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ARTICLE INFO ABSTRACT

Handling editor: Xavier Querol Black carbon is harmful for climate, environment, and human health. Road traffic is one of the major sources for
black carbon in urban areas. This study develops a street scale air quality model configuration for the dispersion
of black carbon concentrations across the West Midlands, UK, incorporating updated road traffic emission fac-
tors. A range of modelling cases accounting for traffic emission factor adjustments was conducted and evaluated
against measurements at three monitoring sites within the region. The model overall has good performance. With
unadjusted traffic emission factors, the model can capture black carbon annual concentrations at urban back-
ground sites. However, an adjustment (factor of 3) for the traffic emission factors is needed to better represent
the roadside site (although with a slight overestimation of 3 % in annual concentration). There are near-linear
relationships between black carbon concentrations and the adjustment ratio for the traffic emission factor. Black
carbon concentration maps have been generated at 10 m x 10 m resolution, which were then aggregated into
health-related electoral ward and local authority levels.

Keywords:

Black Carbon

Air Quality Modelling
Traffic Emission Factors
ADMS-Urban

1. Introduction

Black carbon is an important component of Particulate Matter (PM),
mainly generated from the incomplete combustion of fuels and biomass
(Bond et al., 2013). Many studies have focused on black carbon due to its
negative impact on climate, environment, and public health in recent
decades. Black carbon is a unique short-lived climate pollutant that has
played a very important role in the global climate system since pre-
industrial times (Koch et al., 2009). The “direct effect” is that black
carbon in the atmosphere can absorb incoming solar radiation, and
release it as heat in the lower atmosphere causing global warming
(Ramanathan and Carmichael, 2008). The “albedo effect” occurs when
black carbon is deposited in snow or ice-covered areas, which darkens
the surface, absorbs more incoming solar radiation and leads to faster
snow or ice melt (Réveillet et al., 2021, Eckhardt et al., 2023, Kang et al.,
2020). The “semi-direct effect” is that black carbon can influence cloud
formation via the changes in atmospheric stability or relative humidity
(Johnson et al., 2004). Black carbon may also have an “indirect effect”
for cloud condensation by acting as ice nuclei (Oshima et al., 2009, Liu
et al., 2009). Black carbon is also responsible for environmental impacts
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leading to visibility reduction (Li et al., 2022) and poor air quality
(Healy et al., 2019, Yang et al., 2022). Compared with mass concen-
trations such as PMy 5 and PM;, black carbon has been suggested as a
more reliable indicator for assessing the health risks of ambient particles
(Janssen et al., 2011). Black carbon concentrations are found to be
significantly associated with asthma symptoms in toxicological and
epidemiological studies (Jung et al., 2017, Hansel et al., 2018). Black
carbon has a close relationship with the increasing lung deposited sur-
face area (LDSA) peaking at the size of around 100 nm for traffic sites
(Lepisto et al., 2022). Due to its fine particle size and porous structure,
black carbon can absorb other co-emitted compounds in ambient air,
and easily penetrates human lung tissue. These toxic chemical species
can be absorbed into the bloodstream through the alveolar epithelium,
potentially causing cardiovascular diseases, cancers and increased pre-
mature mortality subsequently (Lepisto et al., 2022). In the most recent
update to the Global Air Quality Guidelines, WHO (2021) issued a Good
Practice Statement in relation to Black Carbon/Elemental Carbon which
emphasises the need for close surveillance of Black Carbon and refers to
the need for better exposure estimation and concentration prediction
through dispersion modelling.
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Most studies on black carbon measurement have focused on Europe,
America and Asia during the last few decades, showing significant
decreasing trends of black carbon concentrations, attributed to envi-
ronmental control policies (Mousavi et al., 2018, Zhang et al., 2021,
Jafar and Harrison, 2021, He et al., 2022). However, the source
apportionment and spatio-temporal evolution of black carbon can vary
depending on various anthropogenic and natural processes, geographic
and meteorological conditions. Numerous studies have indicated that
black carbon presents clear diurnal, weekly and seasonal patterns in the
studied regions, with black carbon peaks in concentration frequently
occurring at typical rush-hour times, on weekdays, and in colder seasons
(Liakakou et al., 2020, Xiao et al., 2023). Although the contribution of
residential heating during winter in some regions is high (Romshoo
et al., 2023), traffic emissions are still considered as the main source of
(black carbon) air pollution (Ciupek et al., 2021, Rovira et al., 2022). A
comprehensive study which covered 50 measurement sites across
Europe between 2006 and 2022, showed considerable spatio-temporal
heterogeneity. The contribution of traffic emissions in most urban
sites was higher than those from residential and commercial sources, but
the latter were nonetheless important (Wyche et al., 2020). Savadkoohi
et al. (2023) analysed equivalent black carbon (indirectly determined by
light absorption techniques (Petzold et al., 2013)) data from 50 sites
across Europe finding considerable heterogeneity across countries, with
the highest, but declining concentrations at roadside sites, and an
appreciable contribution from residential combustion.

To improve understanding of black carbon impacts in urban areas, it
is necessary to better determine abundance, spatial and temporal vari-
ation. Measurements may be performed from stationary or mobile
platforms; however, a comprehensive overview is hard to attain due to
the limitation of sites, time, and cost. Despite low-cost black carbon
sensors allowing air quality monitoring for small-area studies
(Savadkoohi et al., 2023), model development combined with measured
datasets retains a major role for the purpose of detailed assessment and
prediction. Land-use regression is a convenient technique based on
linear regression models. Road-level BC concentrations have been pre-
dicted by it, combining data from mobile monitors with GPS devices in
Ghent, Belgium (Van den Hove et al., 2019). A new machine learning
approach with a non-linear model has been developed for gap filling in
air quality datasets in Barcelona, Spain. Black carbon concentrations can
be estimated with this data-driven model (Wai et al., 2022). RLINE,
based on a Gaussian formulation, is also a line-source dispersion model,
which is used to simulate NOy and BC in the San Francisco Bay Area
(Patterson and Harley, 2019). Chemical transport models, such as
CMAQ (Huang et al., 2023) and WRF-Chem (Rahimi et al., 2020), can be
used for black carbon modelling of spatial and temporal evolution in
wider regions while requiring more computational time and resources
compared to the above models. ADMS-Urban, derived from the Atmo-
spheric Dispersion Modelling System (ADMS), is an advanced program
for modelling air quality from simple street scale to complex city-wide
scenarios. Model results for air pollutants can be calculated and
output on timescales from seconds to years, compared with monitoring
data, and presented as dispersion patterns (Seaton et al., 2022). This
ADMS-Urban model, sometimes combined with chemical transport
models (Hood et al., 2018), has been widely used for urban air quality
simulation of PMj 5, PM;o, NOy, and Os for the West Midlands (Zhong
etal.,, 2021, Zhong et al., 2024), but previously not for the simulation of
black carbon.

This paper presents an application of ADMS-Urban to simulate the
dispersion of black carbon concentrations at street scale (10 m resolu-
tion) across the West Midlands, UK. Section 2 reports the modelling
approach, and modelling cases in the study area. Section 3 presents the
model evaluation and black carbon concentration maps for these
modelling cases. Section 4 provides discussion on the modelling results.
Section 5 gives conclusions and future research.
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2. Methods
2.1. ADMS-Urban model

ADMS-Urban is the most comprehensive version of the ADMS (At-
mospheric Dispersion Modelling System), which is a high-resolution air
quality model based on Gaussian plume distribution (Carruthers et al.,
1994). The dispersion patterns are determined by a range of meteoro-
logical inputs (e.g. wind speed, wind direction, temperature, relative
humidity etc). The model considers a range of source types (e.g. road,
point and grid sources), and complex urban morphology features to
represent their effects on pollutant dispersion within street canyons and
urban canopy layers (Hood et al., 2014). It can capture high concen-
tration gradients near explicit road sources and generate street-scale
resolution air quality maps. It is widely used all over the world in
many applications, such as assessment of air quality (Hood et al., 2018,
Zhang et al., 2022), investigation of air quality management options
(Zhong et al., 2024), source apportionment (Blair et al., 2004), and
provision of detailed street-level air quality forecasts (Stidworthy et al.,
2018).

2.2. Case study

2.2.1. Study area

Fig. 1 shows the study area which covers the West Midlands region in
the UK. The West Midlands has a total population of 2.9 million and a
geographical area of 902 km?2. It includes 7 local authorities (among
them, Birmingham is the second largest city in the UK with a high
population density of 4,300/km?). Simulations for traditional air pol-
lutants (such as NOg, and PM; 5) and non-regulated ultrafine particles in
the West Midlands region have been conducted using the ADMS-Urban
model (Zhong et al., 2021, Zhong et al., 2023a, Zhong et al., 2024). This
study extends the modelling application to the dispersion of black car-
bon, which is an important component of PMs 5 and highlighted by the
WHO global air quality guidelines, as outlined above (WHO, 2021).
Therefore, there are a number of common model inputs (such as mete-
orological data, street canyon and urban canopy parameters, and spatial
splitting configuration). The meteorological data as measured at the
Birmingham Airport site was used in the model to drive the atmospheric
dispersion (a wind rose diagram was shown in Figure S1 in Supple-
mentary Information which indicates that the prevailing wind for the
region was from the southwest). The street canyon and urban canopy
parameters have been calculated based on the building geometry and
road network datasets (See Zhong et al. (2021) for details). Spatial
splitting configuration followed the task farming approach to optimise
the run time, as adopted in Zhong et al. (2021). Other relevant model
inputs specifically developed for black carbon are described as below.

2.2.2. Black carbon measurement datasets

Hourly black carbon concentration datasets over the baseline year of
2019 were obtained from the Department for Environment, Food and
Rural Affairs (Defra) UK-Air website, measured using the Magee
Aethalometer, model AE33 (Defra, 2019). There were only two moni-
toring sites in the West Midlands from the UK Black Carbon Network,
Birmingham Ladywood (Lat, Lon: 52.481346, —1.918235) as an urban
background site and Birmingham A4540 Roadside (Lat, Lon: 52.476145,
—1.874978) as a roadside site. To compensate for insufficient black
carbon measurement data, Birmingham Air Quality Supersite (BAQS)
(Lat, Lon: 52.456, —1.929), an urban background site at the University
of Birmingham campus provided a series of black carbon measurement
data also using Magee Aethalometer, model AE33 (Bousiotis et al.,
2021). The three sites as above within the West Midlands (shown in
Fig. 1) were used for the model evaluation later in this study. Due to the
lack of black carbon measurements to inform the regional background
for the West Midlands, the Chilbolton (Lat, Lon: 51.149617, —1.438228)
rural background site in the UK Black Carbon Network was used as an
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Fig. 1. West Midlands map with black carbon emission sources (Road Source and Grid Source) implemented in the model and different monitoring sites (i.e. one
roadside site and two urban background sites) to be used for the model evaluation.

appropriate background site for the generation of the background input
file in the ADMS-Urban model.

2.2.3. Emission inventory of black carbon

The black carbon emission inventory at 1 km x 1 km resolution for
the West Midlands computational domain (Fig. 1) was obtained from the
UK National Atmospheric Emissions inventory (NAEI) datasets
(Tsagatakis et al., 2021). It included 11 Selected Nomenclature for Air

Table 1

Summary of emission sources (in tonnes/year) over the West Midlands
computational domain for the baseline modelling year of 2019. It is noted that
there are no black carbon emissions for SNAPO5 and SNAP10 from the NAEI
(https://naei.energysecurity.gov.uk/emissionsapp/).

Group Black Carbon
Emissions
Major Roads 91.6
SNAPOQ1 Combustion in Energy Production and 3.2
Transformation
SNAPOQ2 Combustion in Commercial, Industrial, Residential 178.1
and Agriculture
SNAPO03 Combustion in Industry 52.9
SNAPO04 Production Processes 3.0
SNAPOS5 Extraction and Distribution of Fossil Fuels 0.0
SNAPO6 Solvent Use 0.2
SNAPOQ7 Road Transport (Minor Roads) 80.8
SNAPO8 Other Transport and Mobile Machinery 217.9
SNAPQ9 Waste Treatment and Disposal 45.2
SNAP10 Agriculture, Forestry and Landuse Change 0.0
SNAP11 Nature (Other) 32.6

Pollution (SNAP) sectors, as indicated in Table 1. A summary of emission
sources over the West Midlands computational domain for the baseline
modelling year of 2019 is given in Table 1. It indicates that SNAPO8
(“Other Transport and Mobile Machinery”) has the largest contribution
to the black carbon emission source in the region, followed by SNAP0O2
(Combustion in Commercial, Industrial, Residential and Agriculture)
and SNAP 07 (Road Transport including both Minor Roads and Major
Roads).

The ADMS-Urban model requires an input for the explicit road
emission sources of black carbon. SNAP 07 at the 1 km x 1 km resolution
from the NAEI represents the transport sector, which was then split into
explicit major road sources and unresolved Minor Road gridded sources.
Traffic activity and speed datasets were derived based on the traffic
models from the Transport for West Midlands and Birmingham City
Council (PRISM, 2019, BCC, 2018), and the bus timetable (Remix,
2019). Traffic fleet composition for the year of 2019 was obtained from
the EMIT Emissions Inventory Toolkit (CERC, 2021). EMIT was used to
pre-process the emission sources for black carbon with the format as
required by the ADMS-Urban model. EMIT does not have direct infor-
mation on the traffic emission factors for black carbon, but the emission
factors for PMj 5 calculated in Zhong et al. (2024) were used as a basis.
The approach of using the ratio of black carbon to PM; s was used to
estimate exhaust and non-exhaust emissions of black carbon from major
roads. Table 2 shows the fraction of black carbon (BC) to exhaust PM3 5
for different vehicle categories and Euro standard as derived from the
EMEP/EEA Air Pollutant Emission Inventory Guidebook (EEA, 2019),
which was then implemented into EMIT for the calculation of exhaust
emissions of black carbon.


https://naei.energysecurity.gov.uk/emissionsapp/

J. Zhong et al.

Table 2
Fraction of black carbon (BC) to exhaust PM, s for different vehicle categories
and Euro standards (EEA, 2019).

Category Euro standard BC/PM 5 (%)
Petrol Car/LGV Pre-Euro 1 30
Euro 1 25
Euro 2 25
Euro 3 15
Euro 4 15
Euro 5 15
Euro 6 15
Diesel Car/LGV Pre-Euro 1 55
Euro 1 70
Euro 2 80
Euro 3 85
Euro 4 87
Euro 5 20
Euro 6 20
Diesel HDV Pre-Euro I 50
Euro I 65
Euro II 65
Euro III 70
Euro IV 75
Euro V 75
Euro VI 15

Comparing with exhaust emissions, the uncertainties in non-exhaust
emissions are higher (AQEG, 2019, Lugon et al., 2020) because various
categories of vehicles in different driving modes at differing road loca-
tions introduce much complexity into estimation of non-exhaust emis-
sions. An increasing number of studies now focus on non-exhaust traffic
emissions due to their increasing significance as a proportion of the total
emissions (Beddows and Harrison, 2021, Tomar et al., 2022). Non-
exhaust emissions (as % of all traffic emissions excluding resus-
pension), according to estimates for respective regions (UK and EU28),
present in a wide range of 5-67 % for PMj 5 (Harrison et al., 2021). The
emission factors for brake, tyre, and road wear also span wide ranges
due to multiple influencing factors (Piscitello et al., 2021). To maintain
consistency with previous exhaust emission factors in our case, we select
the relative parameters (BC/TSP and PM; 5/TSP ratios), both from the
same guidelines (1.A.3.b.vi in (EEA, 2019)) and obtained the emission
fraction of BC/PM s, i.e. 36.4 % for tyre wear, 6.7 % for brake wear, and
3.9 % for road wear. These fractions of black carbon to PM; 5 were used
as the 2019 baseline model configuration. Time varying emission pro-
files were needed to calculate hourly emissions based on annual emis-
sions so that the ADMS-Urban model can be run for each hour over the
year. Time varying emission profiles used in this study were similar to
these used in Zhong et al. (2021), with the modification of diurnal
profiles for total emissions of black carbon using the deweather package
in R (Carslaw and Ropkins, 2012, Grange and Carslaw, 2019) to isolate
the emission contribution based on the black carbon concentration
measurements at Birmingham A4540 Roadside and BAQS (Birmingham
Ladywood was not used due to much lower data capture).

2.2.4. Modelling cases of traffic emission factor adjustments

As there are uncertainties for traffic emission factors of black carbon,
we performed a sensitivity test of traffic emission factor adjustments.
Five modeling cases were configured, respectively with an adjustment
ratio of 1 (Case EF1, i.e. the 2019 baseline model configuration without
adjustment), 2 (Case EF2), 3 (Case EF3), 4 (Case EF4), and 5 (Case EF5).
The higher adjustment ratio cases were proposed in order to better
represent the roadside based on initial assessment of the traffic emission
factor case with an adjustment ratio of 3. The results of these modelling
cases were evaluated and are compared in the following section.
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3. Results
3.1. Model evaluation

The ADMS-Urban model was firstly configured in a “Receptor” mode
for these 3 monitoring sites (Fig. 1) in the West Midlands region. Hourly
modelling outputs of black carbon for the baseline year of 2019 under
different modelling cases (i.e. EF1, EF2, EF3, EF4, and EF5) were
generated, to be compared with the corresponding measured concen-
trations using the Model Evaluation Toolkit (Stidworthy et al., 2018).

Fig. 2 shows frequency scatter plots of daily averages (annual aver-
ages shown in Figure S2 in Supplementary Information) of black carbon
between the modelling cases (i.e. EF1, EF2, EF3, EF4, and EF5) and
measurement for both urban background and roadside sites for the year
of 2019. For Case EF1, the model has a very good agreement against the
measurements for the urban background sites, but with a large under-
estimation for the roadside site. There is an overall increase in the
modelled black carbon concentrations with the increase in the adjust-
ment ratio for the traffic emission factor for both urban background and
roadside sites. Case EF3 has the best performance for the roadside site,
with slight overestimation for urban background sites, indicating that an
adjustment ratio of 3 for the traffic emission factor would be needed to
gain an appropriate fit for the roadside site. An adjustment ratio of 5
(Case EF 5) gives larger overestimation for both urban background and
roadside sites. Consideration was given to whether local effects were
leading to anomalously high concentrations at the roadside site, but this
seems unlikely as it is an open site, not subject to street canyon effects
upon dispersion (https://uk-air.defra.gov.uk/networks/site-info?site
_id=BIRR), and model simulations of NOx at this site worked well
(Zhong et al., 2024).

Table 3 shows the model evaluation statistics calculated from the
hourly modelled and measured concentrations of black carbon for all
five modelling cases (i.e. EF1, EF2, EF3, EF4, and EF5) for the year of
2019. Observed and modelled annual concentrations (denoted by Obs
and Mod, respectively in Table 3) were also reflected in the scatter plots
in Fig. 2. Modelled annual concentrations in Table 3 further demon-
strated a nearly linear relationship with the adjustment ratio of the
traffic emission factor for these three sites within the West Midlands.
NMSE (Normalised Mean Square Error measuring the mean difference
between the model and measurement) is relatively smaller for Cases EF3
and EF4 at Birmingham A4540 Roadside and Birmingham Ladywood
sites, and for Cases EF2 and EF3 at BAQS. R (correlation coefficient) is in
the similar range for all modelling cases, i.e. within (0.46, 0.48) for
roadside site and (0.57, 0.61) for urban background sites. Fac2 (fraction
of modelled data within a factor of 2 of observations) has the largest
value for Case EF3 at roadside site, and for Case EF1 at urban back-
ground sites. Fb (fraction bias) has the smallest magnitude for Case EF3
at roadside site, and for Case EF1 at urban background sites. Overall,
Case EF3 works best for the roadside site (with a slight overestimation of
3 % in annual concentration) in this study, while Case EF1 works best for
urban background sites (although with a slight overestimation of 3-5 %
in annual concentration).

Fig. 3 shows time variation analysis between modelled (for Cases
EF1, EF2, EF3, EF4, and EF5) and measured black carbon concentrations
at the Birmingham A4540 roadside for the year of 2019. With an in-
crease of the adjustment ratio for the traffic emission factor, time vari-
ation profiles (i.e. hour of the day, day of the week and month of the
year) of the modelled black carbon concentration shift upward (i.e. an
increase). Case EF1 significantly underestimated these measured time
variation profiles, while Case EF2 slightly underestimated these profiles.
Case EF3 has the best performance in capturing these measured time
variation profiles, as seen clearly in Fig. 3. Further increasing the
adjustment ratio for the traffic emission factor as in Cases EF4 and EF5,
the model would then give a further overestimation. However, for the
time variation analysis at urban background sites (Fig. 4 for BAQS and
Figure S3 in Supplementary Information for Birmingham Ladywood),
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Fig. 2. Frequency scatter plots of daily averages of black carbon (in pg m~%) between the modelling cases (i.e. EF1, EF2, EF3, EF4, and EF5) and measurement for

both urban background and roadside sites for the year of 2019.

Table 3

Model evaluation statistics calculated from the hourly modelled and measured concentrations of black carbon for all five modelling cases (i.e. EF1, EF2, EF3, EF4, and
EF5) for the year of 2019. Obs: observed annual concentration; Mod: modelled annual concentration; NMSE: normalised mean square error; R: correlation coefficient;
Fac2: fraction of modelled data within a factor of 2 of observations; Fb: fraction bias.

Station Type Case EF Obs Mod NMSE R Fac2 Fb
(g m™) (hg m™)

Birmingham A4540 Roadside roadside EF1 1.80 1.23 1.27 0.48 0.57 —0.37
EF2 1.80 1.54 0.94 0.48 0.65 —-0.15
EF3 1.80 1.86 0.82 0.47 0.68 0.03
EF4 1.80 2.17 0.81 0.47 0.67 0.19
EF5 1.80 2.48 0.87 0.46 0.64 0.32

Birmingham Ladywood urban background EF1 1.37 1.33 1.06 0.57 0.73 —0.03
EF2 1.37 1.51 0.94 0.58 0.71 0.10
EF3 1.37 1.68 0.89 0.58 0.66 0.21
EF4 1.37 1.86 0.89 0.59 0.62 0.30
EF5 1.37 2.04 0.93 0.59 0.59 0.39

BAQS urban background EF1 0.78 0.74 0.83 0.61 0.73 —0.05
EF2 0.78 0.83 0.76 0.61 0.73 0.07
EF3 0.78 0.93 0.75 0.61 0.72 0.17
EF4 0.78 1.02 0.79 0.61 0.69 0.26
EF5 0.78 1.11 0.85 0.60 0.66 0.35

Case EF1 has the best model performance. With the increase in the the
adjustment ratio, the modelled time variation profiles tend to shift
upwards.

3.2. Black carbon concentration maps

In order to generate black carbon concentration maps, the ADMS-
Urban model was then configured in a “Contour” mode to include
dense output points over the West Midlands region (Same configuration
as that in Zhong et al. (2021)). The Linux version of the ADMS-Urban
model was run in parallel using the task farming approach (Zhong
et al., 2021) for the spatial splitting of the computational domain. An
array job with 540 cores for each subdomain was submitted to the
University of Birmingham’s BlueBEAR HPC. It took about 18 h’ elapse
time to complete a typical whole year simulation. CombineCOF and
AddInterpIGP utilities were applied to combine and interpolate output
files from each subdomain in Linux. The “Process comprehensive
output” utility built in the ADMS-Urban model was used to derive the
annual averages for all the output points over the West Midlands region,
which was imported into Surfer (GoldenSoftware, 2023) to generate

contour maps. These contour maps of black carbon were visualised in
ArcGIS (ESRI, 2023), and are reported below.

Fig. 5a shows annual concentration maps of black carbon for the year
of 2019 at 10 m x 10 m resolution for Case EF3 (with best performance
for roads). There are clearly visible spatial patterns induced by the
dispersion of explicit road emission sources over the West Midlands.
Higher annual BC concentrations were found near the highways or
major roads in city centre areas, especially on the A41 road running
transversely through the West Midlands area, A38(M) across the centre
of Birmingham and M5 across the centre of Oldbury. The highest con-
centrations of black carbon near roads can reach 8.5 ug m~ for Case EF3
with an adjustment ratio of 3 for the traffic emission factor. Relatively
lower BC concentrations are mainly distributed in rural areas, and in
areas away from major roads. With the increase of the adjustment ratio
of the traffic emission factor, black carbon concentrations increase
spatially across the whole West Midlands (as indicated in Figure S4
Supplementary Information). Fig. 5b further shows predicted black
carbon concentrations at local authority level (Boundary lines shown in
Figure S5 in Supplementary Information) against the adjustment ratio of
the traffic emission factor. There are linear relationships between black
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Fig. 3. Time variation analysis between modelled (for Cases EF1, EF2, EF3, EF4, and EF5) and measured black carbon (BC in ug m~3) concentrations at Birmingham
A4540 roadside for the year of 2019.

carbon concentrations and the adjustment ratio for all seven local au-
thorities within the West Midlands. Sandwell has the highest level of
black carbon, followed by Birmingham, while Solihull has the lowest
level of black carbon.

Fig. 6a-e presents annual concentration maps of black carbon for the

year of 2019 at the electoral ward level (averaged over the 10 m x 10 m
resolution concentration maps over the ward) for all five modelling
cases. The ward level black carbon concentration datasets could be

useful for further health-related assessment, such as the ward level Air

Quality Lifecourse Assessment Tool (AQ-LAT Hall et al. (2024)), and
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which have previously only been performed for NO; and PM3 5. AQ-LAT
is a ward-level tool to estimate the impacts of pollutant exposure on
health and economic outcomes (e.g. morbidity, mortality, and associ-
ated healthcare costs), which can be used to assess localised policy de-
cisions (Hall et al., 2024). Relatively higher annual BC concentrations
occur in wards in city centre areas. The range of black carbon at the ward
level is smaller and narrower, compared with the 10 m x 10 m resolu-
tion concentration maps. This is due to the spatial averaging adopted,
which does not show the highest concentrations near explicit road
sources. Higher ward-level concentrations of black carbon are also found
for cases with larger adjustment ratios of the traffic emission factor (as
indicated in Figure S6 Supplementary Information). Fig. 6b further
shows black carbon concentrations at ward level (ranking from the
smallest to the largest) for all five modelling cases. Similarly, nearly
linear relationships between black carbon concentrations and the
adjustment ratio for all wards were observed. The increment of black
carbon concentration is generally lower for the wards with smaller
values, and higher for the wards with larger values.

4. Discussion

The ADMS-Urban modelling configuration for prediction of black
carbon concentrations has been evaluated against (a limited number of)
monitoring sites. Scatter plots of annual averages of black carbon
demonstrated that there is a very good agreement between Case EF1
with an unadjusted traffic emission factor and measurements for the
urban background sites. It suggests that adjustment for the traffic
emission factor would not be needed if the research focus is solely on
urban background sites, such as the application in coarse resolution
regional air quality modelling (without explicitly resolving localised
traffic emissions, e.g. the WRF-CMAQ model of Mazzeo et al. (2022)).
An adjustment ratio of 3 for the traffic emission factor (Case EF3) is
needed to better represent the roadside site (also indicated in Table 3).
Road traffic emission factors are normally with large uncertainties and
real-world adjustments are widely adopted in modelling practise, e.g.
Hood et al. (2018). There may be the possibility of some near-road
missing emission sources, such as from idling vehicles and from non-
road mobile machinery on construction sites. Future source apportion-
ment studies for both urban background and roadside sites could pro-
vide useful insights in the contributions of black carbon concentrations
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from traffic, wood burning and other sources. It is challenging to obtain
representative or accurate traffic emission factors for black carbon from
published literature. Various studies provide a large range of traffic
emission factors. Some studies have suggested an increasing trend of
traffic emission factors for non-exhaust emissions, such as tyre-wear,
brake-wear and road surface-wear emissions (Beddows and Harrison,
2021, Wen et al., 2019, Lugon et al., 2020, Harrison et al., 2021). There
are various factors which may affect the black carbon emissions, such as
road surface conditions, vehicle types, and driving behaviour
(Ghaffarpasand and Pope, 2024). Vehicle electrification under Net Zero
pathways would reduce exhaust emissions from tail pipes, but non-
exhaust emissions remain (Zhong et al., 2023b). The time variation
analysis also indicates overall good fits for the modelled and observed
black carbon concentrations for the roadside site for Case EF3. Higher
black carbon concentrations occur at traffic rush hour times and in
colder months. This is not surprising as during rush hours there are more
vehicles traveling on the roads and releasing more pollutants. In colder
months, the lower mixed layer height and stable atmospheric conditions
make the dispersion worse, which leads to the accumulation of black
carbon. The need for an emissions adjustment factor as large as 3 is quite
surprising. It may reflect errors in the BC/PM; 5 ratios used, or more
likely the influence of defective diesel particle filters and vehicle
tampering, involving removal of emissions control devices, upon overall
fleet emissions. In this study, the uncertainty of BC emissions in the road
transport sector was investigated via adjusting traffic emission factors,
which is the single most simple and practical adjustment to emissions in
order to bring the model into reasonable agreement with the observa-
tions at the roadside site. However, there may be uncertainties relating
to other sectors, such as residential combustion, industry and non-road
transport, which may also be influential. The BC stations located at
Birmingham city centre areas may be less influenced by emission from
other sectors compared with the road transport sector while the BAQS
station located at the University of Birmingham in a sub-urban area may
be more influenced by other sectors. In this study, there are only 2 urban
background sites and 1 roadside site available for the model evaluation.
More measurements for unregulated black carbon are needed as high-
lighted by the Global Air Quality Guidelines, WHO (2021). The use of
different mass absorption cross-section coefficients for BC in emission
and ambient concentration measurements would also have an effect
upon the data (Ciupek et al., 2021). Filter-based absorption photome-
ters (such as the Aethalometer) measure the attenuation of light passing
through particulate matter collected on a filter and estimate black car-
bon mass concentrations from the light attenuation using mass absorp-
tion cross-section coefficients (Savadkoohi et al., 2023, Drinovec et al.,
2015). Mass absorption cross-section coefficients are wavelength
dependent and can vary with sample composition, particle size and
shape, which leads to uncertainties in estimating black carbon mass
concentrations (Petzold et al., 2013).

In order to generate high resolution spatial distributions for black
carbon concentrations over the whole West Midlands, the ADMS-Urban
model needs to be run in the “Contour” mode (Zhong et al., 2021, Zhong
et al., 2024). Black carbon maps at 10 m x 10 m resolution can capture
the high concentration gradient near road sources, especially for mo-
torways and city centre areas with denser traffic volume. Street-canyon
geometries in the urban area could be another factor which prevents the
dispersion of black carbon in the street canyon environments (Hood
et al., 2014). With the increase of the adjustment ratio of the traffic
emission factor, there is an increase in black carbon concentration
spatially across the whole West Midlands. Traffic emission factors of
black carbon should be considered as an important element in the
modelling. This study demonstrated a linear relationship between black
carbon concentration (considered as a passive scalar in this study) and
the traffic emission factor adjustment ratio, which suggests that future
relevant traffic-related scenarios could be simply calculated without
running sophisticated and time-consuming dispersion modelling. The
10 m x 10 m resolution maps can be spatially aggregated into health-
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related ward level and local authority level. The ward level concentra-
tion maps could be linked with health assessment in future, such as
extending the ward level AQ-LAT health tool (Hall et al., 2024) to also
including black carbon. Lepisto et al. (2022) reported that ambient black
carbon would correlate with lung-depositing surface area of particles,
which may show an association with health effects. This work can assist
research on the relationship between exposure to black carbon and
health, especially in city areas.

5. Conclusions

This study developed a dispersion model to simulate the dispersion
of black carbon concentrations over the West Midlands, UK. The sensi-
tivity test of traffic emission factor adjustments was conducted and
evaluated against the measurements at all three available monitoring
sites (2 urban background sites and 1 roadside site) within the region.
The model overall has good performance. The modelling case with an
unadjusted traffic emission factor can well capture black carbon annual
concentrations at urban background sites. An adjustment ratio of 3 for
the traffic emission factor is needed to better represent the roadside site
(although with a slight overestimation of 3 % in annual concentration)
in this study. There are linear relationships between black carbon con-
centrations and the adjustment ratio for the traffic emission factor. Black
carbon concentration maps have been generated at 10 m x 10 m reso-
lution, which were then aggregated into health-related ward level and
local authority level.

Future research could be 1) to explore the effects of traffic man-
agement policies (e.g. clean air zone, reducing traffic speed limit), 2) to
intercompare other dispersion models and conduct sensitivity tests of
traffic emission factor adjustments, 3) to further develop the AQ-LAT
health tool for black carbon and conduct health risk and inequality as-
sessments, and 4) to conduct the sensitivity test of other significant
emission sectors such as residential heating, industrial activities, and
non-road mobile sources.
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