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• Exposures are resolved down to the time
scale of the breathing cycling (1 s).

• High temporal resolution needed to accu-
rately derive distribution of 1 s exposures.

• Exposure is characterised by low concen-
trations punctuated by short duration
peaks.

• Proximity and timing of emission peaks
important in determining mean exposure

• Avoiding largest peaks could significantly
reduce mean exposure.
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Roadside concentrations of harmful pollutants such as NOx are highly variable in both space and time. This is rarely
considered when assessing pedestrian and cyclist exposures.
We aim to fully describe the spatio-temporal variability of exposures of pedestrians and cyclists travelling along a road
at high resolution.We evaluate the value added of high spatio-temporal resolution compared to high spatial resolution
only. We also compare high resolution vehicle emissions modelling to using a constant volume source. We highlight
conditions of peak exposures, and discuss implications for health impact assessments.
Using the large eddy simulation code Fluidity we simulate NOx concentrations at a resolution of 2 m and 1 s along a
350m road segment in a complex real-world street geometry including an intersection and bus stops.We then simulate
pedestrian and cyclist journeys for different routes and departure times.
For the high spatio-temporal method, the standard deviation in 1 s concentration experienced by pedestrians (50.9 μg.
m−3) is nearly three times greater than that predicted by the high-spatial only (17.5 μg.m−3) or constant volume
source (17.6 μg.m−3) methods. This exposure is characterised by low concentrations punctuated by short duration,
peak exposures which elevate the mean exposure and are not captured by the other two methods. We also find that
the mean exposure of cyclists on the road (31.8 μg.m−3) is significantly greater than that of cyclists on a roadside
path (25.6 μg.m−3) and that of pedestrians on a sidewalk (17.6 μg.m−3).
We conclude that ignoring high resolution temporal air pollution variability experienced at the breathing time scale
can lead to a mischaracterization of pedestrian and cyclist exposures, and therefore also potentially the harm caused.
High resolution methods reveal that peaks, and hence mean exposures, can be meaningfully reduced by avoiding
hyper-local hotspots such as bus stops and junctions.
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1. Introduction

Air quality models help us to understand the nature of exposure to
harmful pollutants. This includes the location and cause of elevated con-
centrations within urban areas, source apportionment and the quantifi-
cation of exposure within different micro-environments (e.g. different
travelling modes). As methods have become more advanced and com-
puter power has increased, many models have increased their spatial
resolution with exposure analyses now possible down to the scale of me-
tres (e.g. Santiago et al., 2022; Beevers et al., 2012). For population ex-
posure estimates, Santiago et al. (2022) used high resolution modelling
(down to ∼1 m) of a city in Spain to demonstrate that a grid resolution
of 1 km2 or finer is required in order to generate accurate population-
level statistics such as total population exposure. These models are
also useful for identifying key local hotspots within the city, for example
at busy junctions (Santiago et al., 2021), which contribute to the short
term variability in exposure of individuals. Santiago et al. (2021)
(Santiago et al., 2021) used their high-resolution concentration maps,
along with pedestrian mobility microsimulations to calculate pedestrian
exposure. They found that the high-resolution spatial mapping picked
up concentration hotspots at busy junctions, leading to an increase in
the estimate of total exposure by 9–23 %, compared with a spatially av-
eraged approach. While there is a recognition that it is important to un-
derstand the variation in concentrations within urban areas at high
spatial resolution, the same cannot be said for high temporal resolution
modelling. This is despite the well-known variability in vehicle emissions,
which tend to be dominated by very short peaks associated with transient
periods of high engine load, e.g. when accelerating from standstill or
changing gear (O’Driscoll et al., 2016; Irwin et al., 2018). Measurements
have shown that these peaks constitute the vast majority of the total emit-
ted NOx during real world driving (Peckham et al., 2020), yet the correla-
tion between the location and timing of these peak emissions with
pedestrian and cyclist movement is not well understood.

When modelling down to scales of metres, the associated time scales
for concentration fluctuations is in the order of seconds. Yet, high spa-
tial resolution models of pollutant concentrations tend to consider 1 h
mean concentrations, neglecting any fluctuations in concentration
within these hourly periods. Of course, estimating the exposure of indi-
viduals as they move through these high spatial resolution maps leads to
variations in exposure with time, at time scales of seconds, e.g. as pedes-
trians walk through hotspots with length scales of a few metres they ex-
perience elevated concentrations for a few seconds. Santiago et al.
(2021) showed that this variation leads to a log-normal distribution in
exposures across the 300 m × 300 m area that they simulated. How-
ever, when considered at the level of an individual, these modelled
short time scale variations are in fact entirely artificial, as the actual
concentration experienced at any particular time or location can, for a
majority of the time, diverge significantly from the time-averaged
mean. In order to capture the full variation in exposures about the
mean it is necessary to resolve concentrations at time scales down to
that of the breathing cycle, i.e. to the order of 1 s for active travel. Fur-
ther, ignoring the variation in concentrations with time at high resolu-
tion also risks missing potentially significant effects such as the
coupling of the time periods during which pedestrians stand waiting
to cross at the roadside with the time period during which vehicle emis-
sions are greatest, i.e. pedestrians are required to wait at the roadside
edge while vehicles accelerate past generating high emissions, but are
able to walk without delay during the period at which vehicles are sta-
tionary and emissions are at their lowest. Similarly, cyclists who ride
on the road are often forced to stop at traffic lights among polluting
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vehicles, often within a metre or two from the nearest tailpipe. At
these distances the concentrations to which a cyclist is exposed is likely
to be significantly greater than the time-average mean, albeit for only a
short period of time. These occurrences and their contribution to total
exposure are not fully captured by lower time resolution models, re-
gardless of the spatial resolution used.

In this paper we use the high spatio-temporal resolution simulations
of NOx concentrations along a road in London, as presented by
Woodward et al. (2022), to quantify the exposure of pedestrians and cy-
clists as they travel along the road. The simulations are used to investi-
gate to what extent the exposure of pedestrians and cyclists quantified
at 1 s resolution differs from that quantified using a high spatial but
low temporal resolution representation of concentrations. A compari-
son is also made with the exposure to traffic emissions modelled as a
constant volume source spanning the length of the street. In addition
to the mean exposure of the pedestrians and cyclists we also consider
the variation in exposures about the mean for each exposure calculation
method. The potential significance of this variation is then discussed,
drawing on a toxicokinetic toxicodynamic model of harm (Rozman
and Doull, 2000; Rozman, 2000) to illustrate why the variation in expo-
sure over short time periods may be significant when evaluating the im-
pact on health.

2. Methodology

The modelling used to simulate the exposure of pedestrians and cyclists
along the road consists of four elements:

1. The vehicles moving along the road.
2. The second-by-second emissions of each vehicle.
3. The dispersion of the traffic tailpipe emissions.
4. The movement of pedestrians and cyclists as they travel along the

road and their resulting exposure to traffic emissions.
A detailed description of the methods used for steps 1 to 3 is given in

Woodward et al. (2022), however we also provide a summary here,
followed by a description of the method used for step 4. The flow chart
shown in Fig. 1 shows each step of the methodology and the inputs re-
quired. In this paper we focus on step 4.

2.1. High resolution modelling of NOx concentrations

Fluidity is an open-source software developed at Imperial College
London. It is a general purpose, finite element computational fluid
dynamics software within which a large eddy simulation (LES) meth-
odology is implemented with an anisotropic adaptive mesh (Pain
et al., 2001). Using LES, Fluidity is able to simulate unsteady atmo-
spheric flows, resolving turbulent features of the flow and the disper-
sion of passive tracers down to length and time scales of <1 m
and < 1 s, respectively (Woodward et al., 2019; Aristodemou et al.,
2018; Pavlidis et al., 2010). Fig. 2 shows the buildings included in
the model and a snapshot of the velocity magnitude on a plane crossing
London road, where turbulent features of the flow can be seen. The full
geometry domain used for the simulation had dimensions 1000 m ×
850 m × 300 m.

Emissions from vehicle tailpipes were modelled using two methods.
The first represented the emissions as a constant volume source extend-
ing the length and width of the road (the grey area in Fig. 3). The second
represented the emissions as volume sources with time-varying emis-
sion rates. These sources have a minimum size of 2 m × 2 m × 2 m
and move along the street. The length of a volume source along the di-
rection of travel of the vehicle increases as the vehicle speed increases,
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ensuring a smooth, continuous source between simulation time steps as
described in Woodward et al. (2022).

The emission rate of each individual vehicle is calculated using an
instantaneous NOx emissions model (Le Cornec et al., 2020) and the ve-
hicle movement is modelled using the PTV Vissim traffic flow model
(PTV Vissim, n.d.), providing a reasonable representation of real-
world driving behaviour, including response to traffic light signals.
Combination of the instantaneous emissions model with Fluidity's
high resolution airflow calculations allows the dispersion of tailpipe
emissions to be modelled at high spatial and temporal resolution.
Fluidity's ability to replicate realistic concentration variations at the
roadside is demonstrated in Woodward et al. (2022).

Only the NOx emissions from the tailpipes of vehicles travelling
down the road, named London Road, are modelled and analysed in
this paper. No assumption is made for other sources or background
NOx concentration.

Four runs were used for the analysis, each simulating 45 min of the dis-
persion of traffic emission along the road. These comprised of two wind
speeds and directions and two different configurations of the traffic light
timings at the junction at x ≈ 150 m (see Fig. 3). They are summarised in
Table 1. For both meteorological conditions, the atmospheric boundary
layer was assumed to be neutral (i.e. wind driven with mechanical mixing
dominant) and applied using a Synthetic Eddy Method (Pavlidis et al.,
2010). The prevailing wind speeds and directions at 200 m were chosen
to replicate measurements taken during two periods of a field study at
London Road, while the profile of the mean wind speed and turbulence
was scaled up from a wind tunnel model of the site (see Woodward et al.,
2022 for more detail). While the wind speeds and directions were a crude
replication of two periods of the field study, it should be noted that evalu-
ating the model performance at the high time resolution considered here
is very difficult, and the comparison made in Woodward et al. (2022) is
far from perfect, for example it was not possible to exactly replicate the me-
teorological conditions and traffic flows of the field study. Despite this, in
Woodward et al. (2022)wedemonstrate that themethod is able to replicate
Fig. 1. Flow chart of methodology used to simulate high spatio-temporal exposure of p
methodology for the grey boxes can be found in Woodward et al. (2022) and in the pap
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similar statistics to the measurements. Additional meteorological condi-
tions can be considered in future.

Fig. 4 shows two examples of the instantaneous NOx concentration field
at two random times during the simulations. The concentrations are seen to
vary by orders of magnitude within the street, reaching as high as 1000 μg.
m−3 in small areas. The blue arrows indicate the direction of street level
dispersion due to the street canyon effect within the street, which changes
for the two wind directions considered.

In order to minimise the demand on hard disk space and memory, the
concentrations calculated by Fluidity for each time step were saved only
on a 2 m × 2 m grid along the entire length and width of the road at a
height of 1 m, rather than for all of the computational nodes within the
street, which numbered in the millions. Concentrations were generated at
each time step, either 0.25 s or 0.33 s, but were reduced to 1 s time resolu-
tion by averaging over 1 s periods for the duration of the simulation. This
was to reduce computational demand when running the exposure analysis.
The length and time scales used for the exposure analysis described here are
therefore 2 m and 1 s, respectively.

2.2. Pedestrian and cyclist exposures

The pedestrian and cyclist exposures were calculated using a Python
script to interrogate the Fluidity concentration output files. The routes
travelled by the pedestrians and cyclists along a roadside path were pro-
grammed within this script, using simplifying assumptions such as
straight line trajectories and constant moving speeds. The routes for
the cyclists travelling along the road were simulated as part of the PTV
simulations which generated the vehicle trajectories. In this case it
was important to capture the interaction between vehicles and cyclists.

2.2.1. Pedestrian routes
Four routeswere defined for pedestrians towalk along the road in either

direction, as shown in Fig. 3. A total of 200 pedestrians were sent along
each route at intervals of 10 s. Each pedestrianwalked in a perfectly straight
line at 1.3 ms−1 until they reached the junction at approximately x =
edestrians and cyclists to NOx concentrations from traffic emissions. Details of the
ers referenced. TFL denotes Transport for London.



Fig. 2. (a)Modelled street geometry and (b) a snapshot of thewind velocitymagnitude across the geometry perpendicular to LondonRoad. The full geometry domain used for
the simulation had dimensions 1000 m × 850 m × 300 m.

Fig. 3. Routes taken by pedestrians and cyclists along London Road.
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150m.Once at the junction the pedestrians crossed if the vehicles had been
stopped by the traffic lights. Otherwise, pedestrians waited at the roadside
until that occurred before continuing along their route. A scatter was intro-
duced in the location at which the pedestrians stopped and waited at the
roadside such that each pedestrian did not occupy the exact same location
each time. This scatterwas defined somewhat arbitrarily, aswere the routes
taken by pedestrians. Changing these parameters would lead to a change in
calculated exposures, however the objective of this work is to demonstrate
the utility of high resolution modelling, rather than a comprehensive study
of pedestrian exposures along London Road - this is a case study varying
only a limited range of parameters and the results should be considered
Table 1
Meteorology and traffic light configuration for the four simulation runs, and the
number of vehicles, pedestrians and cyclists per hour. uref denotes the wind speed
at the reference height of 200 m.

Run uref
ms−1

Wind
dir.

Traffic
light
cycle

N
veh./h

N
Ped.

N Cyc.
(P)

N Cyc.
(R)

1 8 260° 48 s 874 800 800 79
2 12 40° 48 s 874 800 800 79
3 8 260° 96 s 833 800 800 67
4 12 40° 96 s 833 800 800 67

Cyc.(P) denotes cyclists travelling on a roadside cycle path. Cyc.(R) denotes cyclists
travelling on the road.
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within this context. The mean journey time for the pedestrians was 317 s,
with a standard deviation of 21 s.

2.2.2. Cyclists routes along a roadside path
The exposure of cyclists travelling along the road was calculated using

two separatemethods. The first used a similar method to that for the pedes-
trians and is referred to as cyclists(P). Two straight line routes were defined
for the cyclists; one along the edge of the road in either direction. For each
route, 200 cyclists at 10 s intervals travelled at a constant speed of 5 ms−1

unless stopped at the junction by red lights. These cyclists stopped ahead of
the waiting vehicles and did not respond or interact in any waywith the ve-
hicles. For example, if approaching a queue of vehicles at the traffic lights,
these cyclists continued to travel at 5 ms−1 until they reached their stop-
ping point ahead of the vehicles. In this way this first group of cyclists
were not required at any time to wait directly behind any vehicles. The
mean and standard deviation of journey time of the cyclists was 80 s and
10 s, respectively.

2.2.3. Cyclists routes along the road
The second group of cyclists was simulated by the PTV Vissim

microsimulation model and travelled along the road itself. These are re-
ferred to as cyclists(R). These travelled along the road with the vehicles
and stopped at any red lights with the vehicles before continuing once the
signal turned green. No effort was made to move past stationary vehicles
ahead of the cyclists, therefore when approaching a queue at the traffic
lights these cyclists waited directly behind the vehicle ahead; representing



Fig. 4. Snapshot of instantaneous NOx concentration (μg.m−3) field along London Road during run 1. Red arrow shows the prevailing wind direction at the reference height
of 200 m. Blue arrows indicate the prevailing wind direction at street level due to the street canyon effect.
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cyclists travelling along a road with no room to filter through traffic. The
mean journey time for the cyclists was 78 s with a 23 s standard deviation.
For the 48 s traffic light cycle simulations 75 cyclists were simulated, while
for the 96 s traffic light cycle simulations there were 64 cyclists in total. As
this group of cyclists was modelled using PTV Vissim, we were not able to
simulate as many as for the other two groups, nor were we able to specify
the exact number.

2.2.4. Methods used to evaluate exposure
The exposure received from each pedestrian or cyclist journey was cal-

culated using three different methods:
1. Using the concentrations resulting from the constant volume source

(VS). These concentrations vary at 1 s resolution due to the wind flow
and turbulence within the street; however, the emission source is constant
with time.

2. Using time-averaged mean concentrations resulting from the moving
tailpipe emissions. These concentrations are resolved at high spatial resolu-
tion (2 m), but are assumed constant in time for the duration of the expo-
sure analysis and are calculated by taking the time-average mean
concentration over the duration of the simulation. We refer to this method
as High Spatial (HS) resolution.

3. Using the 1 s resolution concentrations resulting from the moving
tailpipe emissions. These vary with time both due to the highly variable ve-
hicle emissions and the wind flow turbulence. We refer to this method as
high spatio-temporal (HST) resolution.

2.2.5. Definition of “run”, “route” and “scenario”
When discussing the results below we will refer to a run (R) as a single

simulation run, of which there are 4 in total (see Table 1). Between each
run, the long-termmean statistics of the input data varies, i.e. either theme-
teorology conditions or time-averaged traffic flow rates are different.

Each run consists of multiple routes (r) for each active travel group, e.g.
for pedestrians there are 4 routes (see Fig. 3). Between each route, the path
taken along the road varies.

We refer to each combination of simulation run and route as a scenario,
numbered k=(1, 2,…, n), where for pedestrians n=4 runs× 4 routes=
16. So, for example, scenario k=1 represents run 1 and route 1, i.e. R1r1.
For each individual scenario, both the long-term statistics of the input data
(i.e. meteorology and traffic inputs) and the path taken along the road are
the same.

There are 800 pedestrian journeys for each simulation run, resulting in a
total of 3200 pedestrian journeys across all 16 pedestrian scenarios. The
total exposure, Ei, of a pedestrian for a journey, i, can be described by the
sum of Ek, the mean exposure of all pedestrians for any particular scenario,
k, and E′

k,t the variation about the mean for this pedestrian (Eq. (1)). The

variation in journey exposure about the mean, E′
k,t , depends on the exact
5

time of departure, t, along the street, which in turn dictates the time series
of concentrations experienced by that pedestrian or cyclist. Ei can therefore
be expressed as:

Ei ¼ Ek,t ¼ Ek þ E′
k,t (1)

3. Results

3.1. Vehicle emissions along the road

Fig. 5 shows the median, mean andmean plus standard deviation of the
emission rates for all traffic for each 10m section of road length. While two
different traffic configurations were used, we present the combined statis-
tics of both here. Similarly, the analysis in the rest of the paper focuses on
the statistics across all four simulation runs combined, rather than each
one individually.

Fig. 5 shows that the median emission rate for all traffic is much lower
than the mean for the vast majority of road length. Elevated median emis-
sions occur near the junction and bus stops (yellow and orange shaded
areas), but is otherwise very low, often close to zero, along most of the
street. This is the expected behaviour as vehicle NOx emissions tend to be
dominated by short, sharp peak emissions while accelerating (O’Driscoll
et al., 2016; Peckham et al., 2020), which is more likely to occur at these
locations. Similarly, mean traffic emissions are elevated near these loca-
tions, in addition to the variation in emission rates represented by the stan-
dard deviation.

3.2. Pedestrian and cyclist exposures for the total journey

Table 2 shows the statistics for the mean journey concentrations, for all
pedestrians and cyclists. The mean concentration calculated using the VS
method underestimates that calculated using the HST methods, by 6 %,
8 % and 15 % for pedestrians, cyclists along a cycle path and cyclists
along the road, respectively. The mean values calculated using the HS
and HST methods are in good agreement, all within 2 %. The median
value is lower for the HST method for all three groups. Similarly, the stan-
dard deviation and range of values, shown by the minimum and maximum
values, are considerably greater for the HST method for each group. There-
fore, while the HSmethod is able to estimate themean exposure accurately,
it is not able to replicate the full range of exposures experienced by individ-
uals belonging to each group.

To understand the underlying cause of the values in Table 2, we con-
sider the breakdown inmean journey exposures by route and by simulation
run. Fig. 6 shows the range of concentrations for each scenario for pedes-
trians. For the HST (Fig. 6c), the variation in mean concentration between



Fig. 5.Median,mean andmean plus standard deviation of 1 s vehicle emission rates
for all traffic for each 10m section of road for all simulation runs. The yellow shaded
area shows the location of the pedestrian crossing, while the orange shaded areas
show the location of the bus stops.
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pedestrians is mostly due to a variation in concentrations within each sce-
nario, e.g. there is a range of concentrations for the pedestrians belonging
to R1r1. Here the scenario configuration is the same, i.e. the same route is
taken for the same simulation run. The variation is entirely due to the tem-
poral variation of concentrations along each route, leading to a variation in
the term E′

k,t in Eq. (1). It is the time of departure, t, of the pedestrian which
determines the difference between the pedestrian's journey exposure, Ek,t ,
relative to the scenario mean, Ek – two pedestrians walking the same
route at two different times will experience different concentrations as
they move along the street. Only resolving at high temporal resolution
can E′

k,t be evaluated.

There is also the variation between each scenario mean Ek, e.g. the
difference in mean concentrations seen for R1r1 as compared to R1r2, or
R2r1. This is due to the spatial variation in the time-averaged concentration
field. This can be seen to be the case by considering Fig. 6b and c, where the
values of the mean exposure (green triangles) for each scenario for the HS
and HST methods are in close agreement. This again is to be expected as
the time-averaged concentration field is the same in both cases. This varia-
tion between scenarios is significantly less than the variationwithin scenarios
for the HST case. It is therefore clear that, in order to capture the full range
of possible journey exposures of pedestrianswalking along the street, a high
temporal resolution is required for the concentrations.

For the VS case (Fig. 6a), a different pattern is seen for the scenario
means as the time-averaged concentration field is not the same in this
case. The variation about each scenario mean is caused by highly local dis-
persion patterns within the street, leading to temporal variations in concen-
trations despite the constant release rate.
Table 2
Mean journey NOx concentrations (μg.m−3) for pedestrians and cyclists calculated
using eachmethod; Volume Source (VS), High Spatial (HS) and High Spatio-tempo-
ral (HST). Cyclists(P) denotes cyclists travelling along the path and Cyclists
(R) denotes cyclists travelling along the road.

Pedestrians Cyclists(P) Cyclists(R)

VS HS HST VS HS HST VS HS HST

Median 16.4 18.1 16.1 23.1 26.5 19.3 23.3 28.9 20.1
Mean 16.6 17.9 17.6 23.4 25.8 25.5 23.7 31.3 31.7
Std Dev 3.6 3.5 8.3 8.2 5.7 21.0 9.3 15.8 33.5
Min 6.9 10.5 4.3 5.5 6.8 14.8 0.9 7.8 2.0
Max 29.8 25.5 82.2 47.6 42.1 196.1 48.3 112.8 283.6
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A similar comparison is seen for both sets of cyclists, see Figs. S2 and S3
in the supplementary material.

3.3. Variation in exposures along the road

Fig. 7 shows the median, mean and mean plus standard deviation 1 s
concentrations for all pedestrians for each 10 m section of the road. For
pedestrians, the greater mean exposure estimated using the HS and HST
methods is mainly due to elevated concentrations near the bus stops
towards the furthest end of the road (indicated by the orange shaded
areas). These elevated mean concentrations are partly a result of elevated
bus emissions in these locations due to both idling emissions as buses
wait for passengers to alight and board, and the emission peaks as the
buses accelerate away from standstill, which contribute to the elevated
emissions seen in Fig. 5. However, the peaks in pedestrian exposure are
more pronounced than those in emissions. This is due to the closer proxim-
ity of the buses to pedestrians while buses wait at the bus stops (buses pull
into a lay-by and are therefore a couple of metres closer to the pedestrian
routes than elsewhere along the street). Passing pedestrians are there-
fore in closer proximity to the bus tailpipes and are exposed to higher
concentration puffs when a bus pulls away and emits a short, high emis-
sion puff of NOx.

A similar effect is not as pronounced for pedestrians near the junction
(yellow shaded area), where mean concentrations are close to the mean
for the entire road length (denoted by the dashed black line). This perhaps
seems surprising given that most vehicles are required to stop at the junc-
tion before accelerating away, and a peak in emissions is seen at this loca-
tion (Fig. 5). However, there is an opening between the buildings at both
sides of the junction, which is, therefore, more exposed towind-driven ven-
tilation, for both modelled wind directions. A stable, higher velocity wind
flow across the road is seen at the junction for both wind directions as com-
pared with the location of the bus stops. Therefore, the puffs released by ve-
hicles tend to be quickly dispersed and diluted, leading to a lower mean
exposure than might otherwise be expected. The effect of this wind flow
across the junction on concentrations can be seen in Fig. S1, where lower
concentrations are seen at the location where pedestrians are crossing
for both the HST (Fig. S1(a)) and VS (Fig. S1(b)) methods. These figures
also show how the exposure of pedestrians at the junction is likely
highly sensitive to the location of the crossing. Despite this, the elevated
emissions at the junction lead to a peak in the median and mean plus
standard deviation exposures.

For the cyclists travelling along a roadside path (Fig. 8) there are again
elevated mean concentrations near the bus stops for the HS and HST
methods, but also in this case elevated mean concentrations near the junc-
tion. These elevated mean concentrations at the junction occur because of
the closer proximity of these cyclists to the vehicle tailpipes. The variation
in concentrations for theHSTmethod is greater than that for pedestrians for
the majority of the road length, with the greatest variation again occurring
near the junction and bus stops.

For the cyclists travelling along the road itself (Fig. 9), there are two dis-
tinct hotspots for the mean concentration, one at the junction, and another
near the bus stops at x≈ 320 m, for both the HS and HST methods. These
correspond to locations where the cyclists wait directly behind vehicles on
the road before vehicles accelerate away, releasing a short, high emission
puff directly into the path of the cyclist. The location of the peak for cyclists
travelling along the road differs to that for cyclists travelling along the path,
reflecting the different interactionwith traffic between the two groups. The
variation in exposures at these two locations is particularly large, and signif-
icantly greater than those seen elsewhere for each group (notice that the
scale for the cyclists(R) in Fig. 9 is greater than in Figs. 7 and 8).

These results highlight the importance of the proximity of active travel-
lers to the tailpipe. In this case, the closer proximity of the cyclists travelling
along the road not only leads to a significantly greater mean journey ex-
posure (31.7 μg.m−3) compared to the cyclists travelling along a dedi-
cated cycle path (25.5 μg.m−3) and pedestrians (17.6 μg.m−3), but



Fig. 6. Boxplots of mean journey concentrations for each run (R1, R2, R3, R4) and each pedestrian route (r1, r2, r3, r4). The green triangle denotes themean, the orange line
the median, and the box the inter-quartile range. The whiskers extend to 1.5 times the inter-quartile range.
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also a much greater maximum journey exposure (283.6 μg.m−3 com-
pared to 196.1 μg.m−3 and 82.2 μg.m−3, respectively).

3.4. Variation in 1 s exposures

Now let us consider the variation in exposures at 1 s resolution.
Fig. 10a shows the concentrations to which four pedestrians were ex-
posed as they travelled along the road. The plots show that the
Fig. 7.Median, mean and mean plus standard deviation concentrations to which pedes
location of the pedestrian crossing, while the orange shaded areas show the location of
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concentrations can be highly variable, with significantly different pro-
files for each example (note that the scale of the y-axis differs between
the four examples). For a large duration of the journey the concentra-
tions are very low (<5 μg.m−3), but are punctuated by very short dura-
tion, very high concentration peaks. In the second plot, concentrations
above 1000 μg.m−3 are seen, albeit only for a second. Fig. 10b shows
the probability density function for all 1 s concentrations experienced
by all pedestrians. The distribution is clearly not normal, with a mean
trians are exposed for each 10 m length of road. The yellow shaded area shows the
the bus stops.



Fig. 8.Median, mean and mean plus standard deviation concentrations to which cyclists travelling along the roadside path (Cyclists(P)) are exposed for each 10 m length of
road. The yellow shaded area shows the location of the pedestrian crossing, while the orange shaded areas show the location of the bus stops.
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(17.6 μg.m−3) significantly greater than the median (4.2 μg.m−3) (see
Table 3). There is also a large variation in concentrations about the
mean, with a standard deviation of 50.9 μg.m−3, and a maximum as
high as 3223.0 μg.m−3 (note that the x axis in the plot has been limited
to 200 μg.m−3). Fig. 11 shows the distributions for the VS and HS
methods. It is clear that neither of these is able to accurately character-
ise pedestrian exposure at this time resolution as the shape of the distri-
bution is significantly different for both cases. In the case of the HS
method a bimodal distribution is seen, where the second mode is caused
by the pedestrians passing through the hotspots in time average concen-
tration at the junction or near the bus stops (Fig. S1). The shape of the
VS method distribution depends entirely on the specific wind direction
and street geometry and is narrower than that for the other two methods
due to the constant emission source. Similar comparisons are seen for
both cyclist groups.

Table 3 shows the concentration statistics calculated at 1 s resolution for
all pedestrians and cyclists across all scenarios using the HST method. Also
included are columns showing the values calculated excluding the 99th per-
centile 1 s concentrations across all scenarios. For pedestrians this equates
to excluding all concentrations above 202.8 μg.m−3, for cyclists(P) all con-
centrations above 318.9 μg.m−3 and for cyclists(R) all concentrations
above 363.4 μg.m−3. Were these peak concentrations somehow avoidable
by pedestrians and cyclists as they travelled along the road, their mean ex-
posures would be reduced by approximately 20 % in each case. It is of
course impossible for pedestrians or cyclists to detect and avoid these
peak concentrations in real life. But there may be behavioural changes
that could reduce the probability of exposure, such as avoiding locations
where peak exposures are most likely to occur. For example, Fig. 12
shows at which distances along the length of the road these very high
peak exposures tend to occur. For both pedestrians and cyclists there is a
peak at the junction (x ≈ 150 m) and near the bus stops. For pedestrians,
Fig. 9.Median, mean andmean plus standard deviation concentrations towhich cyclists
that the y-axis scale is greater in this case than for the corresponding figures for pedest
crossing, while the orange shaded areas show the location of the bus stops.

8

15 % of these peak concentrations occur within the same 10 m section of
road near the junction (Fig. 12a), with an additional 26 % due to two
peaks near the bus stops. For cyclists(P) the value is 15 % near the junction
and 12%near the bus stops (Fig. 12b), while for cyclists(R) it is as high as
32 % at the junction and 19 % near one of the bus stops (Fig. 12c). The
peak at the junction for the pedestrians is largely due to the greater pro-
portion of time spent at this location, shown by the black bars. However,
for both cycling groups, in particular cyclists(R), the peaks are not en-
tirely due to the greater proportion of time at this location. The peaks
near the bus stops for each group occur without any significantly greater
proportion of time spent at these locations.

4. Discussion

Before we discuss the results, the limitations of this study should be
noted. The study considers two different wind directions only, and the
boundary layer is assumed to be neutral in both cases. Two sets of traffic
flows are also considered bringing the total number of simulations to
four. This is obviously not a sufficient number to be able to draw general
conclusions about pedestrian exposures. Further, note that no background
concentration has been included in the analysis. However, these simula-
tions do provide a test case which shows how varying model resolution
even down to scales of metres and seconds can have a large impact on the
characterisation of the exposure of active travellers as they move along a
street in London.

Another limitation of the current work is the absence of vehicle-induced
dispersion. While Fluidity is able to simulate the effect of each individual
vehicle on the airflow, the method is analogous to representing the vehicle
fleet as a second, highly viscous fluid (see Woodward et al., 2019), this
model was not included for the current work due to the increased computa-
tional resources required. Woodward et al. (2019) showed that this effect
travelling along the road (Cyclists(R)) are exposed for each 10m length of road. Note
rians and Cyclists(P). The yellow shaded area shows the location of the pedestrian



Fig. 10. (a) Time series of NOx concentration exposure (μg.m−3) for four pedestrians taking route 1, 2, 3 and 4 from top to bottom. Concentrations shown are for simulation
run 1. Note the different y-axis scales for each example. (b) HST method probability density function for all NOx concentrations experienced by the simulated pedestrians for
all routes and all simulation runs. The black dashed line indicates the median (4.2 μg.m−3) and the red dashed line the mean (17.6 μg.m−3). The x axis has been limited to
200 μg.m−3, though concentrations go up to a maximum of 3223.0 μg.m−3.

Table 3
Pedestrian and cyclist statistics calculated at 1 s resolution for all scenarios using the
High Spatio-temporal (HST) method. Cyclists(P) denotes cyclists travelling along
the path and Cyclists(R) denotes cyclists travelling along the road.

Ped. Excl. 99th
%ile

Cyclists
(P)

Excl. 99th
%ile

Cyclists
(R)

Excl. 99th
%ile

Median 4.2 4.1 5.1 5.0 6.1 5.9
Mean 17.6 13.9 25.6 20.4 31.8 25.6
Std Dev 50.9 24.5 71.8 41.0 85.1 49.3
99th %ile Max 202.8 133.0 318.9 220.2 363.4 257.1

3223.0 202.8 3600.5 318.9 2150.0 363.3
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can have a significant impact on street-level concentrations; vehicle move-
ment drags pollutants along the street and dilutes them through wake tur-
bulence, extending regions of high concentration but reducing peak levels.
Fig. 11. (a) VS method probability density function for all NOx concentrations experie
dashed line indicates the median (9.4 μg.m−3) and the red dashed line the mean
probability density function for all NOx concentrations experienced by the simulated pe
median (15.0 μg.m−3) and the red dashed line the mean (17.9 μg.m−3). The x axis h
215.2 μg.m−3.
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4.1. Possible implications for pedestrians and cyclists

Comparing the 1 s resolution statistics for pedestrians and the two cy-
cling groups seen in Table 3, we see that the median is similar across all
groups. This is despite the closer proximity of the cyclists to the road than
pedestrians, in particular the cyclists travelling along the road itself, rather
than the path, which are often very close to vehicle tailpipes. The median
is by definition the 50th percentile of the 1 s concentrations experienced
by each group. Given that the median concentrations are fairly low
(≤6.1 μg.m−3), this means that the concentrations experienced by each
group is very similar for at least half the time. In fact, we find that the 1 s
concentrations experienced by pedestrians are below the mean value of
17.6 μg.m−3 for 78 % of the time. For cyclists(P) the concentration is
below 17.6 μg.m−3 for 74 %, and for cyclists(R) for 70 % of the time.
This is true despite significant differences in the mean concentrations expe-
rienced by each group, with the mean for cyclists on the road being 80 %
greater than that for pedestrians, and 24 % greater than that for the cyclists
on the path. The reason for the difference in the time-averagemean, and the
key difference between the exposure of each group, is the magnitude and
nced by the simulated pedestrians for all routes and all simulation runs. The black
(16.6 μg.m−3). The maximum concentration is 183.5 μg.m−3. (b) HS method
destrians for all routes and all simulation runs. The black dashed line indicates the
as been limited to 200 μg.m−3, however concentrations go up to a maximum of



Fig. 12. Percentage of 1 s 99th percentile exposures that occur (red) and percentage of total time spent (black) at each 10 m section of road for a (a) pedestrian, (b) cyclists
travelling along the path (cyclists(P)) and cyclists travelling along the road (cyclists(R)). The yellow shaded area shows the location of the pedestrian crossing, while the
orange shaded areas show the location of the bus stops.
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frequency of exposure to the very short, high concentrations, such as those
seen in Fig. 10a. Reducing the likelihood of exposure to these peak con-
centrations could lead to significant reductions in mean exposures. For
the scenarios considered in this study, avoiding the 99th percentile con-
centrations results in a reduction in mean exposure of 3.7 μg.m−3 for pe-
destrians, 5.2 μg.m−3 for cyclists on the path and 6.2 μg.m−3 for cyclists
on the road.

A measure that could achieve this for cyclists would be to locate cycle
lanes away from busy roads. In fact, the results presented here suggest
that even a cycle path directly next to the road can reduce exposures signif-
icantly. Failing this, a secondary measure could be to ensure that there is
space for cyclists to filter through traffic rather than having to stop and
wait among vehicles.

For pedestrians, measures could target the peak exposures seen at the
junction and bus stops. Although only four simulations are considered
here, we can say with confidence that busy junctions and bus stops are lo-
cations with greater statistical probability of being emission hotspots, and
where peak emissions such as those seen by O’Driscoll et al. (2016) and
Peckham et al. (2020) are likely to occur. In which direction these emission
peaks are dispersed will depend on the meteorology at the time, however
exposure to these peak concentrations is still statistically much more likely
in these areas than elsewhere on the street. These locations also tend to be
where pedestrians spend a disproportionate amount of time, therefore en-
hancing the impact of these peak exposure rates. Even for our simulations
where pedestrians waiting for buses was not considered, all pedestrians
walked past the bus stopswithout stopping, these locations contributed dis-
proportionately to the total journey exposures. Placing bus stop queues fur-
ther from the road could be an effective option, another to design bus stops
that provide shelter for pedestrians from these high concentration puffs.

Future work will attempt to evaluate the relative importance of the time
required by pedestrians towait at the junction to total exposure, in addition
to the effect of waiting at the bus stops. Additional meteorological condi-
tions will also be investigated, including low wind speed conditions.

4.2. The suitability of mean concentrations for health impact assessment

The nature of exposure at high resolution shown here raises the ques-
tion as to whether the mean concentration is a suitable value when
attempting to quantify the harm caused by chronic exposure to NOx/NO2,
and whether the variation in concentrations experienced by individuals
along the road holds any significance when evaluating the impact of expo-
sure on health. Both epidemiological studies and controlled clinical studies
of the harm caused by exposure to NO2 tend to use the time-averagedmean
concentration as the variable quantifying the magnitude of exposure
(World Health Organization, 2010). Assuming a linear function of the
time-averaged concentration is equivalent to assuming that Haber's law
for toxicity (Haber, 1924) holds for NO2. Haber's law states that the
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incidence or severity of a toxic effect depends on the time integral of the

concentration over the period of exposure T,
R T
0 C tð Þdt, or equivalently a lin-

ear function of the time-average mean concentration and time of exposure,
�C � T. This is done despite an extensive literature suggesting that Haber's
law does not typically hold for inhaled toxicants, including NO2 (e.g.
Jarabek, 1995; Miller et al., 2000; Bunce and Remillard, 2003), at least
for short-term, acute exposures. Rozman and Doull (2000) hypothesise
that a deviation fromHaber's law occurs when a steady-state or equilibrium
state is prevented from being reached by an intermittent or variable dose,
i.e. a highly variable dose leads to a nonlinear toxic response when de-
scribed as a function of the time-averaged mean concentration. Animal ex-
periments which have compared continuous and intermittent exposures
suggest that a nonlinear function is a more accurate model for the toxic-
ity of NO2 (Gardner et al., 1979; Rombout et al., 1986; ten Berge et al.,
1986). It should however be noted that these experiments involve
much higher concentrations than those seen at the roadside and that
concentration-time functions derived for short-term, acute exposures
may not translate to long-term, chronic exposure.

Epidemiological population or cohort studies tend to use linear models
of time-average mean concentrations to derive concentration response
functions for chronic NO2 exposure. Studies of all-cause and respiratory
mortality which have given specific consideration to the shape of the
concentration response function have in the most part concluded that
they do not significantly deviate from linearity (Cesaroni et al., 2013;
Fischer et al., 2015; COMEAP, 2018). However, there exists a substantial
heterogeneity in the response functions derived from different studies
(COMEAP, 2018). In a recent review, Huangfu and Atkinson (2020) con-
cluded that the evidence does not currently exist to determine the precise
nature (magnitude and linearity) of mortality associations with long term,
time-averagedmean NO2 exposure. Further, despite the general acceptance
of linearity inmost cases, there is evidence of nonlinearity at low concentra-
tions with several studies reporting a steeper response function (i.e. more
harm caused for each increment of concentration increase) below a certain
threshold effect (typically <20 μg.m−3) (Næss et al., 2006; Crouse et al.,
2015; Halonen et al., 2016). Halonen et al. (2016) looked specifically at
traffic emissions in London and found that the all-cause and cardiovascular
mortality concentration response functions were nonlinear, however the
positive association between exposure and mortality was weak.

Given the highly complex and transient nature of the numerous pro-
cesses that occur when a toxicant is inhaled and then causes harm, the tran-
sient toxicant elimination then recovery processes which follows exposure,
and the highly varying concentrations experienced by exposed individuals,
it seems unlikely that Haber's rule will hold for NO2 exposure near a road-
side. Rather, it seems likely that a nonlinear relationship between harm and
exposure is more appropriate, i.e.

R
C tð Þndt, where n≠1. While the evi-

dence and understanding certainly does not yet exist to justify a move



H. Woodward et al. Science of the Total Environment 885 (2023) 163711
away from the use of Haber's law to quantify the degree of harm caused by
chronic exposure to NO2, a greater understanding of the variation in expo-
sure about the mean can only help improve our understanding of the mech-
anism of harm. The availability of concentration data with fine time and
spatial resolution opens up the possibility of developing dynamical models
for exposure that include physiological processes, recovery, etc.; for an ex-
ample, see Hilderman et al. (1999).

The total harm incurred from exposure depends on the form of the
exposure-harm-recovery relationship, which need not be linear. The ques-
tion then arises as to which statistic or function of the concentration time
series encountered by an individual is most appropriate in determining
the harm caused over any period of time or, in this case, journey along
London Road. Possible answers might include the mean, the median or a
measure of the extreme, such as the 95th percentile - or, perhaps, only
the actual concentration time series. We note that the mean is the appropri-
ate measure only if the exposure-response function is linear. This is no lon-
ger true if the exposure-response function is nonlinear.

Some aspects of harm and exposure under a nonlinear regime are worth
noting. First, consider a nonlinear exposure-response function without a

threshold, with the effective harm given by D ¼ R T
0 C tð Þndt, T being the du-

ration of exposure. The peaks in the concentration time series acquire ever
greater significance as n increases above unity and, as previously noted,
n>1 has been argued for a number of common pollutants. However, n
will generally have been determined from exposure to increasing levels of
steady concentration, and it is not clear that this necessarily provides a re-
liable value to be used with sporadic exposure. Second, consider a nonlin-
ear response function above a threshold, Cth, so that only times when
C tð Þ>Cth contribute to D. Situations can now occur where the mean and
median are below the threshold, but the peaks exceed it. In all of these
circumstances, use of the time series, C tð Þ, would appear to be obliga-
tory in the absence of a model which can give representative predictions
of the required statistics, e.g. number andmagnitude of Cth exceedances.

4.3. Possible implications for modelling exposure

In Section 3.2 we found that the mean exposure of pedestrians and cy-
clists travelling along the road was in good agreement between the high
spatial and high spatio-temporal resolution cases. While the volume source
method provided a reasonable estimate of the pedestrianmean exposure, it
significantly underestimated the mean exposure of cyclists, mainly due to
the fact that the volume sourcemethod did not capture localised concentra-
tion hotspots near the junction and bus stops where emissions tend to be
greatest. This suggests that a high spatial resolution is sufficient to estimate
mean exposures, without requiring a comparable degree of temporal reso-
lution. However, the high spatio-temporal method showed that there is a
considerable degree of variation in possible exposures for both pedestrians
and cyclists about the mean which was not fully captured by the volume
source and high spatial methods. While the high spatial method is able to
capture the spatial variation in exposures due to changes to longer term sta-
tistics, e.g. the different time-averaged concentration field for different
routes, or different traffic configurations or wind directions, it is not able
to capture the large variation in journey exposures due to the high degree
of temporal variability in concentrations over time periods down to 1 s.
For the high spatial-temporal method an order-of-magnitude variation
was seen in the time-average mean exposure of pedestrians (4.3–82.2 μg.
m−3) and for cyclists along a path (14.8–196.1 μg.m−3), and two orders
of magnitude for cyclists along a road (2.0–283.6 μg.m−3). Therefore, the
highly variable 1 s resolution concentrations experienced by pedestrians
translates to significant variations in exposure over longer time periods
(the mean journey time for pedestrians was over 5 min).

It is of course important to note that these exposures consider only the
traffic emissions along the simulated road. In reality, concentrations will
be elevated by contributions from emissions in the surrounding area and
therefore these ranges will be less significant relative to the mean. How-
ever, analysis of NO2 concentrations measured at 1 s time steps on the
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roof of a car driving along London roads, over the course of two days,
also show a mean significantly higher than the median, and a distribution
that is log normal (see Figs. S4 and S5 in supplementary material). These
measurements were taken as part of the Breathe London project (Breathe
London Pilot, n.d.). It therefore seems that only by resolving to time scales
down to the breathing cycle can the exposure of pedestrians and cyclists
travelling through urban areas be fully and accurately characterised.

While the exposures considered here are representative of periods of
travel activity which make up only a small proportion of people's day,
such activities can represent as much as a quarter of air pollution intake
in daily lives (de Nazelle et al., 2013).

5. Conclusion

The exposure of a group of pedestrians and two groups of cyclists, one
travelling along a roadside path and another along the road itself, was sim-
ulated using a high spatio-temporal model of NOx concentrations and a sim-
ple agent-based simulation. A road in London was used as a test case and
four simulations were run in total with two wind directions and two traffic
configurations. A comparison was made between the exposure of the
different active travel groups using different methods to simulate the NOx

concentrations.
It was shown that in order to characterise pedestrian and cyclist expo-

sures realistically, a high spatial and temporal resolution model was re-
quired, with time resolution down to the timescale of the breathing cycle
(≈ 1 s). Use of a high spatial resolutionmodelwith constant concentrations
in time provided good estimates of mean exposure but failed to replicate
the range of exposures encountered by individual pedestrians and cyclists.
This variation was large when evaluated using the high spatio-temporal
resolution method, with an order of magnitude or greater variation in
possible time-average mean exposures depending on the time of depar-
ture along the street. This showed that resolving the concentration field
down to 1 s leads to significant variations in exposure over longer time
periods, in this case the time taken to travel the length of the road (for
pedestrians just over 5 min).

We also found that pedestrian and cyclist exposures were dominated
by short, very high peak, localised exposures. The majority of these oc-
curred either at the junction or near the bus stops in the study area. It is
at these locations where vehicles are required to accelerate from stand-
still, often emitting a large spike of NOx as they do so. This emission be-
haviour is well understood and therefore it is likely that we already
know where the key hotspots are along any street. It may therefore be
possible to reduce the exposure of active travellers using measures
targeted at these locations, for example maximising the distance
between pedestrian crossings and the stop line for vehicles or building
cycling infrastructure away from the road.

These acute exposures lead to a log normal distribution in 1 s resolution
exposures, withmean concentrations experienced significantly greater than
the median. The 1 s resolution concentrations experienced by the pedes-
trians and cyclists modelled in these case studies were below the mean
for the vast majority of the time (78 % of the time for pedestrians). This
raises the question as to how suitable the use of the time-averagemean con-
centrations is when evaluating the impact of exposure on health; the mean
captures neither the concentration experienced for the majority of the time
spent at the roadside, nor the number and magnitude of peak exposures.
Further, given the highly variable concentrations when considered at the
breathing time scale and the complex and transient nature of exposure-
harm-recovery processes, we question whether Haber's rule should be as-
sumed to hold for NO2 exposure near a roadside.

A better characterisation of the exposure is likely required in order to
improve our understanding of the mechanism of harm from chronic expo-
sure to NO2, and other highly variable pollutants in urban areas.
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