above.

4. Discussion and Conclusions

These first tests of the model’s performance are promising, especially when we recall
that the prototype GI4RAQ Platform is a scoping tool, applicable to a wide variety of
streets, not designed to predict pollutant concentrations in one particular type. The model
reproduces the annual mean concentrations of NO2 and PM2.5 beside Marylebone Road,
London, to within 10% and 25% respectively. Moving from absolute pollutant concentra-
tions to the impacts of roadside barriers, the focus of our planning tool, the model exhibits
the correct qualitative changes in pollutant concentrations observed in street-canyon and
open-road environments, and it estimates changes of approximately the right size in these
environments, except for the street canyon under perpendicular wind conditions aloft.

There are limitations to the current model, and future developments should increase
its predictive skill and scope. We have made the model open source to engage the wider
research community in its continued development.

4.1. Modelling Absolute NO2 Concentrations

The model’s estimates of NO2 concentrations beside Marylebone Road exhibit good
agreement with observations, not only in terms of the 2012 annual mean, but also underly-
ing variability with respect to wind direction. Furthermore, our assumption that NOx sinks
(deposition and chemical transformation) can be neglected in our simple model framework
appears to be valid: it reproduces the observed 2012 annual mean concentration of NOx
here to within 5%. The model’s estimates of NO2 concentrations are, however, sensitive to
the fraction of NOx emissions treated as NO2 emissions: it yields a 37% lower annual mean
concentration at this site when we include only directly-emitted NO2; hence, is sensitive
to the additional fraction of NOx emissions assumed to be emitted as NO but rapidly
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converted to NO2 via ozone titration. This fraction can be estimated, as we have done,
using empirically derived [NO2]/[NOx] relationships (e.g., [59–62]) and the appropriate
value of [NOx] in the location of interest (available from, e.g., DEFRA’s UK Air Information
Resource [63]). However, these relationships are approximate; they reflect the nature of the
environments (e.g., ozone concentration) where the measurements of [NO2] and [NOx], on
which they are based, were made and, therefore, yield somewhat different values of [NO2]
for a given value of [NOx].

It will be challenging for the average user of the prototype GI4RAQ Platform to pick a
suitable relationship for their site, and consider the inherent uncertainty in the fraction of
NOx emissions they treat as NO2. A priority future development is, therefore, the inclusion
of a photochemistry scheme to calculate [NO2]/[NOx] for that site, subject to its latitude,
affecting the rate of NO2 photolysis, and the ambient ozone concentration (e.g., from [63]),
affecting the rate of NO-to-NO2 conversion. Modelling NOx (cf. NO2) as a passive tracer,
and using the photochemical scheme to disaggregate NOx into NO and NO2, the user will
be able to specify NOX emissions (readily available to them) and obtain estimated changes
in NO2 concentrations (most pertinent to local air quality management).

4.2. Modelling Absolute PM2.5 Concentrations

Roadside PM2.5 concentrations reflect both background PM2.5 concentrations, due to
regional-scale emissions and chemical transformations, and proximate PM2.5 emissions
(e.g., from vehicles). Just a few metres from the kerb, only around 20% of PM2.5 (mass)
concentrations is attributable to nearby vehicles (e.g., [65]), compared with roughly 60% of
NO2 concentrations [66]. The lower fraction of PM2.5 attributable to local sources reflects
its longer atmospheric lifetime and, consequently, its ability to travel further from point of
emission to point of removal from the air. For instance, high PM2.5 concentrations in the UK
are often associated with the import of air from continental Europe [65]. The dependence
of PM2.5 in a given location to the history of air arriving in that location challenges our
simple modelling approach, particularly our use of a single, annual mean background
PM2.5 concentration. This simplification could explain the model’s 25% overestimation of
annual mean roadside PM2.5 on Marylebone Road, as this background PM2.5 concentration
determines the minimum roadside concentration the model can yield (subject to zero
vehicular emissions and/or perfect ventilation); reducing the background concentration by
25% reduced the modelled annual mean concentration to within 5% of that observed.

The current approach neglects the potential correlation between background PM2.5
concentration and wind direction aloft, but was chosen to ensure the Platform only re-
quires information readily available to its users (e.g., from [63]). Even with such a crude
approximation, the model easily achieves the level of agreement (a factor of two) sought
by [51] in their recent validation of an ‘advanced street canyon air pollution model’ for NO2.
Furthermore, we model close to the observed annual mean concentrations of NO2 and
NOx in the same location, drawing on the same emissions dataset [54], and a qualitatively
similar annual mean distribution of NO2 throughout the cross-section of the street canyon
to [51]. This suggests our overestimation of PM2.5 is not primarily due to a structural
problem in the model, which would affect both NOx and PM2.5 equally.

4.3. Roadside Barriers in Street Canyons under Perpendicular Wind Conditions

Exposing a 1:150 scale-model of a street canyon to contrasting wind conditions in a
wind tunnel, [49] measured 40–50% reductions in pollutant concentrations behind roadside
barriers under parallel wind conditions, and only slightly lower reductions under perpen-
dicular wind conditions. Specifying a barrier of 90% obstruction, our model yielded very
similar reductions of 36–52% under parallel wind conditions, but reductions of just 0–12%
under perpendicular ones.

In our perpendicular-wind calculations, advection velocities remained unaltered on
introducing a barrier. As outlined in Supplementary Materials Section S5, we currently only
divert a fraction of the mean air flow around barriers introduced in ventilated regions (cf.



Forests 2021, 12, 769 23 of 29

recirculation regions encountered, for example, in street canyons). In both the parallel and
perpendicular-wind calculations, however, the turbulent mixing of air between adjacent
model boxes was reduced between the boxes either side of the barrier.

Just as we divert air up and over a barrier introduced in a ventilated region, such as in
our emulation of [50]’s study of a barrier beside Interstate-280, we could alter the pattern of
recirculation within the street canyon to divert a fraction of air around a barrier. By doing
so, we would model a greater reduction in pollutant concentrations behind the barrier
under perpendicular wind conditions. We purposefully do not do this, however, for two
reasons.

Firstly, as noted in Section 1.3, the patterns of air flow identified in simplified wind
tunnel (and CFD) simulations are not always observed in real streets: patterns of recircula-
tion observed in the lab are not reproduced in a real street canyon [44]. The complexity
and heterogeneity of real urban form—including relatively small-scale features (e.g., bal-
conies) and temporary obstacles (e.g., parked cars)—and the variability in wind conditions
aloft, even within short ‘intensive observation periods’, distort what is expected based
on idealised models [44]. Moving vehicles also disrupt the flow of air within a street.
They increase turbulent mixing in their wake (perturbing any building-induced patterns
of advection) and introduce an additional advective component orthogonal to the recir-
culation (drawing their emissions along the street; see, e.g., [67–69]). The trial of a new,
ultrafast chemiluminescence detector, permitting NOx measurements up to 500 times a
second, has also revealed the potential for following vehicles to displace emissions from
leading vehicles laterally [70], i.e., from one side of the road to the other and/or towards
the roadside. We therefore think it unwise to adapt our model to replicate the findings of
a wind tunnel simulation, devoid of the confounding factors identified above and likely
achieving unrealistically invariant and undisturbed patterns of air flow in this singular
environment: a street canyon under directly, and exclusively, perpendicular winds aloft.

Secondly, a real street will always encounter a variety of wind conditions aloft over
the course of a year—the length of time over which we seek to provide useful estimates of
the changes in pollutant concentrations expected on introducing a barrier. Consequently,
the changes in concentration returned to users of the prototype GI4RAQ Platform reflect a
time-weighted average of the changes estimated subject to not only perpendicular wind
conditions, but also parallel ones. The inclusion in this weighted average of underestimates
of the benefits of roadside barriers under perpendicular wind conditions simply renders
the final estimates of their net benefits (under variable wind conditions) conservative—and
only when the proposed barrier is introduced in a recirculation region. We opt to provide
conservative estimates of barrier benefits, rather than risk motivating interventions, the
theoretical benefits of which may not be possible to realise in practice.

4.4. Future Developments to Increase the Model’s Predictive Skill and Scope

The current model should be viewed as a framework, allowing researchers to switch
out its current approaches with alternatives that are more parsimonious or more sophisti-
cated, depending on user needs. For instance, instead of specifying advection velocities in
different parts of a street’s cross-section as outlined in Supplementary Materials Section
S5, users could draw on air-mass velocities output from a more sophisticated (and more
computationally demanding) model. Where the model’s agreement with measurements
improves—not just in one street under one set of wind conditions, but across a large num-
ber of sites subject to a variety of meteorological conditions—new parameterisations could
be developed, always ensuring that the model offers sufficiently rapid estimates to be prac-
ticable. Key to this long-term process of improvement will be the creation of an accessible
dataset of suitable measurements, against which we can measure the model’s performance.

Few studies [49–51] offer sufficient constraints to carry out the initial performance
tests described in this paper. Future studies should include simultaneous measurements
on both sides of a barrier (e.g., [37]) and in corresponding positions relative to the road
in a control region without a barrier (e.g., [50]). More comprehensive insights require
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simultaneous measurements, not only in the vicinity of the barrier, but in other parts of
the street section, including above the buildings on either side, in order to constrain the
composition of background air entrained into the street. To disaggregate those impacts with
respect to wind conditions aloft, and the flow of air within the street, the measurements of
pollutant concentrations in each location would ideally be accompanied by measurements
of wind speed and direction.

With more observations of the right sort, we can extend the model’s scope to enable
practitioners to explore the impacts of interventions in a greater variety of urban envi-
ronments, including deeper and/or narrower street canyons (W/H < 1); streets bounded
by buildings of more complex cross-sections (e.g., including overhangs, stepped profiles
and distinct roof geometries); and locations where the road is either elevated or depressed
relative to its surroundings. The Platform’s scope could also be extended to permit explo-
ration of a greater variety of interventions, e.g., not only the addition of green (or grey)
infrastructure barriers, but also the reallocation and reorganisation of space(s) within a
street as, for instance, we plan new provisions for active travel [12–14].

The prototype GI4RAQ Platform currently focuses on the impacts of vegetation
barriers on the horizontal flow of polluted air (i.e., from road to roadside). Users are
restricted to proposing a green (or grey) barrier, with or without a parallel line of trees
to obstruct the horizontal flow of air at a higher level (see Section 2.1.4). In the future,
we would like to enable users to explore the impacts of tree crowns (with or without a
lower-level barrier) on the exchange of air at the base of a street with background air
aloft. Whilst dense tree canopies risk trapping emissions from highly trafficked roads
(see, e.g., [25]), they could help to protect streets with little or no traffic from the import of
pollution from above.

Currently, the impacts of green barriers (e.g., hedges) and accompanying trees are
estimated based on their dimensions at ‘managed maturity’ (specified by the user), the
percentage obstruction they pose when in leaf (estimated by the user) and their seasonality
(simply assuming deciduous species are in leaf for half the year). As our understanding of
the relative impacts of different tree species on the dispersion of pollution increases, we
would like to enable the Platform’s users to specify the species (or mixture of species) they
mean to plant, and use this information to derive suitable values for both the obstruction
when in leaf (based on leaf area index) and the fraction of the year they are in leaf.

4.5. Planning Suitable Interventions to Reduce Roadside Exposure to Vehicular Pollution

We have developed the prototype GI4RAQ Platform to enable urban practitioners
to estimate certain benefits of street planting schemes early in the design and planning
process. Early quantification is essential to enhance the resilience of proposed schemes to
the inevitable cost-cutting between outline design and implementation. Understanding
of the impacts of green infrastructure on urban air quality has evolved rapidly in recent
years, and the prototype software is designed to translate that understanding into suitable
interventions to reduce exposure to vehicular pollution—the main source of urban outdoor
air pollution—at the roadside—where people are most exposed to it.

The deposition of pollutants to vegetation benefits air quality, but the magnitude of
this benefit is small in most street contexts (see Section 1.2) and is dwarfed by the effects
that vegetation has on local pollution dispersion. This change in approach, from enhancing
deposition to altering dispersion close to source, requires planting in pursuit of an overall
benefit to people in the vicinity. That is, planting that changes the local distribution of
pollution relative to people, to reduce the concentrations of pollutants where most people,
and/or people of highest vulnerability, are most exposed. The distribution of pollution
prior to an intervention will depend on many local factors, including local wind conditions;
local urban form, local vehicular emissions and the background air quality in that locality.
These factors all have bearing on the impact of introducing a vegetation barrier, making the
intervention site-dependent; what is beneficial in one location is not necessarily beneficial
in another.
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Our prototype GI4RAQ Platform enables urban practitioners to estimate the site-
specific impacts of a proposed intervention quickly, and irrespective of their specialism, as
part of urban planning teams. It offers rapid first-order estimates of these impacts—often
a combination of benefits and disbenefits in different parts of a street’s cross section—to
engage its users in an iterative design process in pursuit of the air quality outcomes they
seek (so far as local factors permit). The prototype GI4RAQ Platform (i.e., the model
coupled with a simple user interface; www.gi4raq.ac.uk, accessed on 4 June 2021) is a
first step to informing a new discourse, aligned with the latest understanding of the
impacts of vegetation on urban air quality, to deliver reliable and quantifiable benefits to
urban citizens.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.
3390/f12060769/s1. Supplementary Materials Section 1 details compatible street configurations and
includes Figures S1 and S2. Supplementary Materials Section 2 outlines the automatic logic used to
dimension the street cross-section into 5 columns, referring to Figures S3–S8. Supplementary Materi-
als Section 3 describes the methodology used to breakdown climatological wind conditions into four
90◦ sectors and includes Figure S9. Supplementary Materials Section 4 provides an example street
dimensioning, and air flow description, under perpendicular wind conditions when background air
aloft flows from right to left, illustrated by Figure S10. Supplementary Materials Section 5 details the
current methodology for estimating advection velocities, illustrated by Figure S11. Supplementary
Materials Section 6 details the current methodology for estimating exchange velocities. Supplemen-
tary Materials Section 7 details the methodology of the mass-conservation solver used to calculate
steady-state concentrations. References [71–77] are cited in the Supplementary Materials.
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