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Abstract: This report provides a review of several measurement studies and campaigns focusing on
road dust resuspension (RDS), which is becoming an important source of ambient particulate matter
(PM) concentrations. There is a growing requirement from stakeholders, policy makers and scientists
for gathering additional data around RDS, since there is a lack of well-established methodologies or
those developed for measuring or modelling this source of emissions are not very recent. Moreover,
conventional inventory methodologies are not available for this source of emissions, and it is not
yet covered in the UK’s National Atmospheric Emissions Inventory (NAEI) neither in the inventory
guidebooks at European level. Based on the available literature and models, this paper also seeks
to provide some preliminary considerations whether an approach can be tailored for application in
air quality models used for modelling ambient PM concentrations in the UK in a consistent manner
and demonstrated using a state-of-art air quality modelling tool, namely RapidAir®. The impact
of including resuspension emissions on roadside concentrations was modelled in a UK case study
with the greatest increases in modelled road PM10 concentrations observed on or near the road
surface. The paper concludes with recommendations for longer-term implementation of the proposed
improvements such as investigation of the temporal effects of RDS on PM levels; of the influence of
different type of tyre materials and mixture (e.g., composition) and designs (e.g., shape, dimensions
and tread); and influence of different existing pavements or of new road surface types.

Keywords: non-exhaust emissions; emissions factors; road dust resuspension; emissions modelling;
air quality; impact assessment

1. Introduction

This paper is based on the work carried out in response to the need of extending
capability development and integration of emissions inventory data for air pollution
modelling, in a programme entitled DUKEMS (Developing a UK Community Emissions
Modelling System) carried out as part of the wider UK Strategic Priorities Fund Clean
Air activities.

Emerging requirements from user engagement have highlighted particular data needs
around emissions from road dust resuspension (RDS), which is not very well constrained
in current emission inventories. Several measurement studies and campaigns focusing on
RDS [1–7], have shown this to be an important source of ambient particulate matter (PM)
concentrations; however, there are not well established or recently developed methods
for measuring or modelling this source of emissions. Moreover, conventional inventory
methodologies are not available for this source of emissions and it is not yet covered in
the UK’s National Atmospheric Emissions Inventory (NAEI) or inventory guidebooks
provided for inventory development across Europe.

This paper provides a comprehensive and updated review of the main approaches
and methods for estimating suspension of PM that were developed in early 2000 in
the US, and some other recent models that have been developed in Europe. In addi-
tion, building on those identified models, this paper provides some preliminary anal-
ysis on whether an approach can be tailored for the UK in the Emissions Modelling
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System (UK-EMS) developed as part of the objectives of the DUKEMS project. A mod-
elling exercise has been performed using a UK-based case study and an air quality mod-
elling suite, namely RapidAir®, completing the review with some recommendations for
longer-term implementation.

1.1. RDS and Impact on PM Emissions and Air Quality Levels

Four main processes are responsible for the bulk of non-exhaust PM emissions to air:
the wearing down of brakes, tyres, road surfaces, and the resuspension of road dust. The
amount of PM emissions that a vehicle emits is determined by many factors, including vehi-
cle weight; the types of technologies (e.g., regenerative braking) and material composition
of brakes, tyres, and roads; the amount of dust on road surfaces; weather conditions; and
driving styles. Although uncertainty remains with respect to the amount of PM emitted
from non-exhaust sources under real-world driving conditions [1], non-exhaust emissions
will increase in the coming years along with increases in the demand for urban passenger
travel that is projected to more than double by 2050 [2].

It is important to acknowledge that both at UK level and worldwide, non-exhaust
sources of PM (and Volatile Organic Compound (VOC)) now frequently exceed exhaust
emissions [3] to become the major source of PM from road transport. Moreover, accord-
ing to a European Environmental Agency report [1], non-exhaust particulate emission of
PM10 overtook exhaust emissions to become the dominant source already back in 2012
for the PM10 fraction. As of 2018, non-exhaust emissions of PM2.5 were also on a par
with exhaust emissions. This trend is expected to continue as exhaust emissions further
reduce with the fleet penetration of newer and cleaner vehicles, meeting tighter emis-
sion standards achieved through the fitting of particulate filters on new diesel vehicles
and the increasing share of electric vehicles in the fleet. It is estimated that non-exhaust
sources currently included in emissions inventories (from brake, tyre wear and road abra-
sion) will be responsible for 90% of PM2.5 emissions from road transport in the UK by
2030 [4]. However, the resuspended component of PMs is emerging as another very
important source.

Definition of Road Dust Suspension (RDS) or Resuspension: RDS are the particles
already present on road surfaces that are suspended/uplifted in the air by vehicle move-
ment, mediated for example via tyre shear stress or vehicle wake turbulence. Resuspended
particles comprise of particles generated from the other primary non-exhaust emissions—
brake wear, tyre wear, road surface wear—as well as particles from other sources that have
also deposited onto the road surface, for example exhaust emission particles, particles
from de-icing and gritting, wind-blown dust and biogenic particles. Consequently, the
composition of resuspension particles comprises all the components described above, with
different chemical nature.

1.2. Evidence of Measured Contributions and Size Distributions

Several studies over the last decade have looked at the RDS component in urban
areas and tried to quantify the contribution to PM levels and for different size distribution
(PM10, PM2.5).

Based on tracer-derived data originally presented by [3] in 2012, [5] in 2021 reported
the kerbside PM10 increment at the London Marylebone Road site due to brake wear, tyre
wear and resuspension to be 2.8, 0.5 and 1.5 µg/m3, respectively. During a later study at
the same site, [6] used combined factorisation to estimate the total contribution of vehicle
wear and resuspension to PM2.5–10 to be 1.3 and 3.1 µg/m3, respectively. Through the
analysis and classification of samples analysed using electron microscopy, [7] estimated a
PM10 kerbside increment in Ruhr (Germany) due to abrasion and resuspension of 0.8 and
4.2 µg/m3, respectively. In contrast, estimates of the contribution to PM2.5 tend to be more
minor. In Toronto, [8] used combined factorisation to estimate the average brake wear and
resuspension contributions to be 0.2 µg/m3 each at a downtown site and 0.6 and 0.3 µg/m3,
respectively, at a highway site.
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Around the world, other studies and research have quantified the overall contribution
of RDS at country level. In the US, based on US Environmental Protection Agency (USEPA)
inventories in 2017, it was clear that resuspension alone made a large contribution to
area-wide emissions of PM2.5 and PM10 from road transport. Emissions from resuspension
on paved roads were 209 kilotons [9].

In 2014, the Organisation for Economic Co-operation and Development [2] concluded
that globally at least 50% of total traffic emissions of PM10 and 5% of primary PM10 from all
sources were non-exhaust emissions, even when resuspension is excluded. Corresponding
figures for PM2.5 are 34% and 4%, respectively. However, in one of the most recent stud-
ies [4], when RDS is taken into account, non-exhaust emissions represent 95% of all road
traffic emissions and 15% of all source emissions.

Moreover, according to [2] Inventories for Mexico, Bogota in Colombia, and Santiago
in Chile, all highlight the importance of road dust resuspension with contributions to total
primary emissions from all sources ranging from 16% to 54% (PM10) and from 9 to 56%
(PM2.5) in these regions.

1.3. Significant Factors Impacting RDS

As highlighted in previous section, RDS has been found in the literature to contribute a
significant proportion of PM10 and PM2.5 concentrations, and in addition to factors related
to vehicles and road infrastructure widely covered in [10], RDS has been shown to vary
seasonally. For example, the use of salt on roads in the winter can lead to high resuspension
in winter/spring. The type of road surface can also impact the resuspension. Climate
can also impact resuspension with dry climates more prone to higher road dust, and
higher levels have also been associated with type of tyre (for example higher non-exhaust
emissions in Scandinavian countries due to studded tyres [11]).

Rainfall can also change the dust resuspension by aggregating smaller particles
to larger ones and causing particle run off. The USEPA set a precipitation threshold
(0.254 mm/h) above which resuspension no longer occurs as a result of the above processes.
They estimate that rainfalls greater than the threshold value will impact resuspension
after 2 h of rainfall for total suspended particles (TSP) and 4 h of rainfall for PM10. An
RDS study conducted in Madrid assumed a linear decrease in the impact of rainfall with
time [12]. The consideration of hourly rainfall is clearly important when considering
short-term PM emissions and concentrations, however, further research should be car-
ried out to establish the impact of rainfall when annual emissions and concentrations are
being considered.

Dust can be resuspended by two main factors:

(1) Abrasion (traffic moving over the road surface resuspending particles already present
on the road, such as silt);

(2) By the wind.

Abrasion should take into consideration the number of vehicles travelling on a road
as well as the vehicle speeds (although several studies mention that this is not commonly
used in many resuspension emission calculations, which is a limitation of these methods).

Wind can physically blow particles along the road leading to their resuspension—
whether this variable is appropriate at an annual mean calculation remains to be demon-
strated, and in the literature this has been applied at hourly levels [12,13].

The above factors could have a significant impact when calculating hourly resuspen-
sion emissions and further work would be needed to determine if these factors are also
significant when modelling annual average emissions/concentrations.

For the above reasons, and for other factors such as the risk of double counting the
contribution of these sources in emission inventories, the inclusion of PM from resuspension
in the development of the emission inventory is the subject of an ongoing debate.
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2. Materials and Methods
2.1. Double-Counting Issue

The field of double counting is a commonly encountered issue in emission inventories
and primarily results from using different methodologies to measure the particles emitted
from different sources [14]. Some authors claim that insofar as the particles from direct
brake, tyre, and road wear can be deposited on road surfaces and resuspended, the inclusion
of these particles as resuspended dust in emission inventories implies double counting.

However, other reasoning argues that resuspension should be counted somehow in
emission inventories for several reasons [2]:

First, double counting may be confused with the concept of re-emissions, which occur
at a different time than initial emissions. A brake wear particle is, for example, considered
an initial emission when generated and measured, then this particle is considered a re-
emission when it is deposited on the road surface and later resuspended and measured
again [8]. Re-emissions are present in road dust, but also consist of particles that are
not re-emitted, or were not originally generated from vehicle brake, tyre, or road wear.
This includes wind-blown dust particles coming from surroundings of roads, construction
sites, and those generated by further fragmentation of larger particles from road surfaces
and traffic.

For this reason, double counting becomes problematic in emissions inventories when
the calculation of emission factors for resuspension do not deduct re-emissions.

Second, evidence from studies of PM source apportionment demonstrates that re-
suspension contributes significantly to PM levels even when direct wear emissions are
excluded [2,3,15–19]. Other studies using dispersion modelling techniques demonstrated
that including RDS in emission inventories significantly improves both mass closure and
the correlation between simulated and observed PM data [20–22].

Moreover, since ambient PM from resuspension exists even in the absence of road
traffic (e.g., wind naturally blows and moves fine dust material on the roads), the inclusion
of RDS emissions as a component of non-exhaust traffic emissions may not reflect the full
resuspension emissions; however, several experiments suggests that although the wind
lifts deposited dust, it is not responsible for all of the PM emissions from road dust that are
measured on roadways [2].

A final point is that resuspension does not depend fully on traffic itself but is dependent
on pre-existing dust present on road surfaces. However, even in the absence of dust on
road surfaces, vehicle traffic generates the fragmentation of very large particles that had
not previously been airborne into smaller particles that can then be suspended.

The argument generally centres on the intended purpose of an emissions inventory
in the first place, e.g., whether simply for official reporting to show progress against
internationally agreed emission reduction targets or for source apportionment of measured
PM concentrations. Given these considerations, at least for understanding its contribution to
concentrations in ambient air, including resuspension as a source of non-exhaust emissions
in emission inventories is therefore recommended [2].

2.2. Methods to Calculate RDS Emissions in the Literature

Emissions factors have been derived by various research groups worldwide, but as
these are based on different measurement methodologies and the large spatial differences in
road dust between countries, these factors are variable. Three main groupings of emissions
factors calculations were described as follows [23]:

• Emissions factors calculated from real-world ambient measurement data, e.g., traffic
vs. background, upwind vs. downwind, and comparing NOx to PM10 ratios;

• Emission factors based on resuspension fluxes or correlation between emission rates
and dust loading;

• Emission factors based on real-time emission rates measured on mobile systems.
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2.2.1. Emission Factors Estimated from Real-World Measurements
Emissions Factors from Air Quality (AQ) Measurements

In this approach, concentrations from background sites are subtracted from roadside
site concentrations for both NOx and PM10. This leaves the roadside increment for each
pollutant which, using vehicle emission factors for an average fleet with vehicle activity
and dispersion, can then be used to estimate road resuspension concentrations. These
can then be converted to emissions, for example by multiplying the concentrations by the
NOx emission rate, all divided by the difference in NOx concentrations between the road
and background site. While this approach ensures local dust emissions are represented, a
limitation of this approach is the need for measurement sites measuring concurrently for
both pollutants for both site types. There is clearly a lot of uncertainty in this technique
due to uncertainty associated with measurement data, and different siting of measurement
stations could lead to different emissions factors for dust resuspension.

London Case Study of AQ Measurements Approach

A measurement-based approach to estimate resuspension (coarse) particle emission
factors has been published for Marylebone Road, London [24]. Concentrations at roadside
and background stations for PM10, PM2.5, NOx and PM10–2.5 were calculated, and roadside
increment concentrations were established by roadside–background concentrations. The
ratio of roadside increment NOx and PM10 was established within a set of bounds (estab-
lished from scatter plots). Total PM10 emissions were calculated from the NOx emissions
(calculated using traffic information and emission factors) and the ratio between PM10 and
NOx concentrations. It is assumed that the non-exhaust emissions were all in the PM2.5–10
fraction, e.g., coarse particles. The ratio between PM2.5–10 and PM10 was used to estimate
the coarse fraction, PM10 emissions. The road resuspension emissions were determined by
subtracting the sum of abrasion emissions (brake, tyre and road) from the total PM2.5–10
emissions. The emissions per vehicle were calculated by dividing the resuspension emis-
sions by the number of vehicles travelling along the road. Additionally, simultaneous
equations were used to solve the contribution of light and heavy goods vehicles (LGVs
and HGVs, respectively) to the resuspension emission factors—this found that HGVs were
almost entirely responsible for resuspension (emission factors for resuspension from HGVs
were approx. 30 times larger than LGVs). Multiple regression analysis was used to establish
the contribution of wind speed, rainfall (specifically hours since last rainfall) and HGV
traffic to the resuspension emissions. This found an increase in resuspension with wind
speed, with the gradient diminishing at higher wind speeds; using meteorology gathered at
the Bexley Met Station (Greater London) the resuspension decreased for low wind speeds
before increasing with higher wind speeds. Plotting rainfall against resuspension shows no
correlation—they suggest that looking at precipitation total and number of hours since last
rainfall is insufficient to determine the impact of rainfall—e.g., rainfall intensity, duration
and evaporation may also need to be considered. Alternatively, the impact of rainfall is
masked by the HGV and wind speed impacts. Multilinear regression found HGVs are the
dominant variables with little impacts from wind speed and hours since last rainfall [25].

2.2.2. Models to Calculate Road Dust Resuspension

This section covers and describes the most used and recent modelling approaches for
calculating road dust resuspension emissions.

EPA—AP-42

Emissions from resuspension in the U.S. inventory, categorised under the term “paved
road dust”, are calculated in a method described in the USEPA’s AP-42 compilation man-
ual [26]. The EPA has a near-linear empirical equation to calculate dust resuspension which
has been used internationally to increase PM emissions to account for resuspension. The
main rule used relates an emission factor in g/km (E) to vehicle weight (W), silt loading of
the road surface (sL), a particle size multiplier for PM2.5 or PM10 (k), and the emission factor



Atmosphere 2022, 13, 1403 6 of 24

for 1980s vehicle exhaust, brake and type wear. A correction is then made for the number
of precipitation days in the model period. Road surface and environmental conditions are
highly variable, and the factors from this approach are highly uncertain and not necessarily
universal as it applies only to the range of variables from which the equation was derived.
Moreover, this model does not take into account vehicle speed, which has been suggested
in the literature to be a severe limitation of the AP-42 method.

E = k
(

sL
2

)0.65
∗
(

W
3

)1.5
− C (1)

An alternative equation is provided for unpaved road [27].

HERMES

The HERMES model was developed in Spain and has been used to model regional
resuspension emission for road segments or regions in Spain [25]. The resuspension emis-
sion rate (Eresuspension) is calculated based on the length of road (L), traffic flow (AADT) and
empirical resuspension emissions factors (EFv). Emission factors are provided for passen-
ger cars, heavy and light duty vehicles and motorcycles from a measurement campaign
carried out in Barcelona. Additionally, a correction factor is applied to account for rainfall
effects (S(Hrain)), and temporal scaling factors to represent the month, day and hour being
modelled (FM(m), FM(d) and FM(h), respectively).

Eresuspension = ∑n
v=1 AADT ∗ L ∗ EFv ∗ S(Hrain(h)) ∗ FM(m) ∗ FM(d) ∗ FM(h) (2)

For the purpose of the application carried out in this paper, in the selected case study
in the UK the following parameterisation (Table 1) has been used for testing, that assuming
a model year of 2018:

Table 1. Parameters used to implement the HERMES model in the chosen case study.

Parameter Value

Annual Average Daily Traffic 20,000
Daily NOx emissions (g/km/s) 0.175436
Daily PM10 emissions (g/km/s) 0.01258
Daily PM10 non-exhaust emissions only—brake, tyre, and abrasion (g/km/s) 0.009446
Road length (km) 0.151
Emission Factor (mg/vkm *) 22.68
% Car 78.1
% LGV 13.6
% HGV 6.5
% Motorcycle 0.5
% Bus 1.3
Car emission factor (mg/vkm) 17.8
LGV emission factor (mg/vkm) 63.4
HGV emission factor (mg/vkm) 353.3
Motorcycle emission factor (mg/vkm) 1.6
Bus emission factor (mg/vkm) 353.3

* vkm: vehicle kilometre.

NORTRIP

The NORTRIP model has been developed by the Norwegian Institute for Air Re-
search [28,29] and is a more detailed calculation to model resuspension emissions; it takes
into account several factors in the calculation including vehicle speed and flow, and wet
vs. dry in terms of resuspension. There are many different equations within this model to
capture PM mass balance, wear rates (separated by brake, tyre and road), sink rate, etc. The
NORTRIP model relies on a large amount of input data which may not be readily or locally
available, e.g., pavement coating, maximal size grains, number of grains in the surface, the
hardness of the surface, and the liquid water mass on the surface. The NORTRIP model
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does not account for wind-blown suspension as this was deemed to have a non-significant
impact on resuspension emissions.

The HERMES, NORTRIP and measurement-based emission factors were compared
in air quality modelling conducted by [30]. They found the NORTRIP model generally
producing more representative emissions estimates for resuspension but noted that the
model was more complex than HERMES (note: an updated version of HERMES has been
published since this intercomparison and the HERMES equations are more detailed now).

NORTRIP has also been used to assess impacts of different studded tyres, with the
tyres with most studs (190) generating significantly higher PM10 levels and impacting in net
(only the local contribution of PM10 from the street environment) and mean total (including
background) PM10 concentration in the order of 41% and 22%, respectively [31].

Empirical Model by Padoan [32]

The Padoan et al. model has derived a multiple linear regression model to predict
the maximum road dust suspensible fraction smaller than 10 µm (MF10) at a generic
location i. Specifically, influence of road characteristics such as pavement macro-texture,
traffic intensity and distance to braking zones on real-world road dust loading that can
be mobilized and resuspended (e.g., emission factor) were derived in two contrasting
environments such as the cities of Turin and Barcelona. Results showed good inverse
relationship between MF10 and: (i) macro-texture, (ii) traffic intensity and (iii) distance
from braking zone, although with a lower correlation. These results allowed the building
of an empirical model able to predict suspendable road dust and emission factors based on
the aforementioned road data.

EFi [mg VKT−1] = a × MF10i
b (3)

where MF10i is the road dust suspensible fraction at the ith location, and a and b are
empirically determined coefficients. In the case of Barcelona sites, the coefficients (a = 52.9;
b = 0.82) were used, obtained in the same city by [33], while for Turin an average value
(a = 45.9; b = 0.81) between Barcelona and Zurich was used due to the climatic conditions
of Turin.

The multiple linear regression model developed to predict the maximum MF10
loading from the Correct Aggregate Mode (CAM), according to the formula proposed
by [34]; the traffic intensity (TR) and the distance (DIST) from the closest braking zone is
reported below:

MF10 = e2.901±0.855 × CAM−0.264±0.123 × TR−0.218±0.105 × DIST−0.145±0.076 (4)

According to [32], this model can significantly improve a bottom-up emission inven-
tory for spatial allocation of emissions and air quality management to select those roads
with higher emissions for mitigation measures.

2.2.3. Use of Empirical Emissions Factors, Scaled to Local Data

In 2015, [12] used resuspension emissions factors calculated from the US EPA AP-42
model (discussed later) and localised these to the Madrid traffic fleet prior to including
these emissions in an air quality modelling study. For each vehicle type, a ratio is applied to
the emission factor from the average of its weight classes and this adjusted emission factor
is further adjusted based on the local fleet composition in Madrid. The raw resuspension
emission factor was 0.082 g/veh/km.

Link-based resuspension emissions could be calculated using traffic on each road link.
Additionally, national (4 km × 4 km) resuspension emissions were estimated for use in a
regional model using a scaling factor to adjust the total PM emissions to account for rainfall
and the contribution of resuspension to total PM10 emissions. The resuspension emissions
are added to the exhaust emissions prior to running the model.
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Emission factors for resuspension were weighted by the hourly traffic flows and
vehicle composition. For each vehicle category, the PM10 emissions were estimated using
the particle size multiplier, silt load and average vehicle weight. A ratio between the
emissions derived for cars and each of the other vehicle categories was calculated, which
was then applied to the global resuspension factor to produce vehicle-specific resuspension
emissions factors. In this study, the resuspension emission factors for light and heavy-duty
vehicles were estimated to be 3.6 and 19.9 times greater, respectively, than the car emissions
factors. The resuspension emissions from motorcycles were estimated to be 0.09 times the
car resuspension emission factors.

2.2.4. Summary of Review Findings on Modelling RDS

By reviewing the available literature and the existing and most recognised modelling
approaches, we can summarise the different methods into a simplified layout (Figure 1)
and a summary grid (Figure 2).
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In Figure 1 the models have been classified for the PM resuspended components
that they are able to model, PM2.5 and PM10, respectively. Each model is linked to the
different variables upon which the RDS emissions factors are calculated; for some models,
indications on ranges of validity have been included in the link to individual variables (e.g.,
AP-42 is valid for speeds between 1 and 88 km per hour).

Figure 2 represents the main variables that each model uses to calculate RDS emissions
factors, classifying them into three main categories: vehicle, road and weather. Additionally,
it highlights that a couple of variables have not been used, namely tyre tread and wind
speed. The main difference between the US and other approaches, mainly based on findings
from studies in the EU, is the use of road silt-loading for the former and empirical emissions
factors for the latter.

2.2.5. Preliminary Transferability Check for a UK Tailored Approach

In terms of modelling RDS, there is scope in the short-term to add emissions from dust
resuspension, based on existing available methods (non-UK tailored), to the tailpipe and
other non-exhaust PM emissions. We have used an in-house model suite RapidAir® [35],
which can model both link-based emissions (RapidEMS module [36]) and concentrations,
and will enable a subsequent step to fully model the impacts in terms of dispersion
modelling and result in a detailed spatial allocation of the RDS to the locations of the
road network. However, the method is adopted to combine exhaust and RDS emissions
and using these inputs to air quality models would be applicable to other dispersion
modelling suites.

Alternatively, the resuspension emissions could be modelled as a separate area source
in the dispersion model—in this case further research would need to be conducted to estab-
lish an appropriate spatial allocation of resuspension emissions and applicable dispersion
model parameters.

The remainder of this paper focuses on examining the potential for an existing and
readily available emissions model like RapidEMS to implement an existing RDS modelling
approach identified in the above current state of literature. This is to estimate and account
for PM emissions from resuspension, rather than modelling these emissions directly at the
end of the process in a dispersion model. Moreover, this would then prove whether there
was potential for such an approach to be implemented for wider use in UK-EMS.

RapidAir® Suite of Models

RapidAir® is Ricardo’s in-house model suite [35] which incorporates various modules
for specific tasks, each of which possesses targeted innovations. In addition to RapidAir®

(Roads Dispersion Module), it includes also RapidEMS (Traffic emissions module), Met
(Meteorological module) and Canyons (Street canyon model).

RapidAir® is considered a state-of-the-art air quality diagnostics and decision sup-
port tool and builds on 10 years of research and development to address the inability
of traditional modelling systems to model air quality across large domains, at high spa-
tial resolutions within acceptable timeframes (https://www.rapidair.co.uk/, accessed on
25 August 2022). If fact, utilising convolution routines and open-source python libraries
rapidly (run times in minutes) estimates air pollution concentrations at high spatial reso-
lution (typically from 1 m to 5 m) over extended geographical areas of interest, typically
cities or regions, as recently demonstrated in other independent studies [36,37]. This facili-
tates fast and efficient scenario testing for a comprehensive range of emission sources and
pollutants, which was ideal for the exercise we had planned to assess the RDS impacts of
different modelling approaches. Further information about RapidAir® can be found in the
Data Availability Statement.

Specifically for this study RapidEMS (Rapid Emissions Modelling System, based
on COPERT emissions factors which are widely used across Europe for estimating road
transport emissions in national inventories) was used for calculating the PM emissions
from road sources in a location in the UK at Atholl Street in Perth (Scotland), where several

https://www.rapidair.co.uk/
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existing datasets were available, including a Roadside air quality monitoring station that
is part of the Scottish Automatic Urban Network (https://www.scottishairquality.scot/
latest/site-info/PET2, accessed on 25 August 2022). The results were enriched to include
the Road dust resuspension component.

RapidEMS can currently calculate tail pipe emissions of particulate matter as well as
brake, tyre and road wear for road transport sources, but has no calculation/estimation
of road dust resuspension. This exercise was designed to assess the feasibility, benefits
and barriers in adding the resuspension of road dust within the overall calculation of PM
emissions. Moreover, RapidEMS also links to the RapidAir® air pollution dispersion model
(also in-house developed), which adds in a future step with the advantage of being able to
verify and validate any new method and related assumption against real-world air quality
measurements, both historic but more importantly in anticipation of future comprehensive
monitoring campaigns of silt-load and other parameters (specifically in the UK).

3. Results

In order to understand the potential to include the above reviewed modelling ap-
proaches for RDS in an existing emission model like RapidEMS, we have made a prelimi-
nary transferability analysis of existing modelling approaches and models investigated in
the first part of this paper, with the objectives to provide useful insights and any recom-
mendations for required further work and investigation to be fully carried out in order
to implement a comprehensive modelling approach in an existing modelling suite such
as RapidAir®.

When considering the addition within the emissions model RapidEMS of the resus-
pension of road dust, this represents a very important step forward since it is likely, based
on evidence from several studies explored previously as part of this review paper, that
RDS will make up an increasing proportion of PM emissions in the coming years as the tail
pipe emissions from vehicles are reduced (e.g., through introduction of electric vehicles).
For example, from [23]—“recent studies have reinforced that non-tailpipe emissions from
road traffic contribute to airborne concentrations of PM at least equally or even more than
exhaust emissions”. The European Commission outlines the three categories of non-exhaust
emissions, conferring to road dust resuspension a range of between 28–59% of PM10 mass,
followed by brake wear (16–55% in urban roads, 3% on freeways) and tyre wear (5–30%).

Based on a review of the most recognised existing modelling options for RDS, we
report the results of the calculation of RDS for the selected UK case study in Perth (Scotland).

3.1. Calculation of Resuspension Emissions in Perth Atholl Street Using the HERMES Model

The equations from the HERMES model have been coded in Python in a Jupyter
notebook, with the updated equations including speed discussed in the previous sections.

Perth Atholl Street has been used as a case study to test the HERMES model by
determining the emissions HERMES estimates for resuspension emissions on this road link
(traffic data provided for Perth, by Perth & Kinross Council in Perth, Scotland).

The emission factor values used are those presented in Table 1 and were calculated
according to average PM10 resuspension emission factor from Barcelona, taken from [38].
This is broadly in line with the emission values published by [24] for PM10 in London
(20.2–22.8 mg/vkm). The impact of applying emission factors for different vehicle types
has also been tested—the emission factors for different vehicle types are the average from
the five tests reported in the paper above for each vehicle type.

Hourly rainfall data have been downloaded from the Midas section of the CEDA web-
site (https://catalogue.ceda.ac.uk/uuid/dbd451271eb04662beade68da43546e1, accessed
on 25 August 2022) for a nearby measurement location (Glasgow Bishopton). These data
have been used to calculate the resuspension factors for the analysis. Further work should
investigate if annual average rainfall could be used instead of hourly data. The recovery
rate constant (used to calculate S(Hrain) in the HERMES model formulation) used in the

https://www.scottishairquality.scot/latest/site-info/PET2
https://www.scottishairquality.scot/latest/site-info/PET2
https://catalogue.ceda.ac.uk/uuid/dbd451271eb04662beade68da43546e1
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analysis is the value presented for Utrecht in the Netherlands (0.0252) in [25]. Further work
could investigate if this value is appropriate for use in the UK.

Temporal diurnal traffic profiles are also required for the calculation. These have been
taken from road traffic statistics published by the UK Department for Transport (monthly
factors from TRA0305, daily factors from TRA0306 and hourly factors from TRA0307,
https://www.gov.uk/government/statistical-data-sets/road-traffic-statistics-tra, accessed
on 25 August 2022).

The resuspension emissions calculated from the average fleet emission factor resulted
in a 12.4% increase in PM10 emissions on Atholl Street. When vehicle-specific resuspen-
sion emissions factors were used, this resulted in a 12.3% increase in PM10 emissions on
Atholl Street.

3.2. Calculation of Resuspension Emissions in Perth Atholl Street Using the AP-42 Model

The PM10 resuspension emissions on Perth Atholl Street have been calculated using
the AP-42 model. The average weight of vehicles on the road is required to estimate the re-
suspension emissions—a weighted-average has been calculated from the fleet composition
on the road link and the average weight of each vehicle. The following weights have been
assumed for each vehicle type: Motorcycles = 0.2 tons (https://www.survivaltechshop.
com/motorcycle-weight/, accessed on 25 August 2022), Cars = 1.7 tons (https://laqm.
defra.gov.uk/air-quality/air-quality-assessment/emissions-factors-toolkit/, accessed on
25 August 2022), LGVs = 3.5 tons (https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/1057935/v355x1-notes-about-tax-classes.
pdf, accessed on 25 August 2022), HGVs = 22.3 tons (https://www.gov.uk/government/
statistical-data-sets/vehicle-licensing-statistics-data-tables#all-vehicles, accessed on
25 August 2022), Bus = 15.6 tons (https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/4260/buslength.xls, accessed on 25 August 2022).

The silt loading values required for the calculation have been taken from the literature—
the review paper by [23] provides a table of silt loading values. The silt loading value for
the nearest road links to the UK was 0.006–0.066, which was related and derived for Italy.
The lower end of the range is broadly in line with values presented in other locations and
has therefore been selected.

The resuspension emissions calculated from the AP-42 method on Atholl Street are
20.9 mg/vkm. This is slightly lower than the vehicle average resuspension emissions used
in the HERMES model, and the values calculated from measurement station data following
the method published by [24] at Atholl Street (discussed below).

3.3. Calculation of Resuspension Emission Factors in Perth Atholl Street Using NORTRIP Model

As discussed in Section 2, the NORTRIP model is the most demanding in terms
of input data required for the calculation of RDS. For example, pavement coating and
wetness of the surface. These data are not readily available for the Perth study area
and estimating the values would lead to significant uncertainty in the model results.
Therefore, no calculation of resuspension emissions using NORTRIP has been undertaken in
this analysis.

3.4. Calculation of Resuspension Emission Factors in Perth Atholl Street Using Padoan Model

The PM10 resuspension emissions on Perth Atholl Street have been calculated using
the equations published by Padoan [32]. Initially we have calculated the resuspension
emissions using the empirical model—this approach requires an estimate of the road
dust suspensible fraction in the model domain (MF10), and also coefficients a and b. The
MF10 values in the literature have been calculated from measurement campaigns, and
similar campaigns are not available for our study area. We have therefore utilised pub-
lished values for MF10 for Paris [20], with the average of the asphalt streets being used
(MF10 = 1.452 mg/m2). Values for coefficients a and b have been published for Barcelona
and Zurich [39], and we have selected to use the coefficients published for Zurich due to

https://www.gov.uk/government/statistical-data-sets/road-traffic-statistics-tra
https://www.survivaltechshop.com/motorcycle-weight/
https://www.survivaltechshop.com/motorcycle-weight/
https://laqm.defra.gov.uk/air-quality/air-quality-assessment/emissions-factors-toolkit/
https://laqm.defra.gov.uk/air-quality/air-quality-assessment/emissions-factors-toolkit/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1057935/v355x1-notes-about-tax-classes.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1057935/v355x1-notes-about-tax-classes.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1057935/v355x1-notes-about-tax-classes.pdf
https://www.gov.uk/government/statistical-data-sets/vehicle-licensing-statistics-data-tables#all-vehicles
https://www.gov.uk/government/statistical-data-sets/vehicle-licensing-statistics-data-tables#all-vehicles
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/4260/buslength.xls
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/4260/buslength.xls
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the greater similarities in climate with Perth than Barcelona (a = 41.281, b = 0.7722). The
resuspension emission calculated using the above assumptions is 23.59 mg/vkm. This is
similar in magnitude to the vehicle average resuspension emissions calculated using the
AP-42 and HERMES methods.

Padoan et al. also published a predicting model that utilises traffic flows and distances
to junctions to provide more local estimates of resuspension emission factors. The published
regression equation was applied using the average daily traffic flow on Atholl Street
(Table 2), the distance to the nearest junction (25 m) and the Corrected Aggregate Model
(CAM). CAM values were taken from measurements made on the road surface related
to the aggregate surface. Such measurements are unavailable in our study area, and we
have therefore assumed a CAM value of 0.8; the median of published CAM data in China
and James [34] was selected to test the predicting model. The predictive model estimates
a MF10 value of 1.397 mg/m2 in Atholl Street, which gives a resuspension emission of
22.9 mg/vkm when passing this into the empirical equation. This resuspension emission is
also similar to those from AP-42, HERMES and the direct empirical Padoan equation.

Table 2. Estimated emissions factors for each vehicle type in Atholl Street.

Vehicle Resuspension Emission Factor (mg/vkm)

Car 10.7
LGV 22.2
HGV 141.3
Bus 98.9

Motorcycle 1.3

3.5. Calculation of Resuspension Emission Factors in Perth Atholl Street from Measurements

In order to test if the resuspension emissions in Perth are different from those measured in
Barcelona, the method outlined by [24] to calculate resuspension emissions from measurement
sites has been followed. The roadside site used in this analysis is Perth Atholl Street, while
the background station was Dundee Mains Loan (https://www.scottishairquality.scot/
latest/site-info/DUN1, accessed on 25 August 2022)—this was the closest background
monitoring station measuring the required pollutants. Daily average concentrations in
2018 were downloaded for each station from the Scottish Air Quality Database website
(https://www.scottishairquality.scot/, accessed on 30 August 2022). Figure 3 below shows
the plot between PM10 roadside concentrations and NOx roadside concentrations measured
at Atholl Street—the resulting relationship PM10 = 0.036 × NOx + 0.321, has a lower
coefficient of determination R2 (0.344) than that reported by [24] in the relationships
observed at Marylebone Road were R2 was 0.88.

The mean ratio of coarse total PM10 was calculated from the measurement data. This
showed that a greater proportion of PM10 was from coarse particles than the analysis by [24]
(0.7 vs. 0.4). This could, for example, be a result of the distance between the roadside and
background site resulting in different local sources. The coarse ratio from [24] (0.4) has
therefore been adopted—further work will analyse this relationship at other stations in the
UK to establish if this is an anomaly related to Perth.

The PM10 emissions from resuspension predicted from the measurements at Perth
Atholl Street were 0.121 g/km/s, which is equivalent to 21.9 mg/vkm. This is similar to
the values published in the literature from [24], the HERMES model and AP-42.

The vehicle fleet breakdown on Atholl Street has been used to estimate emissions
factors for each vehicle type. In order to calculate this, the following assumptions have
been made about the average weight of each vehicle as stated previously. This results in
the following resuspension emissions—the HGV emissions predicted are lower than those
published by [24]. This analysis is limited to a single location, and further work should
repeat this at other sites in the UK to establish an average resuspension emission value.

https://www.scottishairquality.scot/latest/site-info/DUN1
https://www.scottishairquality.scot/latest/site-info/DUN1
https://www.scottishairquality.scot/
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3.6. Derivation of Resuspension Emission Factors from Measurements at AURN Sites

The method based on measurements at Perth Atholl Street above has been repeated
for AURN stations measuring PM10, PM2.5 and NO2 in 2018, to get more resuspension
emissions estimates for the UK to establish if the results at Perth Atholl Street hold true
across wider geographical regions. Some AURN stations have been excluded from the
analysis for the following reasons:

- Those sites located on hills have been excluded to remove any confounding effects as
a result of gradient impacts on exhaust emissions;

- Any locations where, after removing concentrations equal to 0, the coarse fraction of
PM was <0 and the PM10:NOx > 0.1, had less than 10% data capture (e.g., <36 sites
(365 × 10%)).

Figure 4 shows the location of the monitoring stations used in this analysis, along with
the location of Perth Atholl Street for the analysis in the previous sections for reference.

Traffic data (AADT and vehicle breakdown) have been sourced from the nearest DfT
count point location. The speed of the roads has been assumed to be 40 kph (=25 mph),
with the exception of one of the London sites (Camden Kerbside) where the site location is
adjacent to a junction and the speeds are likely to be slower and therefore emissions for
this location have been calculated assuming a 15 kph speed. No gradient effects have been
applied to the calculations. Emissions calculations have been conducted using the Defra
Emission Factor Toolkit (EFT v.11, [40], and are also based on COPERT emissions factors)
using either London Inner, or England (not London) traffic splits as appropriate (note the
traffic splits assumed have minimal impact on emissions and the ratios between NOx and
PM10 used in the calculations).
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The following sites meet the criteria for inclusion in this analysis—the sites in square
brackets denote the background locations selected for the analysis:

- Birmingham A450 Roadside [Leamington Spa]
- Camden Kerbsite [London North Kensington]
- Glasgow High Street [Edinburgh St Leonards]
- Greenock A8 Roadside [Edinburgh St Leonards]
- Leeds Headingley Kerbside [York Bootham]
- London Marylebone Road [London Bloomsbury]
- York Fishergate [York Bootham]

The hourly measurement data for the sites have been downloaded using the impor-
tAURN function in openair [41]. The daily average concentrations have been calculated
using openair timeAverage function, with only days with 75% hourly data capture used to
calculate daily averages.

3.6.1. Mean Coarse Fraction at Each Site

The mean coarse fraction has been calculated at each site to determine if this value falls
close to the value of 0.4 used by [24]. The Table 3 below shows the calculated mean coarse
values from the measurement data—it also provides the regression equation describing the
relationship between PM10 and NOx identified at each site.
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Table 3. Calculated mean coarse values from the measurement data.

Site Mean Coarse Fraction PM10 = M × NOx + c, R2

Birmingham A450 0.64 M = 0.070066, c = 0.72238, R2 = 0.74
Camden Kerbside 0.68 M = 0.046313, c = 1.8102, R2 = 0.51
Glasgow High Street 0.47 M = 0.029485, c = 1.4836, R2 = 0.46
Greenock A8 Roadside 0.59 M = 0.023506, c = 1.36686, R2 = 0.18
Leeds Headingley Kerbside 0.63 M = 0.0435, c = 0.907, R2 = 0.46
London Marylebone Road 0.33 M = 0.02969, c = 2.41066, R2 = 0.61
York Fishergate 0.73 M = 0.0357, c = 1.086, R2 = 0.29

The mean coarse fraction calculated at the measurement sites are (with the exception
of Marylebone Road) much larger than the value of 0.4 referenced by [24]. The larger mean
coarse fraction will result in a greater proportion of the PM10 concentrations being allocated
as coarse emissions and potentially leading to greater resuspension emission rates.

3.6.2. Resuspension Emissions Using Calculated Mean Coarse Fraction at Each Site

The resuspension emission per vehicle (mg/vkm) are provided in the Table 4 below
for the average vehicle. These have been calculated assuming the coarse value fraction
calculated from the measurement data.

Table 4. Resuspension emission rates and per vehicle for an average vehicle in the chosen sites.

Site Resuspension Emissions (mg/vkm)

Birmingham A450 35.6
Camden Kerbside 195.6
Glasgow High Street 161.1
Greenock A8 Roadside 81.9
Leeds Headingley Kerbside 113.9
London Marylebone Road 33.8
York Fishergate 321.2

The resuspension emissions from Marylebone Road and Birmingham A450 are broadly
consistent with the values from the HERMES and AP-42 models, also those values from
the literature and those calculated above in Perth Atholl Street. The other sites have
much greater resuspension emissions calculated in mg/vkm. This could be attributed to
differences in vehicle composition on the road links, for example.

The vehicle-specific emissions factors (mg/vkm) for each site are provided in the
Table 5 below (as calculated using the AADTs for the different vehicle types). These show
large variations between the sites, again with Birmingham and London Marylebone Road
emission factors being of similar magnitudes of emissions as presented in the literature.

3.6.3. Resuspension Emissions Calculated Using Mean Coarse Fraction Value of 0.4

Given the large variations in the mean coarse fraction calculated and the uncertainty
associated with the measurement data, the calculation of resuspension emission factors has
been run for all sites assuming a mean coarse fraction value of 0.4 (from [24]) as presented
in the literature. Table 6 below provides the resuspension emissions (mg/vkm) for average
vehicles and individual vehicle types for each site.
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Table 5. Vehicle-specific emissions factors for each chosen sites (mg/vkm).

Site Car LGV HGV Bus MC

Birmingham A450 18.4 37.9 241.6 169.0 2.2
Camden Kerbside 92.6 190.6 1214.3 849.4 10.9
Glasgow High Street 106.1 218.5 1392.2 973.9 12.5
Greenock A8 Roadside 54.4 112.0 713.9 499.4 6.4
Leeds Headingley Kerbside 68.3 140.5 895.3 626.3 8.0
London Marylebone Road 19.2 39.6 252.2 176.4 2.3
York Fishergate 194.1 399.6 2546.3 1781.3 22.8

Table 6. Average and vehicle-specific resuspension emission factors at each site when a mean coarse
fraction of 0.4 is assumed in the calculation.

Site Average
(mg/vkm)

Car
(mg/vkm)

LGV
(mg/vkm)

HGV
(mg/vkm)

Bus
(mg/vkm)

MC
(mg/vkm)

Birmingham A450 21.6 11.2 23.0 146.8 102.7 1.3
Camden Kerbside 113.8 53.9 110.9 706.6 494.3 6.3
Glasgow High Street 135.7 89.4 1884.0 1172.4 820.2 10.5
Greenock A8 Roadside 55.0 36.5 75.2 479.3 335.3 4.3
Leeds Headingley Kerbside 71.9 43.1 88.7 565.4 395.5 5.1
London Marylebone Road 41.8 23.7 48.9 311.4 217.9 2.8
York Fishergate 176.5 106.7 219.7 1399.6 979.1 12.63

3.6.4. Impact of Including RDS Emissions on Modelled Roadside Concentrations

We have shown above that including RDS emissions results in increased emissions
from road transport, e.g., 12% increase in emissions due to resuspension when average
vehicle RDS emissions are used. It is important to consider the overall impact of including
RDS emissions on urban pollution concentrations. We have used the RapidAir® model
to test the impact of including RDS emissions calculated using the HERMES model on
predicted roadside concentrations at Perth Atholl Street.

Link-based emissions for the major road links in Perth (Figure 5) were calculated using
RapidEMS for PM10, with and without RDS emissions calculated, using the factors derived
from both the AP-42 (24.4 mg/vkm), the HERMES model (22.7 mg/vkm) and Padoan
model (22.9 g/vkm). For reasons discussed previously, the NORTRIP model has not been
evaluated in this work. A comparison of the emissions on all modelled road links in Perth
shows a linear relationship between the AP-42 and HERMES emissions (the latter was
calculated without and with the influence of rainfall to allow direct comparison between
the methods) (Figure 6). The emission rate was calculated with and without the impact
of rainfall in the HERMES model in Atholl Street (0.0144 g/km/s and 0.0018 g/km/s,
respectively). The ratio between the emission rates on Atholl Street, with and without
rainfall, was used to scale the resuspension emissions on the other road links across the full
study domain to provide an estimate of the impact of excluding rainfall on the resuspension
emissions; this allowed a direct comparison with the AP-42 emissions. The calculated
HERMES emissions with and without rainfall therefore have similar correlation with the
AP-42 emissions, but the regression coefficients differ due to the change in magnitude of
the resuspension emissions as a result of the rainfall. The influence of rainfall resulted in
a reduction in the RDS emissions predicted by HERMES of 87.5%. Perth has significant
rainfall, with an average of 0.14 mm of rain/hour in 2018, which leads to a reduction in
the predicted resuspension emissions due to run-off of particles, for example. There is a
linear relationship between the emissions predicted by the models as the RDS emissions
included are derived by applying the resuspension emissions (mg/vkm) predicted by
each model to the same traffic dataset. We selected to use the HERMES emissions in the
dispersion modelling, and after accounting for rainfall as previously mentioned this is a key
contributor to resuspension, as the method is more complex and, as discussed previously,
the inclusion of rainfall impacts in the calculation of RDS has been suggested elsewhere in
the literature [12,25,33] to produce more accurate RDS emissions.
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Average concentrations of PM10 from traffic sources only in 2018 were predicted for a
1 m grid across the city using emissions inputs with and without RDS. No street canyons
were included in the dispersion modelling to simplify the analysis and findings. Figure 7
below illustrates the change in modelled PM10 traffic concentrations when RDS emissions
are included (the figure shows modelled PM10 concentrations without RDS emissions—
modelled PM10 with RDS emissions included. Negative concentrations show that the
concentrations calculated when RDS emissions were included are larger than those when
RDS emissions were omitted)—the greatest difference in concentration is observed close to
the road emission sources. The average increase in emissions across the full domain as a
result of including RDS is 0.02 ug/m3, with a maximum change of 0.47 ug/m3. Extracting
traffic concentrations at the Perth Atholl Street monitoring site, the concentrations are 15%
higher when RDS emissions are included (without RDS: 1.05 ug/m3, with RDS: 1.21 ug/m3).
This is a similar magnitude to the difference in emissions with and without accounting for
RDS illustrated previously.



Atmosphere 2022, 13, 1403 18 of 24

Atmosphere 2022, 13, x FOR PEER REVIEW 18 of 24 
 

 

 
Figure 6. comparison of link-based PM10 road emissions in Perth for AP-42 and Padoan [top]; and 
AP-42 and HERMES (with and without accounting for the impacts of rainfall) [bottom] models. 

Average concentrations of PM10 from traffic sources only in 2018 were predicted for 
a 1 m grid across the city using emissions inputs with and without RDS. No street canyons 
were included in the dispersion modelling to simplify the analysis and findings. Figure 7 
below illustrates the change in modelled PM10 traffic concentrations when RDS emissions 
are included (the figure shows modelled PM10 concentrations without RDS emissions—
modelled PM10 with RDS emissions included. Negative concentrations show that the con-
centrations calculated when RDS emissions were included are larger than those when 
RDS emissions were omitted)—the greatest difference in concentration is observed close 
to the road emission sources. The average increase in emissions across the full domain as 
a result of including RDS is 0.02 ug/m3, with a maximum change of 0.47 ug/m3. Extracting 
traffic concentrations at the Perth Atholl Street monitoring site, the concentrations are 15% 
higher when RDS emissions are included (without RDS: 1.05 ug/m3, with RDS: 1.21 
ug/m3). This is a similar magnitude to the difference in emissions with and without ac-
counting for RDS illustrated previously. 

Figure 6. Comparison of link-based PM10 road emissions in Perth for AP-42 and Padoan [top]; and
AP-42 and HERMES (with and without accounting for the impacts of rainfall) [bottom] models.



Atmosphere 2022, 13, 1403 19 of 24Atmosphere 2022, 13, x FOR PEER REVIEW 19 of 24 
 

 

 
Figure 7. Difference between road PM10 concentrations without-with RDS emissions. Negative val-
ues illustrate locations where concentrations with RDS emissions exceed concentrations predicted 
when RDS emissions were not included. 

4. Discussion 
From the review of the different methods for the quantification of the road dust re-

suspension, it is clear that over the past decades there have been several attempts to de-
termine this component of the non-exhaust emissions on roads, and that the US AP-42 
method has been probably the one most used/applied. However, the US AP-42 method is 
heavily dependent on the silt loading parameter and does not account for other factors 
like other more recent models such as HERMES and NORTRIP do. Moreover, unless the 
conditions of the roads are similar to those from which the AP-42 formula has been de-
rived, the application of the AP-42 method may not provide correct values.  

On the other hand, the recently developed models also present limitations. The HER-
MES model is very much dependent on the empirical emissions factors determined for 
different types of vehicles, making this approach dependent on the specific measurement 
and location where they were made, hence it is not clear how easily transferable or accu-
rate it may be when applied to other countries or different regions (with different weather 
conditions, for example). NORTRIP seems to be recognised as one of the most complete 
models for RDS calculations; however, it is also very complex and not many applications 
have been found to enable full assessment of its superiority. The other methods identified, 
based mainly on field measurements carried out on street for ambient PM levels, have 
provided very useful information on the potential impact of RDS and its contribution (ei-
ther as % or as concentration component) to the total PM; however, they do not provide a 
clear definition of a transferable model since they are heavily dependent on the air pollu-
tion levels monitored on the specific location/s and case studies. 

In Table 7 are summarized the main characteristics, advantages and differences in 
the models identified. 

  

Figure 7. Difference between road PM10 concentrations without-with RDS emissions. Negative
values illustrate locations where concentrations with RDS emissions exceed concentrations predicted
when RDS emissions were not included.

4. Discussion

From the review of the different methods for the quantification of the road dust
resuspension, it is clear that over the past decades there have been several attempts to
determine this component of the non-exhaust emissions on roads, and that the US AP-42
method has been probably the one most used/applied. However, the US AP-42 method
is heavily dependent on the silt loading parameter and does not account for other factors
like other more recent models such as HERMES and NORTRIP do. Moreover, unless the
conditions of the roads are similar to those from which the AP-42 formula has been derived,
the application of the AP-42 method may not provide correct values.

On the other hand, the recently developed models also present limitations. The
HERMES model is very much dependent on the empirical emissions factors determined for
different types of vehicles, making this approach dependent on the specific measurement
and location where they were made, hence it is not clear how easily transferable or accurate
it may be when applied to other countries or different regions (with different weather
conditions, for example). NORTRIP seems to be recognised as one of the most complete
models for RDS calculations; however, it is also very complex and not many applications
have been found to enable full assessment of its superiority. The other methods identified,
based mainly on field measurements carried out on street for ambient PM levels, have
provided very useful information on the potential impact of RDS and its contribution (either
as % or as concentration component) to the total PM; however, they do not provide a clear
definition of a transferable model since they are heavily dependent on the air pollution
levels monitored on the specific location/s and case studies.

In Table 7 are summarized the main characteristics, advantages and differences in the
models identified.
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Table 7. Summary of main characteristics of the models identified.

AP-42 Padoan et al. HERMES NORTRIP

Type of model USEPA model Enhanced AP-42
Considers speed,
flows, diurnal
profiles

Combination of
multiple modules
and models

Advantages

Simple formula
Localisation of
emissions using local
fleet has
been published
in literature

Linear formula
Accounting for traffic
intensity and
distance from closest
braking zone
Significantly
improves a
bottom-up emission
inventory approach

Linear formula
Uses hourly rainfall
data in estimates
Default values for
Emissions Factors
are available

Takes into account
many factors
including existing
road surface types
Has been used to test
impact of measures
e.g., sweeping

Disadvantages

No direct
relationship
accounting for
vehicle speed

No direct
relationship
accounting for
vehicle speed
No consideration of
rainfall impacts
Coefficients a and b
required—published
coefficients are area
specific, or
measurement
campaign needed to
calculate local values

If applied in other
geographies requires
ad-hoc emission
factor (default
are calculated
from Spain)

Most complex
of models
Requires different
inputs to be
implemented, not
always easily or
cheaply measurable.

4.1. Limitations

Other areas not particularly well covered by the existing modelling approaches are
related to:

• The temporal effects of RDS on PM levels, especially when considering short-term im-
pacts on PM concentration (hourly or daily) rather than long-term exposure
(annual average);

• Influence of type of tyre material and design;
• Influence of new road surface types, and particularly of alternative sustainable pave-

ments (such as those based on recycled rubber from used tyres), on reducing RDS and
related PM emissions. We are not aware of any studies on the impact on RDS, but we
could expect that the different and softer material used could actually function as a
trap for road wear and dust, thanks to the high pressure developed by each single
vehicle passage;

• Influence of different existing pavements, such as porous pavements. Although mainly
used to reduce tyre–pavement noise and to increase water drainage from the surface, a
few early studies [16,17] have reported such pavements to have an additional benefit,
with the potential to decrease resuspension of road dust through reducing the amount
of dust on the road surface in a cheaper and more effective way without affecting
direct wear emissions.

4.2. Recommandations

Despite the limitations identified above, we recommend that an approach should
be used in air quality models now to avoid the underestimation of PM emissions from
this important source. Which approach should be used depends on the information
available for the situation/area to be modelled, e.g., the availability of silt loading or
rainfall data. If a direct estimation of emissions from this source is required, rather than an
estimate of concentrations due to resuspension from analysis of ambient air quality data,
we recommend using either the HERMES or USEPA AP-42 method. It is acknowledged
that certain assumptions will need to be made such as silt loading, but these methods have
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been demonstrated to produce similar emission factors for resuspension in the Perth Atholl
Street Case Study, performed in this paper.

Moreover, this review and the application of the methods in the specific case study in
the UK have been very important to better understand and assess the models in terms of
their practical application and transferability to other sites. This is particularly relevant
considering the nature of the RDS emissions, which among the many models explored
show a recurrent and common message, “RDS emissions are very dependent on local conditions
and their spatial and temporal components”. Although the spatial variability has been assessed
to a certain extent in the past and still needs further investigation, the temporal variability
is still underrepresented in models and lacking comprehensive research studies.

4.3. Findings of the Application of RDS Methods in the UK Case Study

In all the methods analysed and applied in this study, resuspension emissions have
been shown to increase total PM10 emissions; for example, when average fleet emission
factors for RDS were used the total emissions increased by 12% compared with when
RDS was omitted from emission calculations altogether. The HERMES, AP-42 and Padoan
et al. methods produce RDS concentrations that are highly correlated with each other,
however, AP-42 predicts larger resuspension emissions that could be due to factors such as
accounting for vehicle speed and rainfall for example.

Using measurement-based methods to estimate resuspension emissions appears to
be highly influenced by the choice of measurement station and mean coarse fraction. For
the AURN stations included in this analysis, the resuspension emissions ranged from
21.6 mg/vkm to 321 mg/vkm depending on the site and coarse fraction used. The analysis
at AURN stations has been conducted for a single year, and further analysis is required
over a longer time period to provide further evidence for the RDS emissions calculated.
The greatest RDS emissions (mg/vkm) were from heavy goods vehicles, irrespective of the
measurement station or coarse fraction used in the analysis. We have tested the impact of
including resuspension emissions from the HERMES model on roadside concentrations
modelled using RapidAir® in the city of Perth. The greatest increases in modelled road
PM10 concentrations were observed on or near the road surface, which is unsurprising
given that this is the emission source. Concentrations modelled from road transport at the
Perth Atholl Street monitoring station increased by 15% as a result of including RDS, which
is broadly in line with the changes in emissions calculated earlier in this paper.

5. Conclusions

In summary, each individual model and method identified so far has probably ad-
dressed the RDS emissions focusing on different important aspects and variables explain-
ing the phenomena; however, it seems that the complexity of the RDS phenomenon is
high and further investigation, analysis and modelling are needed as well as validation
and verification.

It is also recognised that by not embedding the RDS emission component into in-
ventories intended for use in air quality models, this can result in many cases in the
underestimation of concentrations of PM10 and PM2.5. This is especially significant as
we head towards more stringent ambient PM concentration limits, driven by the new
2021 World Health Organization (WHO) global air quality guidelines [42]. With overall
non-exhaust emissions expected to become almost the entire source of transport-related
PM emissions, that will put more and more pressure on better addressing and correctly
quantifying the RDS component.
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