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Mobile monitoring reveals the importance of non-
vehicular particulate matter sources in London†

Samuel Wilson, *a Naomi J. Farren, a Shona E. Wilde,a Rebecca L. Wagner,a

James D. Lee, a Lauren E. Padilla, b Greg Slater,c Daniel Petersb

and David. C. Carslawad

This study uses mobile monitoring to gain a better understanding of particulate matter (PM) sources in two

areas of Central andOuter London, UK. We find that, unlike emissions of nitrogen oxides (NO+NO2=NOx),

which are elevated in Central London due to the high number of diesel vehicles and congestion, fine

particulate matter (PM2.5) emissions are well-controlled. This finding provides evidence for the

effectiveness of vehicle particulate filters, supporting the view that their widespread adoption has

mitigated PM2.5 emissions, even in the highly dieselized area of Central London. However, mobile

monitoring also reveals infrequent elevated PM2.5 concentrations caused by malfunctioning vehicles.

These events were confirmed through simultaneous measurements of PM2.5 and sulfur dioxide (SO2), the

latter being a strong tracer of engine lubricant combustion. A single event from a gasoline car,

representing just 0.15% of the driving distance in Outer London, was responsible for 7.4% of the DPM2.5

concentration above background levels, highlighting the ongoing importance of addressing high-

emission vehicles. In a novel application of mobile monitoring, we demonstrate the ability to identify and

quantify non-vehicular sources of PM. Among the sources unambiguously identified are construction

activities, which result in elevated concentrations of coarse particulate matter (PMcoarse = PM10 − PM2.5).

The mobile measurements clearly highlight the spatial extent of the influence of such sources, which

would otherwise be difficult to determine. Furthermore, these sources are shown to be weather-

dependent, with PMcoarse concentrations reduced by 62.1% during wet conditions compared to dry ones.

Environmental signicance

Particulate matter (PM) air pollution is the leading environmental risk factor for the global burden of disease. This study provides new insights into PM sources

in London, UK, throughmobile monitoring that captures the spatial contributions of vehicular and non-vehicular emissions. While vehicle particulate lters are

effective at reducing ne PM emissions, malfunctioning vehicles remain important contributors to urban air pollution. Additionally, construction activities are

shown to be an important PM source, particularly in dry conditions, with emissions extending well beyond site boundaries. By applying novel spatial analytical

techniques, this study identies transient and stationary PM sources that must be addressed to further reduce urban PM air pollution.

1 Introduction
1.1 Background and context

Considerable progress has been made in reducing particulate

matter (PM) emissions in the UK and many other parts of the

world over the past three decades.1 However, exposure to ne

PM is the leading environmental risk factor for the global

burden of disease, with emissions continuing to rise in certain

regions.2 The reduction of PM in the atmosphere remains

a major challenge, and further efforts are necessary to reduce

emissions and protect human health. From 1990 to 2021, UK

emissions of ne particulate matter (PM2.5) declined by 66%,

and emissions of the larger size fraction of particulate matter

(PM10) decreased by 63% over the same period.3,4 Despite this

progress, the health evidence related to PM has strengthened

over this period, and in September 2021, the World Health

Organisation (WHO) published updated Air Quality Guidelines.

The revised guideline for annual average concentrations of

PM2.5 was reduced from 10 mg m−3 to 5 mg m−3, while the cor-

responding value for PM10 was reduced from 20 mg m−3 to 15 mg

m−3.5 These new WHO guidelines for long-term exposure to
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pollutants reect the lowest levels at which the guideline

developers could be condent of an adverse health effect.

Meeting theWHO PM guidelines is very challenging for most

countries, especially in urban areas where there are a diverse

range of PM sources and high complexity associated with

identifying those of the greatest importance. In 2023, the UK

annual mean concentrations of PM2.5 and PM10 were 7.7 mg m
−3

and 15.2 mg m−3 respectively.6 Furthermore, 79% of the UK

exceeded the WHO PM2.5 guideline, and it is estimated that in

the UK over 48 000 premature deaths are attributable to PM2.5

exposure annually.7 The continued effort to reduce PM

concentrations requires a comprehensive quantitative under-

standing of the contributions of different sources.

The enduring concern over PM health effects has led to

a variety of emission reduction strategies, both for the precursor

emissions of PM2.5, including nitrogen oxides (NO + NO2 =

NOx), sulfur dioxide (SO2), and ammonia (NH3), as well as direct

reduction of primary particles. A major focus of emissions

reduction has been the mitigation of PM from road transport,

which has historically been a major source in urban areas. PM

emissions from road transport comprise both exhaust and non-

exhaust contributions. Non-exhaust PM emissions, which are

becoming increasingly signicant, arise from brake wear, tyre

wear, road surface wear, and re-suspension of road dust,

producing a variety of particle sizes, predominantly in the PM10

size fraction. In contrast, exhaust PM emissions originate from

fuel combustion, particularly in diesel engines, producing

PM2.5 which has been the target of reduction strategies in the

past two decades.

The introduction of diesel particulate lters (DPFs) for light

and heavy-duty vehicles in the UK was a pivotal step to address

PM2.5 emissions from road transport. Mandated under

increasingly stringent emission standards, DPFs serve as highly

efficient technologies designed to physically trap particles and

burn off accumulated material.8 Following their widespread

adoption in the late 2000s, DPFs have contributed largely to the

50% reduction in UK PM2.5 emissions from road transport

between 2008 and 2021.3 Moreover, during this period of time,

vehicle emission standards and control technologies have

continued to develop, with gasoline vehicles in the UK requiring

particulate lters from 2019 onwards, further reducing PM2.5

emissions from road transport.9

As road transport emissions of PM have been reduced, the

relative importance of other sources has increased. The number

and type of non-vehicular sources are vast, including industrial

processes, construction and demolition activities, residential

heating and cooking activities.10 PM2.5 and PM10 emissions

from these sources are challenging to quantify due to their

transient and unpredictable nature, and there are very few

primary emission factor measurements available in the litera-

ture. Efforts to mitigate PM in urban areas must encompass

a broader range of sources, with a developing focus on those of

non-vehicular origin.

In order to reduce PM2.5 and PM10 concentrations in an

urban area such as London, the concept of the controllable

fraction of PM concentrations is important. Recent measure-

ments of PM2.5 show that a signicant fraction originates

outside the UK in the form of secondary inorganic and organic

aerosol.11 Therefore, at the city level, there is limited scope to

reduce PM concentrations by controlling emissions in London

itself. Nevertheless, it is important for London and other cities

to quantify the PM that is locally controllable and take appro-

priate action to further reduce concentrations. In this respect,

considering the increment in PM concentrations above the

regional background provides a moremeaningful metric, as it is

more closely related to the controllable fraction of PM

compared to absolute concentrations.

Mobile monitoring, which involves the use of fast response

air quality analysers contained within a mobile laboratory, is

well suited to evaluate PM emissions in urban areas, due to its

ability to provide high-resolution spatial and temporal infor-

mation.12,13 Unlike stationary monitoring sites, which offer

limited geographical coverage, mobile labs can traverse the

urban environment measuring a diverse range of emission

sources. This approach allows for the detection of transient PM

emission events that might be otherwise missed, and reveals

spatial patterns in PM concentrations through repeated driving

routes.14 However, working with mobile monitoring data is

challenging, and new analytical techniques are required to

successfully derive useful information from data with high

spatial and temporal variability.

In recent research by Wilde et al.,15 a new framework for

analysing mobile measurements was developed. Higher NOx

increments weremeasured in Central London compared to Outer

London, and the road transport eet-averaged emission intensity

for NOx in Central London was double that of Outer London, as

a consequence of high levels of dieselisation and congested

traffic conditions. These ndings demonstrate that the compre-

hensive spatial information that can be derived from mobile

monitoring is essential for understanding the complex dynamics

of urban air pollution, identifying emission sources, and

informing targeted mitigation strategies to improve air quality.

1.2 Objectives

This study aims to use fast response mobile measurements of

PM10 and PM2.5, together with gaseous measurements of NOx, SO2

and carbon dioxide (CO2), to improve understanding of PM sour-

ces in London. The main objectives are (i) to evaluate PM emis-

sions in Central andOuter London and determine whether there is

a diesel congestion penalty – elevated pollutant emissions due to

the inefficient operation of emission control systems in congested

traffic conditions – which has previously been observed NOx

emissions in Central London; (ii) to identify and quantify the

contribution made by infrequent high-emission vehicles; and (iii)

to develop methods to identify and quantify non-vehicular sources

of PM, considering different PM size fractions and the inuence of

meteorology and dispersion characteristics.

2 Data and methods
2.1 Mobile monitoring

2.1.1 Instrumentation. Mobile measurements were made

using an instrumented mobile laboratory (Nissan NV400SE

Environ. Sci.: Processes Impacts This journal is © The Royal Society of Chemistry 2024
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transit van). A detailed description of the mobile laboratory is

available in the literature; a summary is provided in this text.15,16

Air was sampled from a forward-facing inlet mounted 2.25 m

above the ground at the front of the vehicle to minimise self-

sampling of exhaust emissions. The risk of exhaust self-

sampling is greatest when reversing and during stationary

intervals. Instances where the van was reversing were excluded

from the analysis, and preliminary stationary tests indicated

minimal self-sampling of the exhaust, with all observed test

measurements corresponding to passing vehicles.

Multiple air pollutants, including PM, NOx, SO2, CO2, carbon

monoxide (CO), methane (CH4), and ozone (O3) were measured

using a variety of fast-response analysers contained within the

mobile laboratory. Flame ignition tests were performed daily

prior to monitoring, and instrument response times were

characterised by the resulting concentration peaks.

The data from each instrument were time-aligned by calcu-

lating the optimal offset for each species using a cross-

correlation procedure relative to the fastest-responding instru-

ment. The time series for each species was shied to produce

the maximum correlation coefficient with CO2, which was

chosen as the reference measurement. A 5 s offset was applied

to the data to account for the delay caused by air travelling from

the sample inlet to the instruments; for typical vehicle speeds of

30–45 km h−1 this offset corresponds to a distance of 50 m.

Geographic location, vehicle speed, and vehicle direction

were measured using a Garmin GPS 18× computer mounted

externally 2.5 m above the ground. Front-facing video footage

was recorded using a dashboard-mounted VANTRUE X4S 4K

camera. All data were collected at 1 Hz using custom DAQFac-

tory soware, and air pollutant measurements were merged

with the corresponding geographic information aer the time

alignment adjustments. A ‘snapping’ procedure was applied to

correct inaccurate locationmeasurements resulting from loss of

GPS signal. Each location measurement was projected to the

nearest point on a network that contained only the road links

included in the mobile monitoring route. Measurements

transformed more than 200 m were excluded from the analysis.

This procedure was most necessary in Central London due to

the high density of tall buildings near the road.

This analysis primarily considers PM, which was measured

using a PALAS Air Quality Guard Ambient photometric particle

number counter, which was mounted to the roof of the mobile

laboratory.17 The instrument sampled air directly and was

mounted approximately 0.2 m above and 1.5 m behind the

forward-facing inlet used to supply the other on-board instru-

mentation. Direct sampling with no sample line minimises

inertial and gravitational particle losses at the instrument inlet,

which are particularly relevant for larger PM size fractions.

Additionally, the instrument's 360° inlet design helps to miti-

gate the effects of vehicle turbulence.

The instrument has a response time of 1 s and measures

particles with aerodynamic diameters between 0.175 and 20 mm

over 64 channels via single-particle optical light scattering. The

mass concentrations of PM (in mg m−3) are calculated for

a variety of size fractions (PM1, PM2.5, PM4, PM10) using a mass

conversion algorithm that considers the shape and duration of

the signal, and was developed alongside the EN16450 certied

Fidas 200 instrument. While the PALAS Air Quality Guard

Ambient offers detailed information on PM size distribution, it

does not provide any data on particle composition.

Other species considered in this analysis include NOx, CO2,

and SO2. An Airyx Iterative Cavity-Enhanced Differential Optical

Absorption Spectrometer (ICAD) was used to measure both NOx

and CO2.
18 This instrument directly measures NO2 in the spec-

tral range betweenz430 and 465 nm, and an internal gas phase

O3 titration system converts NO to NO2, allowing measurement

of total NOx. Parallel CO2 measurements are made using

a smartGAS Non-Dispersive Infra-Red (NDIR) gas sensor. In the

standard conguration, this instrument has a 2 s response time;

linear interpolation was applied to produce a 1 s time series.

A Thermo Model 43i Analyzer was used to measure SO2.
19

This instrument operates on the principle of pulsed uores-

cence detection and has a standard conguration with a detec-

tion limit of <1.5 mg m−3 and a response time of 20 s. An

additional external sampling pump was employed to increase

the instrument ow rate, and modications to the soware

enabled 1 s measurements of SO2. For the purposes of this

study, minor changes to the detection limit resulting from these

modications are negligible, as only situations involving high

SO2 emissions (>20 mg m−3) are considered.

2.1.2 Measurement location. Mobile monitoring was per-

formed in September 2022 at two locations within London, UK

(Fig. 1). Fixed driving routes were dened for each location prior

to the monitoring campaign. The routes were driven continu-

ously in alternate directions, and were designed to cover a range

of road types, traffic conditions and vehicle eet compositions,

both inside and outside the Ultra Low Emission Zone (ULEZ). A

summary of the driving routes at each location is provided in

Table 1. The experiment was designed to contrast two areas of

Fig. 1 Central and Outer London measurement locations. The yellow

and orange lines represent the boundaries of the Ultra Low Emission

Zone (ULEZ) and Congestion Charge Zone (CCZ) at the time of the

monitoring campaign (September 2022), respectively. Map data

courtesy of OpenStreetMap® contributors, distributed under the

Open Data Commons Open Database License v1.0.

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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London: the highly dieselised area of Central London that

suffers from congestion, and an Outer London location with

a vehicle eet more reective of UK-wide vehicle eet

composition.

The Central London route was close to the river Thames,

featured major roads, and was located within the Congestion

Charge Zone (CCZ) and ULEZ. The CCZ is an area where drivers

of all vehicles must pay a daily fee to reduce traffic congestion,

whereas the ULEZ imposes a daily charge only on vehicles that

do not meet specied stringent emission standards. The Outer

London route straddled the ULEZ and featured primarily arte-

rial and residential roads, as well as two high streets, one of

which was inside the ULEZ. It should be noted that the half of

the Outer London route contained within the ULEZ boundary is

officially considered Inner London; for simplicity in this text,

the entire route is referred to as Outer London.20 A 2.5 km

elevated section of the North Circular Road, which is a highway

that surrounds London, was initially part of the Outer London

route. However, since the driving conditions on this road

differed signicantly from those on the rest of this route and the

Central London route, data from this section were excluded

from the analysis.

2.2 Analysis methods

2.2.1 Background subtraction. Background subtraction

isolates the local emission component of the measurements by

separating the most recent, ‘fresh’ emissions from the urban

background. The subtracted urban background concentrations

represent well-mixed pollution consisting of both ‘aged’ local

emissions, emitted long before the time of measurement, and

emissions that have been transported to the measurement

location from elsewhere. For a species X, once the background

is subtracted, the remaining increment (DX) can be attributed to

local emissions from nearby sources. In this work, a method

described by Padilla et al. was implemented to achieve back-

ground subtraction.21

First, a centred 5 minute rolling window was applied to the

mobile time series, which included all data 2.5 minutes before

and aer each 1 s measurement. Next the background

concentrations for each measurement were taken as the 1st

percentile value within the frame of the measurement's 5

minute window. Finally, the calculated background concentra-

tion was subtracted from the measurement value to determine

the emission increment.

The 1st percentile was chosen to ensure that the smallest

emission plumes were not excluded from the analysis, and

sensitivity tests revealed that the choice of rolling window

length did not signicantly impact the calculated emission

increments. Additional information about the background

subtraction method can be found in the literature.15

2.2.2 PM size fractions. The PM component of this analysis

considers the mass concentration values, in mg m−3, of two

particle size fractions. Fine PM (PMne) was dened as PM with

an aerodynamic diameter less than 2.5 mm, and coarse PM

(PMcoarse) was dened as PM with an aerodynamic diameter

between 2.5 and 10 mm. The value of PMne was taken as the

PM2.5 value reported by the PALAS Air Quality Guard instrument

(eqn (1)), while PMcoarse was calculated by subtracting this value

from the reported PM10 value (eqn (2)). Background subtraction

was applied to the time series for PMne and PMcoarse aer this

calculation to derive the increment values DPMne and

DPMcoarse (Section 2.2.1).

PMfine = PM2.5 (1)

PMcoarse = PM10 − PM2.5 (2)

Both PMne and PMcoarse originate from a variety of sources

in urban areas. Primary PMne typically comes from combustion

sources such as motor vehicle engines, industrial processes,

and domestic/commercial activities, in particular, cooking.22–24

The atmospheric transformation of gases such as SO2 and NOx

into ne particles (secondary aerosol formation) is a secondary

source of urban PMne.
23,25 PMcoarse is primarily emitted from

abrasive mechanical sources such as motor vehicle tyre and

brake wear, road dust re-suspension, and construction and

demolition activities.25–29 However, it is important to note that

many of these sources emit a range of particles spanning both

size fractions, and while these general descriptions are useful

for data interpretation, the exact apportionment of PMne and

PMcoarse to specic sources is not always possible.

Due to instrument limitations, this work does not consider

ultra-ne PM with an aerodynamic diameter smaller than 0.1

mm. There is increasing evidence indicating that these particles

pose signicant health risks.30 However, this analysis primarily

considers PM mass concentrations, which have been shown to

be largely independent of ultra-ne PM emissions due to their

negligible mass, even at high particle number concentra-

tions.31,32 To effectively mitigate the negative health conse-

quences of urban PM, both particle mass concentrations for

PMne and PMcoarse, and the particle number concentration of

ultra-ne PM should be considered in combination.

2.2.3 Distance-weighted mean calculation. Distance-

weighted mean concentration values were calculated using

a Gaussian kernel within a continuously moving window.15 The

Gaussian kernel assigns higher weights to measurements that

are closer to the data point, decreasing the weights as the

distance from the point increases. The standard deviation s,

which controls the width of the Gaussian curve, inuences the

degree to which the measurements are weighted. This method

reects real-world concentration measurements, which are

Table 1 Summary information for each measurement location

Variable Central London Outer London

Routes completed 47 41

Route length (km) 6.2 8.0

Mean van speed (km h−1) 10.3 16.6

Mean temperature (°C) 25.2 24.5
Measurement start date 04 Sep 12 Sep

Measurement end date 09 Sep 15 Sep

Total raw measurements (1 Hz) 103 928 72 118

Environ. Sci.: Processes Impacts This journal is © The Royal Society of Chemistry 2024
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more strongly inuenced by nearby emission sources and less

by those that are distant.

This method has two main purposes: rst, to provide

a concentration aggregation of multiple mobile measurement

circuits (47 and 41 for Central and Outer London as shown in

Table 1), and second, to provide a way in which to smooth the

data spatially at a predetermined scale through the choice of s.

The driving routes in Central and Outer London were con-

verted into networks of equally spaced 10 m points, containing

1092 and 1138 points respectively. For each species measured,

mean concentrations were calculated using a two-step

approach. First, the data were separated into individual

complete circuits of the route and the distance-weighted mean

was determined (s = 100 m) at each 10 m point. This is similar

to the drive-pass mean outlined elsewhere in the literature,13,33

but prevents over-weighting of measurements made at locations

where the mobile laboratory was moving at low speeds or

stationary. Second, these values were averaged across all circuits

using the arithmetic mean to determine an overall distance-

weighted mean concentration for each 10 m point.

All processing was carried out using the R programming

language, and the functions used to perform distance-weighted

mean calculations are available in the mobilemeasr R

package.34,35 A s value of 100 m was chosen for distance-

weighted calculations to represent a near-eld distance scale,

over which direct exposure to urban source emissions is likely to

occur.36

2.2.4 Non-vehicular PM source characterisation. A novel

analytical method was developed to identify and quantify PM

emissions from non-vehicular sources. In this work, themethod

is applied to twomajor construction sites located in Central and

Outer London.

For each site, a 1 km segment of the driving route was

selected, centred on the construction site. The exact midpoint of

each segment represented the point on the road network closest

to the geographical centre of the construction site, as identied

using onboard camera data from the mobile laboratory. Next,

the mobile monitoring increment measurements for both

locations across all driving circuits within these 1 km segments

were isolated, and the distance along the road network between

each measurement and the respective construction site centre

point was calculated. It is important to note that individual

mobile monitoring increment concentrations (1 Hz) were used

for this analysis, and not the equally spaced 10 m distance-

weighted mean values discussed in Section 3.2. Generalized

additive models (GAMs), which are capable of tting non-linear

relationships between variables, were then employed to eval-

uate the relationship between PM concentrations and the

calculated distances, using the mgcv R package.37

The Central London data in this section of the analysis were

subdivided into two categories based on the weather conditions

during mobile monitoring. Onboard camera footage was used

to assign each driving circuit as wet or dry, depending on the

presence of precipitation and the condition of the road surface.

Circuits where the weather condition changed or was unclear

were omitted. All mobile monitoring in Outer London was

conducted in dry weather conditions. The total number of

measurements within the 1 km segments for Central London

(Wet), Central London (Dry) and Outer London were 6349, 5563,

and 6145 respectively.

3 Results and discussion
3.1 Central and Outer London comparison

Pollutant measurements from all driving circuits in Central and

Outer London were aggregated, and the mean increments of

PMne, PMcoarse, NOx, CO2 and SO2 for each location are pre-

sented in Table 2. While these PM values represent averages,

there were periods of signicantly higher concentrations of

PMne and PMcoarse within the data set. Specically, the

maximum increments of PMne reached 92.0 mg m−3 in Central

London and 271.8 mg m−3 in Outer London, whereas PMcoarse

peaked at 207.8 mg m−3 in Central London and 221.7 mg m−3 in

Outer London. These episodic peaks in PM are important as

they increase short-term human exposure, potentially leading to

acute health effects.

A direct comparison of these values and those in Table 2 with

WHO guidelines is not appropriate, as the reported values are

concentration increments rather than absolute concentrations.

However, these increments represent the controllable fraction

of PM, which is critical for informing future PM reduction

strategies for London. A limitation of this study is a lack of PM

composition information, which, if available, would enable

a more in-depth apportionment of the measured PM incre-

ments to different urban sources, such as road transport

(exhaust and non-exhaust), industrial processes, and domestic/

commercial activities. Previous research indicates that PM in

urban areas has traditionally been dominated by road transport

emissions; however, recent studies have highlighted the

importance of other non-vehicular sources, including

commercial and domestic cooking, as well as construction

activities.22–24,28,38 The focus of this section, road transport PM

emissions, are generally controlled by three main factors: total

traffic volume, traffic congestion, and vehicle eet composition.

Combustion is the primary source of CO2 in urban envi-

ronments, with vehicle exhaust emissions as the main

contributor.39 Therefore, the mean DCO2 concentrations likely

Table 2 Mean increment concentrations of PMfine, PMcoarse, NOx,

CO2, and SO2 at each measurement location, presented with 95%

confidence intervals. Mean values were calculated from all 1 Hz

increment measurements at each location. 95% confidence intervals

were calculated using the standard error of the mean and a z-score =

1.96. Percentage differences were calculated relative to the Outer

London data

Species

Concentration (mg m−3)

% DifferenceCentral London Outer London

DPMne 2.83 � 0.02 3.62 � 0.05 −21.9

DPMcoarse 5.93 � 0.05 5.35 � 0.05 +10.8
DNOx 175.8 � 1.8 101.9 � 1.6 +72.5

DCO2 (×10
3) 51.0 � 0.3 45.0 � 0.3 +13.4

DSO2 2.72 � 0.01 3.04 � 0.07 −10.5

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts

Paper Environmental Science: Processes & Impacts

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

4
 N

o
v
em

b
er

 2
0
2
4
. 
D

o
w

n
lo

ad
ed

 o
n
 1

1
/2

8
/2

0
2
4
 8

:2
2
:2

1
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



reect vehicle combustion activity, suggesting that total traffic

volume was slightly higher in Central London compared to

Outer London. This is supported by the mean DPMcoarse

concentration, which was 10.8% higher in Central London,

aligning with the 13.4% difference in DCO2 values. PMcoarse in

urban areas can be largely attributed to non-exhaust vehicle

emissions such as tyre and brake wear, road surface wear, and

dust re-suspension, and therefore also act as a tracer species for

total traffic volume.28 It is important to note that the emissions

of CO2 and PMcoarse are not entirely independent of traffic

congestion and vehicle eet composition, and the differences in

these variables between locations will inuence the results.

However, total traffic volume is still likely to dominate the

trends observed in mean increment concentrations.

In contrast, both NOx and PMne emissions are considerably

more sensitive to vehicle eet composition, due to the vari-

ability of the emission control systems tted to vehicles of

different types and ages. NOx emissions are also highly sensitive

to traffic congestion because of the complexity of the emissions

control systems that reduce NOx. Typically, exhaust NOx from

diesel vehicles – the highest NOx emitters – is controlled using

selective catalytic reduction (SCR) or a lean NOx trap (LNT); both

operate on the principle of chemical reduction and are highly

dependent on the operating parameters of the engine and

traffic conditions.8 Exhaust PM, which consists mainly of

PMne, is controlled using particulate lters that physically trap

particles and burn off accumulated material.8

Differences in traffic congestion and vehicle eet composi-

tion at each measurement location arise from the nature and

position of the chosen driving routes and explain the observed

NOx and PMne increment concentrations. The Central London

measurement location was a busy urban centre inside the CCZ

and ULEZ, and so the vehicle eet was comprised mostly of

newer vehicles conforming to the most stringent emission

standards. However, traffic ow was poor and congestion was

frequent, as evidenced by the mean van speed shown in Table 1.

In contrast, the Outer London measurement location was

partially outside of the ULEZ, with approximately half of the

driving route extending beyond the boundary. This portion of

the route included older vehicles, with greater wear and less

effective or deteriorated emission control systems (Section 3.3).

However, traffic at the Outer London location was more free-

owing than in Central London, and congestion was less

frequent, resulting in an increase of over 60% in the mean

speed of the van at this location (see Table 1).

The DNOx concentrations presented in Table 2 are likely

dominated by the impact of traffic congestion; the mean in

Central London was 72.5% higher than in Outer London. This

increase is consistent with the results reported by Wilde et al.15

and can be attributed to the congestion penalty associated with

the inefficient operation of SCR and LNT emission control

systems. Conversely, the mean DPMne concentration in Central

London was 21.9% lower than in Outer London. This result is

important, indicating that there is no congestion penalty for

PMne in Central London and that concentrations are

predominantly inuenced by the composition of the vehicle

eet. Furthermore, unlike NOx emission control systems, these

data provide evidence for the success of particulate lters,

which remain efficient even under congested conditions.

However, it is still important to acknowledge the impact of

vehicle eet composition on PMne emissions. The higher mean

DPMne concentration in Outer London can be attributed to the

non-ULEZ portion of the driving route, which includes non-

ULEZ compliant vehicles. Many of these older vehicles are not

tted with particulate lters, and those that are have accumu-

lated wear reducing their effectiveness. Moreover, as vehicles

age, they can develop engine faults that increase pollutant

emissions, which, when coupled with the lack of an effective

emission control system, may contribute to the episodic high

concentration peaks contained within the mobile monitoring

data.

To quantify the effects of the ULEZ and vehicle eet

composition, mobile monitoring data from Outer London were

split into two groups: measurements taken inside the ULEZ (n=

43 957) and outside the ULEZ (n = 28 161). Mean pollutant

increments for each group were recalculated and are presented

in Table S1 of the ESI.† The mean dPMne concentration was

38.4% higher outside the ULEZ than inside, while the mean

dPMcoarse concentration was 6.6% lower. This substantial

difference in dPMne highlights the strong impact of the ULEZ

and vehicle eet composition on urban PMne emissions. A

comparison of mean dPMne and dNOx concentrations for the

inside ULEZ data for Outer London with the Central London

data (which was collected entirely within the ULEZ) showed

increases of 14.9% and 63.1% respectively. The relatively small

increase in dPMne, consistent with the dCO2 increase of 17.2%

for the same comparison, supports the absence of a congestion

penalty for PMne. For dNOx in Outer London, the mean

concentration was 14.0% lower outside the ULEZ than inside,

suggesting that while vehicle eet composition is a dominant

factor in urban PMne emissions, it has less impact on NOx

emissions.

To further reduce PMne in Outer London and more widely, it

is critical to consider ageing and deteriorated vehicles, especially

those with exceptionally high emissions. The mean DSO2

concentration for Central London was 10.5% lower than that of

Outer London. This difference can be explained by a single high-

emission vehicle event and is explored further in Section 3.3.

3.2 Distance-weighted PM concentrations

A key feature of mobile monitoring is the spatial information it

can provide. Distance-weightedmean concentrations of DPMne

and DPMcoarse were calculated for 10 m points along each

driving circuit in Central and Outer London, and the values at

each point across all driving circuits were aggregated. A statis-

tical summary of these data is provided in Table 3, and Fig. 2

presents a spatial distribution for each PM size fraction at each

measurement location.

The results in Table 3 differ from those in Table 2 in that they

were calculated from the mobile data aer 10 m distance-

weighted aggregation. The statistics presented in Table 3

therefore reect the distribution of the distance-weighted

spatial averages, and not the raw measurements. Although the

Environ. Sci.: Processes Impacts This journal is © The Royal Society of Chemistry 2024
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mean values of DPMne and DPMcoarse in Table 3 for each

location follow the same trends as discussed in Section 3.1,

their exact values are not identical to those in Table 2 because

they are inuenced by the spatial variability of the mobile

measurements.

The magnitude of the difference between DPMne for Outer

and Central London increases whenmoving from theminimum

(2.0%) through the 25th quantile (2.9%), median (6.2%), 75th

quantile (34.6%), to the maximum (69.3%). This trend is

visualised in Fig. S1 of the ESI† and shows that the difference in

DPMne between locations is heavily biased toward the upper

end of the measured distribution, likely due to aged and dete-

riorated vehicles within the on-road eet.

Table 3 Statistical summary of distance-weighted increment

concentrations at each equally spaced 10m point in Central and Outer

London. The values represent the arithmetic mean of the distance-

weighted increments calculated for each 10 m point, across all driving

routes. Sample sizes are n = 1092 for Central London and n = 1138 for

Outer London

Species Mean Min Q25 Med Q75 Max

Central London (mg m−3)

DPMne 2.74 1.43 2.56 2.74 2.89 4.78

DPMcoarse 5.74 2.34 5.10 5.69 6.14 11.29
Outer London (mg m−3)

DPMne 3.65 1.46 2.73 3.45 4.42 15.57

DPMcoarse 5.27 1.27 4.53 5.34 5.93 10.33

Fig. 2 Spatial distributions of the distance-weighted mean concentrations of PMfine (panels 1 and 2) and PMcoarse (panels 3 and 4) in Central and

Outer London. A and B denote the positions of major construction sites in Central and Outer London respectively. Map data courtesy of

OpenStreetMap® contributors, distributed under the Open Data Commons Open Database License v1.0.

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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The four panels in Fig. 2 visually show the trends discussed

in PM concentrations, as well as additional variation along

driving routes, with elevations near busy intersections with

increased traffic. These features of the spatial distributions,

particularly for dPMne, suggest that most measurements along

each route were dominated by road traffic emissions rather than

other sources. If sources such as industrial activities or resi-

dential and commercial cooking had consistently contributed

to the measurements, the spatial distributions in Fig. 2 would

likely display localized enhancements corresponding to their

locations. Panel 2 of Fig. 2 shows elevated DPMne concentra-

tions around an area of the road that contained an individual

high-emission vehicle (Fig. S4 in the ESI†). This transient event,

which occurred on a single driving circuit, produced DPMne

concentrations high enough to inuence the average aggregate

values across all 47 circuits in Outer London, and is discussed

in more detail in Section 3.3.

Labels A and B in Fig. 2 indicate two areas of highly elevated

concentrations of DPMne and DPMcoarse, with an emphasis on

the latter. The increased concentrations at locations A and B

were consistent across all driving circuits and therefore could

not be attributed to transient one-off events. Inspection of the

mobile laboratory's onboard camera footage revealed positions

A and B corresponded exactly with major construction sites in

Central and Outer London. Construction sites A and B featured

non-road mobile machinery and extended 78 m and 104 m,

respectively, alongside the driving route at each location.

Images of these sites can be found in Fig. S2 of the ESI.† The

mean concentrations of raw DPMcoarse measurements within

100 m of the centre points of A and B were 9.56 mg m−3 and 6.42

mg m−3 respectively, 66.6% and 21.8% higher than the overall

location mean values reported in Table 3. It should be noted

that in Outer London, the section of road containing an indi-

vidual high-emission vehicle overlapped with the position of

construction site B (Section 3.3). However, the DPMcoarse

contribution from the high-emission vehicle was relatively low

(Fig. 3), and insufficient to explain the observed increase. Many

of the data points within 100 m of the construction sites

populated the upper end of the distance-weighted concentra-

tion increment distributions for both measurement locations

and PM size fractions, as shown in Fig. S1 in the ESI.† The re-

ported results provide evidence for the increasing importance of

non-vehicular PM sources amidst the successful control of

vehicle emissions, which is discussed further in Section 3.4.

3.3 High-emission vehicles

Mobile monitoring data from Outer London demonstrate the

substantial impact that individual high-emission vehicles can

have on PM concentrations. While measuring in the non-ULEZ

section of the driving route, a car emitting visible blue/white

smoke from its exhaust joined the road two vehicles ahead of

the mobile laboratory. This vehicle was tracked for 1.2 km, and

the resulting concentration increments of PMne, PMcoarse, and

SO2 during this period are shown in Fig. 3. A photograph of the

high-emission vehicle and a map illustrating the section of the

driving route on which it was measured are provided in Fig. S3

(photo 1) and S4 of the ESI.†

During the approximately 10 minute period following the

high-emission vehicle, elevated concentrations of PMne were

observed, with frequent peaks ranging from 100 to 200 mg m−3,

corresponding to the vehicle's acceleration at traffic lights and

roundabouts. The average measured DPMne concentration

while tracking the vehicle was 51.27 mg m−3, more than 17 times

higher than average for the rest of the measurements on the

same driving circuit (3.00 mg m−3). Moreover, despite occurring

only on a section of a single driving circuit, the impact of the

high-emission vehicle is visible in the spatial distribution of

distance-weighted mean concentrations presented in panel 2 of

Fig. 2.

In addition to identifying high PM emissions from indi-

vidual vehicles, mobile monitoring provides multi-pollutant

information. The co-emission of SO2 (shown in Fig. 3) is

indicative of an engine malfunction resulting in lubricant

combustion. Outside of this high-emission event, measured SO2

increment concentrations were consistently low with mean

values of 2.5 and 2.7 mg m−3 in Central and Outer London

respectively. These results are expected given vehicle fuel in the

UK is regulated and must have a sulfur content lower than

10 ppm.40 Engine lubricant, however, oen contains sulfur in

greater quantities to improve anti-wear properties.41,42 Although

this lubricant is not designed to be burnt in a vehicle's engine,

deterioration or malfunction can result in combustion of the

lubricant, and subsequent elevated emission of both SO2 and

PM through a variety of mechanisms.42–44

The registration number of the high-emission vehicle was

captured by the onboard camera of the mobile laboratory and

cross-referenced with the Driver and Vehicle Licensing Agency

(DVLA) vehicle database to access its technical specications

and vehicle safety inspection information.45 Registered in 2006,

the Euro 4 gasoline car had covered approximately 116 000

miles at its safety inspection in January 2023, 4 months aer the

mobile monitoring campaign. This vehicle model was not tted

with a particulate lter, which, when combined with lubricant

Fig. 3 Time series tracking a high emission vehicle in Outer London.

The grey shaded area represents the time period during which the

vehicle was being measured.
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combustion which increases PM emission, explains the

measured DPMne concentrations. Furthermore, the vehicle

failed the aforementioned safety inspection due to a warning

light indicating an engine malfunction, and additional notes

from the inspection state that blue smoke was emitted during

acceleration.45

Filtering the mobile monitoring data DPMne and DSO2 to

include only values above the 99th percentile (11.90 and 9.41 mg

m−3 respectively) revealed a second high-emission vehicle,

which was measured during a transit period within Outer

London, outside of the designated measurement route (ESI

Fig. S3† photo 2). The mobile laboratory tracked behind this

vehicle on a road outside of the ULEZ for 0.5 km over a 2 minute

period. The resulting increment concentrations of up to 50 mg

m−3 for PMne and SO2, as well as those for PMcoarse are pre-

sented in Fig. S5 in the ESI.† This vehicle was a 2007 Euro 4

gasoline car without a particulate lter, and the co-emission of

SO2 and PMne suggest engine malfunction and subsequent

lubricant combustion. As the vehicle was not measured on the

specied driving route, it was not included in the primary

analysis.

Although the two high-emission vehicles observed during

this study represent outliers in terms of their malfunctioning

status and associated PMne emissions, their potential contri-

bution to overall eet emissions is signicant. The high-

emission vehicle measured on the driving route was present

for less than 0.15% of the total distance driven in Outer London;

however, its presence increased the overall mean DPMne

concentration (shown in Table 2) by 7.4%. The mean increment

concentrations in Outer London with the high-emission vehicle

removed are provided in Table S2 of the ESI.† Previous research

using a range of stationary measurement techniques report that

high-emission vehicles representing a small fraction of the total

vehicle eet are responsible for a disproportionate share of total

PM emissions, particularly for gasoline vehicles.46,47 The results

of this study agree with these ndings, and demonstrate the

suitability of mobile monitoring for the detection, quantica-

tion, and explanation of high-emission vehicles, which must be

targeted to effectively control PM in urban areas.

3.4 Non-vehicular PM sources

To further characterise and quantify PM emissions from

construction sites A and B, a 1 km segment of the driving route

at each location was isolated, centred on the respective site. The

PM increment measurements within each segment were used in

combination with GAMs to calculate the average concentrations

of DPMne and DPMcoarse as a function of the distance from the

construction site. In Outer London, measurements that corre-

sponded with the nearby high-emission vehicle comprised 4.7%

of the data, and were excluded from this part of the analysis to

ensure that inuence of construction site B on DPMne could be

better evaluated. The data from Central London were divided

into two categories, ‘Wet’ or ‘Dry’, based on weather condition;

the results for these two categories and those for Outer London,

where the weather condition was always dry, are presented in

Fig. 4.

Panel 2 in Fig. 4 shows a clear Gaussian peak centred on

construction site A, with concentrations of DPMne and

DPMcoarse reaching maximum values of 5.21 mg m−3 and 22.50

mg m−3 respectively. Both DPMne and DPMcoarse concentrations

rapidly decayed with increasing distance from the origin in both

directions. The two smaller peaks adjacent to the primary peak

associated with construction site A could be attributed to other

minor construction activities within the 1 km road segment;

this was conrmed by footage from the on-board camera

(Fig. S6 in the ESI†). These minor construction activities did not

contain non-road mobile machinery and extended much

smaller distances along the driving route (25 m and 15 m). The

peaks associated with these activities were not obvious when

examining the spatial distributions of overall PM increments in

Section 2.2.3, however they became apparent when using

a more targeted analytical approach.

The footage from the onboard camera was reviewed to

identify other possible (false-negative) construction activities

that were not apparent in the mobile monitoring data. There

were no other major construction activities (containing non-

road mobile machinery and extending more than 50 m along

the driving route), highlighting the effectiveness of distance-

weighted mobile monitoring techniques for detecting large

non-transient non-vehicular PM sources. There were 4 and 2

additional minor construction activities identied in Central

and Outer London respectively. Similar to the minor construc-

tion activities presented in Fig. 4, these sites were not obvious in

the overall spatial distribution data. Repeating the same tar-

geted analytical approach that was used to investigate

construction sites A and B, but with a 250 m segment of road

centred on each minor construction site, revealed that each

activity was associated with a concentration peak ofDPMne and

DPMcoarse, with maximum values ranging between 2.48–5.19 mg

m−3 and 6.25–15.76 mg m−3 respectively. As well as further

demonstrating the utility of combining mobile measurements

with a targeted analytical approach, these results highlight the

benet of recording camera footage when performing mobile

monitoring.

Comparison of PM increment distributions for the different

meteorological conditions in Central London (Fig. 4: panel 1

and 2) revealed that wet weather was correlated with a reduction

in PM emissions from construction site A. This effect was

particularly prominent for PMcoarse, with the peak increment

concentration reduced by 62.1%. The exact reason for this

observation could not be determined conclusively and was

likely the result of a combination of factors. Precipitation has

been shown to reduce PM concentrations through scavenging

and wet deposition, and wet road conditions can decrease the

mobility of settled PM, suppressing emissions from re-suspen-

sion.48,49 It is also possible that the observed decline in PM was

attributable to a reduction in construction activity, arising from

unfavourable wet weather conditions that made outdoor work

difficult.

Although meteorological variations in Central London

signicantly impacted PM levels near construction site A, their

effect on the rest of the driving route was much smaller. Table

S1 in the ESI† presents the average concentrations of PM

This journal is © The Royal Society of Chemistry 2024 Environ. Sci.: Processes Impacts
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increments under each meteorological condition for the entire

Central London driving route, excluding measurements within

100 m of the construction site A. There was a 13.8% difference

in increments of PMne and a 15.2% difference in increments of

PMcoarse between wet and dry conditions. Additionally, when

comparing the dry Central London data with the Outer London

data, all previously discussed trends and observations remained

consistent.

The inuence of construction site B on the Outer London

observations in Fig. 4 was less obvious than the inuence of

construction site A on the dry Central London observations,

despite similar weather conditions. This difference was likely

the result of variation in the types of construction activities on

sites A and B, as well as differences in the surrounding urban

environment. The maximum concentrations of DPMne and

DPMcoarse around the construction site in Outer London were

6.76 mg m−3 and 8.07 mg m−3 respectively, much lower than

those around the construction site in Central London during

dry weather. Furthermore, the relative contributions from each

PM size fraction at the maximum were different, with PMne

accounting for only 19.1% of total PM (PMne + PMcoarse) in dry

Central London, but accounting for 45.6% of total PM in Outer

London. This observation may have been a result of increased

combustion activity producing more PMne at construction site

B when compared to site A, however, no correlation was

observed between PM and gaseous combustion species such as

CO2 or NOx. It is more likely that within the increments of

PMne in Outer London, there was a greater contribution from

road transport vehicles compared to Central London, for the

reasons outlined previously in the text (Section 3.1). Further-

more, there was a large multi-lane roundabout located 250 m

from construction site B, as highlighted in panels 3 and 5 of

Fig. 4. The heavy traffic and congestion on this part of the

driving route was likely responsible for the additional PM peak

Fig. 4 Concentrations of DPMfine and DPMcoarse within a 1 km road segment centred on major construction sites A and B in Central and Outer

London respectively, calculated using GAMs. Panels 1, 2, and 3 show PMmass concentration as a function of distance from the construction site,

with PMcoarse concentrations stacked on PMfine concentrations. The Central London data are separated into wet and dry weather conditions, all

measurements for Outer London were made in dry conditions. Panels 4 and 5 show spatially the respective 1 km road segment for each site. The

two orange dashed lines and orange squares in panels 1, 2, and 4 denote the position of smaller secondary construction work in Central London.

The orange dashed line and triangle in panels 3 and 5 denote the position of a large multi-lane roundabout in Outer London. Map data courtesy

of OpenStreetMap® contributors, distributed under the Open Data Commons Open Database License v1.0.
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in Outer London, arising from a mix of primary vehicle exhaust

and non-exhaust emissions, as well as re-suspended particles

from construction activities at the nearby site B. No elevated

DSO2 concentrations were observed at either construction site.

In addition to local meteorological conditions, other aspects

of the mobile monitoring data can help to further characterise

non-vehicular PM sources, such as considering the driving

direction in dry Central London. This specic location and

meteorological condition were chosen for further analysis due

to the distinct peak observed for construction site A, and the

fact that there was minimal interference from the surrounding

urban environment. Mobile measurements were then grouped

by the direction that the mobile laboratory was travelling

around the driving route (clockwise or anticlockwise). Vehicles

in the UK drive on the le-hand side of the road, and so

measurements from the anticlockwise driving route will be

closer to construction site A than those from the clockwise

driving route. Fig. S7 in the ESI† presents the concentrations of

PM increments in dry Central London, separated by the direc-

tion of travel of the mobile lab, and therefore the distance

relative to construction site A.

The maximum average DPMne and DPMcoarse values were

64.3% and 81.9% higher, respectively, when travelling on the

side of the road closest to the construction site compared to

maximum values on the side of the road further away. More-

over, comparing the lower bound of the 95% condence interval

for the closer side of the road to the upper bound for the further

side, the absolute difference in maximum DPMne and

DPMcoarse values were 1.81 mg m
−3 and 8.62 mg m−3 respectively,

highlighting the statistical signicance of the observed differ-

ences. The decrease in DPMcoarse across the road is strongly

indicative of a local source where concentration gradients

change dramatically over short distances. Similarly to the along-

road fall-off in concentration of DPMcoarse (shown in Fig. 4), the

perpendicular decrease across the road in DPMcoarse concen-

tration is also strong. The stronger concentration gradients

observed for DPMcoarse compared to DPMne are expected, as

larger particles have greater mass and are more susceptible to

gravitational settling, limiting their transport distance from the

source.

These results highlight a distinct advantage of performing

the mobile monitoring driving routes in both directions.

Measuring across the full width of the carriageway ensures that

proximate non-vehicular emission sources on both sides of the

road are included in the measurements, and enables the

gradient of their fall-off in concentration to be quantied.

Furthermore, driving in both directions provides a more accu-

rate representation of the spatial variability of emissions along

the road network, especially at junctions, where traffic condi-

tions upon approach are oen different from those aer exit.

The identication, quantication, and characterisation of

construction sites A and B were only possible due to the unique

information provided by mobile monitoring. Moreover, the

campaign from which the data were obtained was not originally

designed to target non-vehicular PM sources; their discovery

was possible through robust spatial analysis of the mobile

measurements and subsequent development of novel

techniques. Furthermore, the developed techniques can be

easily extended to investigate non-vehicular PM sources in

various locations and from different origins. For instance,

cooking emissions from restaurants have recently been identi-

ed as a signicant contributor to urban PMne concentra-

tions.24,38 This study highlights the increasing importance of

non-vehicular sources in urban areas amidst the successful

control of vehicular PM emissions, and provides a foundation

upon which to develop future research and inform mitigation

strategies.

4 Conclusions

Fast-response mobile measurements provide excellent oppor-

tunities to understand the nature of emission sources in urban

environments. However, they introduce complexities for data

analysis because they vary in both space and time. Nevertheless,

this work demonstrates robust strategies that can be adopted to

maximise the insights that can be obtained from such

measurements. First, the repeated measurement of road links

(in this study approximately 50) in both traffic directions

maximises the opportunity to detect ‘persistent’ rather than

transient sources. Second, simultaneous measurement of

multiple pollutants greatly improves the ability to link

concentration measurements with specic types of emission

sources. In this study, SO2 was shown to be a key tracer

compound that can be used to identify the few high-sulfur

combustion emission sources remaining in a city such as Lon-

don. Similarly, the measurement of both PMne and PMcoarse

enables non-combustion sources of PM to be unambiguously

identied.

As historically dominant sources of PM in urban areas, such

as road vehicle exhaust emissions, continue to decline, the need

to better understand and quantify various poorly characterised

sources, such as construction activities and individual high-

emission vehicles, becomes increasingly important. Oen,

these sources are transient in nature or have an uncertain

spatial distribution, making it difficult to evaluate their impact

using xed-site measurements. Mobile monitoring offers

a dynamic approach to address these challenges. As PM

measurement techniques advance, the ability to obtain highly

disaggregated measurements of particle composition will

further assist in this goal.
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