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Abstract: Ambient air pollution from PM2.5 is a major risk to human and environmental health,
with significant impacts on mortality and morbidity. Mitigation policies—which may be regional or
national in extent—need to consider both primary and secondary particles to be effective, balancing
within-region emissions and longer-range transport phenomena. The modelling system WRF-CMAQ
was used to simulate the impact of emissions reductions in the West Midlands region of the UK,
evaluating the change in total PM2.5 and in its primary and secondary components. Domestic
combustion, road transport and agriculture emissions were reduced individually or in combination,
at a national or at local level. Combined reduction of road transport and agriculture emissions
showed the strongest reduction (29%) in average PM2.5 if applied at national level. At the local level,
reductions from domestic combustion were shown to be the most effective policy (13.4% on average).
Secondary inorganic fractions of PM2.5 are the most abundant, with 25% NO3

− 21% SO4
2− and 13%

NH4
+ on average. Scenario analysis shows that the contribution of secondary components to the

fractional change of PM2.5 dominates for national policies (up to 0.86 for NO3
−) when road transport

and agriculture activities are reduced, while at the regional level the elemental and organic carbon
fractional changes are dominant (up to 0.64 for organic carbon).

Keywords: air pollution; air quality modelling; CMAQ; WRF; particulate matter; PM2.5; West Midlands

1. Introduction

Several steps have been taken in the last decade to improve air quality in the United
Kingdom. Mitigation policies at a national level, alongside technological and societal
changes, have led to significant reductions in PM2.5 concentrations, by 23 and 26% at urban
and roadside locations, respectively [1]. Despite this, the recent changes made by the World
Health Organisation (WHO) to guideline levels for the protection of human health, lowered
to 5 µg/m3 for annual mean PM2.5 concentrations, call for further efforts aimed at reducing
anthropogenic emissions, especially where these impact urban areas [2].

The West Midlands (WM) is the second-most populous region of the UK after Greater
London, with more than 2.9 million inhabitants. It includes the UK’s second-largest city,
Birmingham, with 1.1 million inhabitants. UK government projections predict the WM
to have one of the highest population growth rates (+7.5%) in the period 2015–2025 [3].
This rapid population growth and urbanisation will potentially increase total population
exposure to air pollution in the region.

Within the UK, the National Atmospheric Emissions Inventory (NAEI, [4]) indicates
that 38% of primary PM2.5 emissions in the UK are generated by domestic combustion,
including biomass, wood and coal burning in closed stoves and open fires [5]. Road
transport also makes a significant contribution to primary PM2.5 (12%), despite an 85%
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decrease in exhaust emissions since 1996 due to stricter emission standards [6]. Another
pollutant contributing to secondary formation of PM2.5 is ammonia (NH3). During the short
time this gas persists in the atmosphere (e.g., a few hours) it reacts with other gases such as
nitrogen oxides and sulphur dioxide to form secondary PM species such as ammonium
nitrate and ammonium sulphate, which remain suspended for a few days in the atmosphere
and are often transported over large distances [7]. In total, 88% of UK ammonia is emitted
by agricultural activities, with minor contributions from waste (2.5%) and transport (1.7%).

Additionally, approximately 30% of the total PM2.5 mass concentration in the UK
comprises secondary inorganic aerosols (SIA); this percentage reaches 44% of the total
concentration in the city of Birmingham [8]. Studies in the WM have shown that NO3

−,
SO4

2− and NH4
+ secondary inorganic fractions were the main constituents of PM2.5 in WM

urban areas, followed by carbonaceous fractions of organic and elemental carbon (OC and
EC) [9]. To maximise the effects of national and local environmental policies, it is important
to analyse the influence that potential emissions reductions have not only on total PM2.5
but also on its individual components. Health impacts are likely to be affected by PM mass
concentration (PM2.5), composition, particle size and morphology—including ultrafine
particle number concentrations—however, our focus here is PM2.5 mass concentration and
bulk composition.

Chemistry-transport models (CTMs) have frequently been used to simulate aerosol
formation, composition, dispersion, and transport. Within the UK/European context, some
recent studies have focused on the effect of long-range transport of aerosols from north-
west Europe to the UK [10,11] while others focused on the sensitivity of final concentrations
to primary PM2.5 emission reductions for present and future periods [12]. The impact of
policy options and in particular of anthropogenic emission reduction has been investigated
using different types of models and CTMs (e.g., among the most recent [13–15]). Finally,
while some works have focused on high-resolution numerical simulations over the city
of London [16,17], none have previously addressed the impact of national vs. regional
primary PM2.5 emission reductions on total and individual secondary inorganic fractions
in the West Midlands.

In this work we use the modelling system WRF-CMAQ to simulate average concen-
trations of PM2.5 and the main fractions of NO3

−, SO4
2−, NH4

+, EC and OC for January
and July 2016, representing winter and summer conditions. We simulate PM2.5 changes
for scenarios with reduced anthropogenic emissions from road transport, agriculture,
and domestic combustion activities, applying a reduction to (i) the emissions from these
sectors across the whole UK, and (ii) emissions limited to the WM area. Finally, we eval-
uate the changes in monthly average concentrations of PM2.5 and its main individual
chemical components.

The paper is organised as follows: Section 2 describes the main characteristics of
the modelling system and the configuration used for the simulations. Section 3 shows
the results of evaluation of the modelling system in comparison with observations, using
different metrics, the results of scenarios with reduced anthropogenic emissions and the
fractional concentration change of PM2.5 components. Finally, Section 4 summarises the
conclusions and proposed future developments.

2. Materials and Methods
2.1. Modelling System

Meteorology and chemistry transport processes over the West Midlands have been
simulated using the Weather Research and Forecasting (WRF) model, version 3.9.1 [18]
and the Community Multi-Scale Air Quality Model (CMAQ), version 5.2.1 [19]. WRF is a
next-generation mesoscale numerical model developed to perform operational forecasts
and atmospheric research through weather simulations. WRF incorporates multiple options
for different physical parametrisations for the simulation of tropospheric weather fields.
CMAQ is an open-source numerical model developed by the USEPA for the simulation of
chemistry and transport processes in the low troposphere involving a large range of air
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pollutants. CMAQ is widely used for research and regulatory purposes by academics and
policy makers for the simulation of air pollution levels, creations of forecasts, and scenarios
with reduced emissions for policy making.

Both models have been configured to run simulations on 4 nested domains at increas-
ing spatial resolutions. A coarse domain at 27 × 27 km covers most of western continental
Europe, two intermediate domains at 9 × 9 km and 3 × 3 km are centred on the UK and
Southern England, while the finest domain at 1 × 1 km is centred on the West Midlands
area. (Figure 1). The WRF-CMAQ grid includes 30 vertical levels with the first at 20 m from
the ground and 9 in total below 1 km height.
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ing a spin-up period of 5 days before the formal start of the simulations of both models. 

Figure 1. Geographic domains used for CMAQ simulations. The first domain (D01) has spatial
resolution of 27 × 27 km; the first nested domain (D02) centred on the UK has 9 × 9 km resolution.
The second and third nested domains centred on the WM area have 3 × 3 km (D03) and 1 × 1 km
(D04) spatial resolution, respectively.

The adopted WRF configuration follows the parameters recommended by the “CMAQ
Development for UK National Modelling Report” (CMAQ4UK) [20,21]. Initial and bound-
ary conditions are derived from the European Centre for Medium-Range Weather Forecast
(ECMWF) ERA 5 reanalysis [22]. These IC/BC are created using forecasts at 31 km resolu-
tion (one-fourth the spatial resolution of the operational model). They integrate 137 hybrid
sigma-pressure levels in the vertical, up to 0.01 hPa. The choice of the ECMWF IC/BC is
motivated by the evidence shown in previous works focused on the optimisation of the
WRF configuration for the UK, relating to the influence that initial and boundary conditions
used in WRF have on both meteorological patterns and on conditions of regional air qual-
ity [23]. Grid nudging has been applied every 6 h to constrain WRF outputs to observations,
with nudging coefficients defined for U and V wind components, temperature (T) and
water-vapour-mixing ratio (Q). The process permits to constrain the values of selected
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variables (e.g., U, V, T and Q) calculated by WRF to the original re-analysis value from the
data used by WRF (e.g., ECMWF) with a certain frequency of time (e.g., 6 h).

The CMAQ configuration uses initial and boundary conditions for the outermost
domain created using seasonal average hemispheric CMAQ outputs for the year 2016, dis-
tributed through the CMAS data warehouse. These data were generated using CMAQv5.3
with spatial resolution of 108 × 108 km on a polar stereographic grid covering the northern
hemisphere. Species concentrations have been mapped to the CB05 mechanism using the
‘combine’ program from the CMAQ post-processing toolkit before being used to create the
initial and boundary conditions for the domain at 27 km resolution. The internal domains at
9 km, 3 km, and 1 km resolution draw initial and boundary conditions from the respective
parent domain. These IC/BC have been created using the ICON and BCON modules
internal to CMAQ. The Carbon Bond 05 (CB05) chemical mechanism has been adopted for
all simulations. It was developed in 2005 and is a condensed mechanism of atmospheric
oxidant chemistry for 51 species and 156 reactions, suitable for modelling ozone, particulate
matter, visibility, acid deposition and air toxics issues [24]. A summary of the main settings
of the WRF-CMAQ configuration is given in Table 1.

The UK NAEI [4] has been merged with the regional emission inventory CAMSv3.1 [25]
to provide a comprehensive description of anthropogenic emissions for the UK and north-
west Europe. Both emission inventories provide annual totals of anthropogenic sources for
the year 2016 and have been disaggregated spatially and temporally over the simulation
domains using appropriate pre-processing tools: EMIT [26] for NAEI and HERMES [27]
for CAMSv3.1, then merged by pollutant on each grid. EMIT and HERMES were used to
disaggregate the emission rates from the original emission inventories (in annual totals) on
spatial grids at different resolution (from 27 × 27 km to 1 × 1 km). Moreover, the tools also
provide temporal and vertical profiles of the emissions from annual totals to hourly fluxes
according to emission coefficients diversified by pollutant and by sector. These profiles
for the disaggregation of both emission inventories have been taken from EMEP model
inputs [28]. Finally, biogenic emissions used in this work come from MEGAN software,
version 3.1 [29]. The leaf area index data for 2016 has been taken from the European
Union’s Earth observation programme Copernicus [30] and implemented in MEGAN for
the calculation of biogenic emissions.

Table 1. WRF and CMAQ configuration used for simulations and scenarios.

WRF Configuration CMAQ Configuration

WRF version 3.9.1 CMAQ version 5.2.1

IC/BC ECMWF ERA5 Sp. Projection Lambert Conformal Conic

Land use USGS IC/BC CMAQ Hemispheric Outputs

Urban Physics BEP Chemical Scheme CB05e51_ae6_aq

Boundary Layer BouLac Anth. Emissions CAMS3.1/NAEI

Surface Layer Monin Temp. Profiles Simpson et al., 2012 [28]

Land surface NOAH Natural Emis. MEGAN3.1

Vertical Levels 30 Vertical Levels 30

2.2. Simulation Period and Observation Sites

The simulations using WRF and CMAQ were conducted for two monthly periods
representative of winter and summer conditions of 2016, namely January and July, applying
a spin-up period of 5 days before the formal start of the simulations of both models.

The simulation months were chosen as those showing the highest mean temperature
during summer and lowest during winter (around 17 and 5 ◦C, respectively for the domain
in Figure 2) in comparison to the average annual value of 10 ◦C. Moreover, during these two
months no extreme weather events (e.g., rainstorms, heat waves) impacting the common
weather condition were recorded. The simulation year of 2016 was defined to make use of
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the most up-to-date nationally ratified anthropogenic emissions for the UK available at the
time of model development.
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Figure 2. Map showing the modelled area relative to the West Midlands Combined Authority
boundaries (in light green). Area used as mask for the reduction of the emissions in WM case
scenarios. Yellow spots show the location of weather observation points from the UK Met Office,
while red crosses show the position of PM2.5 observation points from AURN-DEFRA network.

Ten meteorological measurement stations in the WM have been used for the validation
of WRF (Figure 2). Surface temperature, wind speed and direction data used for the
validation come from the Met Office UK database for 2016 [31], while relative humidity was
calculated using the coefficients proposed by Alduchov and Eskridge [32] based on hourly
observed values of surface and dew point temperatures. U and V vector components of
wind speed were calculated by combining observed values of wind speed and direction.
A total of 11 stations were used for the validation of PM2.5 in CMAQ. All stations are
representative of urban background: 7 from the West Midlands local authority network
and 4 from the AURN-DEFRA national network (Figure 2).
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2.3. Scenario Design

According to the UK Clean Air Strategy 2019 [5], 38% of primary PM2.5 emissions
are generated by domestic wood and coal burning, followed by industrial combustion
(16%) and road transport (12%), among others. Besides this, secondary PM is formed in the
atmosphere through chemical reactions between gaseous pollutants such as NOX, SO2 and
NH3 generated by road transport, industrial and agricultural activities, and following the
chemical processing and condensation of organic components.

Three scenarios have been created considering the following emissions changes: 85%
reduction of all emissions from the SNAP2 sector (A), corresponding approximately to
removal of domestic combustion activities related to coal, coke and wood burning; 30%
reduction of ammonia emissions (only) from the SNAP10 (agriculture) sector (B); and
30% reduction of (all) road transport emissions (SNAP7, C). A fourth scenario combining
the reductions in SNAP7 and SNAP10 (D) was created to consider the combined effect
of possible mitigation policies (Table 2). Scenarios A and C were designed by reducing
primary emissions of all pollutants included in the respective sectors, while in scenario B,
emissions from NH3 alone were reduced.

Table 2. Percentage of reduction of sector emissions calculated for each scenario simulated in CMAQ.

Label Sector Description Reduction

A SNAP2 Domestic Combustion 85%

B SNAP7 Road Transport 30%

C SNAP10 NH3 agriculture 30%

D SNAP7+10 Road transport + NH3 agriculture 30 + 30%

Scenario A was designed to explore a near-total removal of solid fuels from domestic
combustion activities. Wood, coal and coke burning represent the highest source of emis-
sions connected to domestic combustion in the NAEI and can impact both primary and
secondary formation of PM2.5. According to the NAEI, wood burning generates approxi-
mately 85% of primary emissions of PM2.5 from the whole sector, hence this magnitude of
emissions reduction was selected. Coal and coke burning are responsible for 22 and 56% of
SO2 and 3 and 2% of NOX emissions (respectively) from SNAP2 [4] and so represent prob-
able further contributors to PM secondary formation in the atmosphere. Approximately
30% of wood fuel used in UK is sourced from the informal “grey” wood market, and 90%
of domestic wood users use logs either solely or in conjunction with other fuels (pellets,
briquettes, waste wood, gathered wood, and wood chips) [33]. Due to these complications,
the reduction of emissions of individual pollutants by fuel type (e.g., wood vs. coal) is
difficult to estimate and therefore reduction in all primary emissions from the SNAP2 sector
was chosen.

Scenario B for road transport emissions represents reduction of all emissions across the
vehicle fleet, including emissions from exhaust, brakes and tyres, and different fuel types.
In this respect, it does not reflect the expected transition to electric vehicles, for which most
non-exhaust particulate emissions would remain. The reduction of 30% was selected to
align with the anticipated impact of the UK Clean Air strategy to meet National Emission
Ceiling Regulation limits in 2030 for the road-transport sector [34]. Similar to scenario A,
the reduction in primary emissions (30%) was applied to each pollutant present in the
sector. Finally, scenario C was designed to reflect changes in agricultural practices reducing
emissions of NH3 only, while keeping all other sector pollutant emissions unchanged.
Ammonia emissions from this sector arise from plant production, fertilisation, and livestock
manure and the reduction is an important component of the UK Net Zero Strategy [35].
Similarly to scenario B, the reduction of 30% ammonia emissions in scenario C was set
considering the ammonia emission reduction ceiling planned for the year 2030 and included
in the Clean Air Strategy [5].
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The four scenarios have been applied to represent policy applications on either a
local/regional or a national basis. The emissions have been manipulated in two different
ways: (1) a comprehensive reduction of UK emissions in all domains (hereafter called
UK case), simulating national policy effects. Emissions from CAMSv3.1 inventory for
northwest Europe included in the 27 and 9 km domains were unchanged (no reduction).
(2) A reduction of emissions only within the masked area of the West Midlands, (hereafter
called WM case), simulating the effects of potential regional (only) policies (Figure 2).

Percentage reductions of total NH3, NOX, SO2 and primary PM2.5 emissions are shown
for scenarios A and B, while for scenarios C and D we show only the reduction in NH3
(Figure 3). The domestic combustion emission reduction (A) has the strongest effects on
SO2 and PM2.5 emissions both in winter and summer, with average emission reductions of
62 and 21% for the UK case and 27 and 16% for the WM case, respectively. The reduction in
road transport emissions (B) affects both NOX and primary PM2.5, with average emission
reductions of 23 and 18% for the UK case and 10 and 8% for the WM case, respectively.
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Figure 3. Percentage reduction of the total monthly emissions (January, July and average), across all
sectors combined, for scenarios A (SNAP2, (top)) and B (SNAP7, (middle)), for NH3, NOX, SO2 and
primary PM2.5. The percentage reduction of NH3 from scenarios C (SNAP10) and D (SNAP7+10) is
shown on the (bottom) panel for January, July, and their average. The reductions are shown for the
UK-wide reductions (UK) and for local reduction (WM) options.
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Finally, the proportional reductions of NH3 emissions in scenarios C and D for different
domains are substantially different: 24 and 29% for the UK case and 1 and 3% for the WM
case, respectively. This difference in emission reduction is connected to the limited extent of
agricultural activity inside the WM borders. The majority of these (agricultural) emissions
are, in fact, included in the 1× 1 km domain but outside the WM masked area and therefore
altered only in the UK scenarios.

The effect of the emissions reductions from the four scenarios on PM2.5 concentrations
have been analysed in term of the most abundant components: NO3

−, SO4
2−, NH4

+, EC
and OC for both UK and WM cases using the fractional change in concentrations (FC)
(Equation (1)):

FC =
1
N

N

∑
i=1

Bi − Ci
Bi

(1)

where N is the total number of ground level computational cells within the domain, Bi is
the base case predicted value of the pollutant concentration in cell i and Ci is the predicted
value of the pollutant concentration in cell i for the relevant scenario.

3. Results
3.1. Modelling System Validation

The validation of the combined WRF-CMAQ modelling system has been carried out
for the domains at 9, 3 and 1 km resolution. In this work we present the results of the
validation of the finest resolution domain at 1 × 1 km for both models, limited to surface
data due to the absence of sites providing vertical sounding inside the domain area.

Mean normalised bias (MNB), root mean square difference (RMSD), index of agree-
ment (IOA) and Pearson’s coefficient (R) have been used to quantify the performance of
the models against observations (Table 3).

Table 3. Statistical operations used for the validation of the modelling system WRF-CMAQ for the
simulation periods. Mi is the modelled value at the time i, Oi is the observed value at the time i.

Operation Formula

Mean Normalised Bias (MNB) ∑n
i=1(Mi −Oi)
∑n

i=1(Oi)

Root Mean Square
Difference (RMSD)

√
∑n

i=1(Mi−Oi)
2

n

Index of Agreement (IOA) 1−
[

∑n
i=1(O−M)2

∑n
i=1(|M−O|+|O−O|)2

]
Pearson’s Coefficient (R) n(∑n

i=1 MiOi)−(∑n
i=1 Mi)(∑n

i=1 Oi)√
[n ∑n

i=1 M2
i −(∑

n
i=1 Mi)

2][n ∑n
i=1 O2

i −(∑
n
i=1 Oi)

2]

The performance of WRF in simulating temperature and relative humidity shows a
correlation (R) between 0.95 and 0.90 for the former and 0.57 and 0.69 for the latter. While
the surface temperature tends to be underestimated in winter (−0.13) and in summer
(−0.15) from the mean normalised bias (MNB), the opposite is found for the relative
humidity (0.06 in winter and 0.18 in summer). The index of agreement (IOA) for these two
variables is higher for the temperature (93% in winter and 90% in summer) than for relative
humidity (52% in winter and 69% in summer) (Table 4).

WRF is able to reproduce the main wind speed and direction with correlation (R)
between 0.71 and 0.72 for wind speed and between 0.72 and 0.77 for wind direction that
tends to be better reproduced in January than in July. The MNB is found to lie between 0.13
and 0.19 and between 0.003 and 0.005 for wind speed and direction, respectively. Finally,
the IOA for both variables is between 52 and 55% (wind speed) and 51 and 60% (wind
direction) suggesting that the model better reproduces the wind components during the
summer period.
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Table 4. Statistical evaluation of WRF calculated for 2016 for surface parameters of Temperature (◦C),
relative humidity (%), wind speed (ms−1) and direction (degrees) and U and V components of
wind (ms−1).

Jan-16 V U W Sp. W Dir. Temp. RH

Mean Obs 2.04 0.82 3.74 197.43 5.27 89.54

Mean
Model 1.93 1.01 4.47 197.06 4.59 94.98

MNB −0.05 0.23 0.19 0.003 −0.13 0.06

RMSD 2.33 1.88 2.14 66.7 1.50 8.78

IOA 0.70 0.80 0.55 0.60 0.93 0.52

R 0.80 0.88 0.72 0.77 0.95 0.57

Jul-16 V U W Sp. W Dir. Temp. RH

Mean Obs 0.96 1.99 2.96 240.69 16.99 76.64

Mean
Model 1.23 2.24 3.34 241.74 14.33 90.60

MNB 0.28 0.12 0.13 0.005 −0.15 0.18

RMSD 1.50 1.45 1.64 55.1 3.27 17.7

IOA 0.76 0.66 0.52 0.51 0.90 0.69

R 0.87 0.81 0.71 0.72 0.82 0.60

The statistics for wind speed and direction are confirmed in the decomposition of the
winds into U and V vector components. The correlation (R) is found between 0.80 and 0.88
in January and 0.81 and 0.87 in July. The MNB is found positive in July for both U and V
(0.12 and 0.28, respectively) while in January it is positive for U (0.23) and negative for V
(−0.05). The IOA is between 70 and 76% for V and between 66 and 88% for U between the
two periods.

The statistical evaluation of CMAQ in reproducing PM2.5 concentrations in January
and July 2016 is shown in Table 5. The model tends to underestimate the average concentra-
tion during winter (−0.38) and summer (−0.42), according to the MNB values. Despite this
higher correlation (R) and index of agreement values are found during January (0.67, 72%)
than July (0.41, 57%). The reason for this difference can be attributed to the higher photo-
chemistry acting in the atmosphere in July that could have an influence on the secondary
formation of aerosol components not well captured by the model (Table 5).

Table 5. Statistical evaluation of CMAQ calculated for January and July 2016 for PM2.5 from urban
background stations in the 1 × 1 km domain shown in Figure 1.

PM2.5 Jan-16 Jul-16

Mean Obs 7.95 6.23

Mean Model 4.93 3.60

MNB −0.38 −0.42

RMSD 2.19 1.55

IOA 0.72 0.57

R 0.67 0.41

3.2. PM2.5 Changes for Each Scenario

The effects of the emission reduction scenarios on concentrations of PM2.5 have been
tested. The percentage reductions of concentrations have been calculated for the WM area
as shown in Figure 1, excluding all the cells outside the region.
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Scenarios simulating possible national mitigation policies (UK case) show that of the
scenarios considered, the combined reduction of road transport and agriculture sectors
provide the largest decrease of PM2.5 in both simulated periods (Figure 4, top). Scenarios
representing mitigation policies applied at the local level only (WM case) show that the
scenario with strongest effect on the final PM2.5 concentrations within the region was the
SNAP2 reduction (Figure 4, bottom). Comparing the difference in PM2.5 reduction from the
UK to the WM case, we find that scenario A leads to, on average, 4.2% difference between
national and regional-only emissions changes, while scenarios B and C show a higher
difference between these two approaches of around 18%. Finally, scenario D shows the
greatest difference between the UK and WM-only cases, of around 20%.
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reductions for all scenarios (A to D) with emissions reduced only inside the WM masked area
(WM case).

The difference in PM2.5 concentration reductions between the UK and WM cases for
scenarios B, C and D highlights that agriculture and road transport emissions outside the
WM area make a substantial contribution to the final concentrations of PM2.5 within the
region. For scenario B, this is linked to the main road arteries connecting the West Midlands
with the north, east (the M6) and south part of the country (the M40 and M5) extending
outside the WM mask and not considered in the WM reduction cases. For scenario C,
ammonia emissions are located almost completely outside the WM borders, due to the
largely urban character of the WM region. The impact of ammonia reduction on PM2.5
was already highlighted by Vieno et al., 2016 [12] as one of the most influential sources
in agricultural and natural areas. Hence the reduction of agricultural ammonia alone,
or in combination with road transport reductions, would be more effective as a national
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policy (UK case). In contrast, the domestic combustion scenario (A), despite being a source
with high seasonal variability, shows the largest reduction in PM2.5 in response to WM
region-only mitigation policies (13.4% on average, with substantially larger benefits in
winter, when PM2.5 concentrations are greatest), of the scenarios considered. The reduction
in PM2.5 achieved for region-only domestic combustion emission reductions is similar
to that found for equivalent national policies (17.6%) suggesting that the main influence
comes from sources located inside the WM region, which can effectively be addressed by
local and regional mitigation policies.

The effects of reductions in primary NOX, SO2 and NH3 emissions on concentrations of
PM2.5 in the UK context have previously been highlighted by the Air Quality Expert Group
(AQEG, [36]). The greatest impact upon PM for reduction of a single species’ emissions
corresponded to reduction in primary ammonia, which was followed by the reduction in
SO2 and substantially higher than the reduction in NOX only. Results obtained by AQEG
showed also that lowest concentrations of PM2.5 comes from the combined reduction of
primary PM2.5 and NH3. This result is in line with the UK scenario with agriculture (NH3
only from B) and road transport activities (all primary emissions including PM2.5 from C)
simultaneously reduced by 30%.

3.3. Scenario Effects on PM2.5 Components

Model outputs for the reduced emissions scenarios have been analysed to assess the
change in individual components of PM2.5, calculated from the base case simulations inside
the WM masked area (Figure 5). Results show the importance of NO3

−, SO4
2− and NH4

+

followed by elemental and organic carbon fractions (EC and OC) contributing to PM2.5
mass concentrations. In winter there is a predominance of NO3

− while SO4
2− has the

highest influence in summer.
The percentage of NO3

−, SO4
2− and NH4

+ in total PM2.5 was modelled as 34, 15 and
14%, respectively in January and 12, 29 and 11%, respectively, in July. Elemental and organic
carbon (EC and OC) follows with 9 and 7% in January and 6 and 10% in July, respectively
(Figure 5). These fractions are similar to the ambient measurement results obtained by
Yin et al. [9] for the observationally derived source apportionment of PM2.5 in the West
Midlands. The authors highlighted the predominance of sulphates and nitrates in PM2.5,
followed by high level of carbonaceous species, particularly in urban areas. Secondary
PM2.5 in the UK can also be influenced by meteorological conditions. The contribution of
PM2.5 transported to UK from north west Europe has been quantified as between 21 and
30% and about 15% from natural sources [36]. However, these long-range transport events
generally occur during March/April so in January and July the production of NO3

− is
considered largely local.

The results for fractional changes in the predicted individual SIA fractions for all
scenarios and for the UK and WM cases are shown in Table 6. The highest fractional
changes in PM composition in the WM case in January come from the domestic combustion
scenario (A): EC and OC show the largest fractional reductions of around 33%, highlighting
the strong impact that solid fuel combustion has on this sector in comparison to other fuel
types. The SO4

2− is reduced by around 24%, reflecting the 33% reduction in the primary
SO2 emissions. The other three scenarios show similar values of between 8 and 16% for
NO3

−, SO4
2− and NH4

+ and lower percentages (between 0.3 and 4%) for OC and EC. Shifts
in PM2.5 composition in July are dominated by the fractional concentration changes of
NO3

− in all scenarios (around 40%) followed by NH4
+ (16%) and, for scenario A, by EC

(11%). All the other components reduce by between 2 and 8%. For the UK case, larger
fractional reductions are found for NH4

+, SO4
2− and NO3

− in scenario D both in January
(between 0.50 and 0.58) and in July (between 0.17 and 0.86). High change comes also from
EC (0.52) and OC (0.64) in scenario A but limited to January. Scenarios B and C show
similar fractional concentration change for NH4

+, NO3
− and SO4

2− in January (between
0.44 and 0.54). In July the strongest reduction for D is visible for NO3

− (0.84 and 0.83),
followed by NH4

+ (0.41 and 0.43) and SO4
2− (0.16).



Atmosphere 2022, 13, 377 12 of 15

Atmosphere 2022, 13, x FOR PEER REVIEW 12 of 16 
 

 

 
Figure 5. Individual PM2.5 fractions calculated from the base case simulations in CMAQ for January 
and July 2016. The fractions have been calculated for the concentrations inside the WM masked area 
only. 

The results for fractional changes in the predicted individual SIA fractions for all sce-
narios and for the UK and WM cases are shown in Table 6. The highest fractional changes 
in PM composition in the WM case in January come from the domestic combustion sce-
nario (A): EC and OC show the largest fractional reductions of around 33%, highlighting 
the strong impact that solid fuel combustion has on this sector in comparison to other fuel 
types. The SO42− is reduced by around 24%, reflecting the 33% reduction in the primary 
SO2 emissions. The other three scenarios show similar values of between 8 and 16% for 
NO3−, SO42− and NH4⁺ and lower percentages (between 0.3 and 4%) for OC and EC. Shifts 
in PM2.5 composition in July are dominated by the fractional concentration changes of 
NO3− in all scenarios (around 40%) followed by NH4⁺ (16%) and, for scenario A, by EC 
(11%). All the other components reduce by between 2 and 8%. For the UK case, larger 
fractional reductions are found for NH4+, SO42− and NO3− in scenario D both in January 
(between 0.50 and 0.58) and in July (between 0.17 and 0.86). High change comes also from 
EC (0.52) and OC (0.64) in scenario A but limited to January. Scenarios B and C show 
similar fractional concentration change for NH4⁺, NO3− and SO42− in January (between 0.44 
and 0.54). In July the strongest reduction for D is visible for NO3− (0.84 and 0.83), followed 
by NH4⁺ (0.41 and 0.43) and SO42− (0.16). 

Figure 5. Individual PM2.5 fractions calculated from the base case simulations in CMAQ for January
and July 2016. The fractions have been calculated for the concentrations inside the WM masked
area only.

Table 6. Fractional concentration change (FC) calculated for each scenario (A to D) for the WM (top)
and UK (bottom) cases. The FC values are shown for the secondary fractions NO3

−, NH4
+, SO4

2−,
EC and OC of PM2.5 for the months of January and July 2016.

WM (A) SNAP2 (B) SNAP7 (C) SNAP10 (D) SNAP7+10

Ja
n-

16

NO3
− 0.09 0.08 0.08 0.09

NH4
+ 0.15 0.13 0.13 0.13

SO4
2− 0.24 0.16 0.15 0.16

EC 0.33 0.04 0.003 0.04

OC 0.33 0.01 0.004 0.01

Ju
l-

16

NO3
− 0.40 0.42 0.40 0.42

NH4
+ 0.16 0.15 0.15 0.15

SO4
2− 0.03 0.02 0.02 0.02

EC 0.11 0.08 0.01 0.08

OC 0.06 0.02 0.01 0.02
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Table 6. Cont.

UK (A) SNAP2 (B) SNAP7 (C) SNAP10 (D) SNAP7+10

Ja
n-

16

NO3
− 0.16 0.45 0.44 0.50

NH4
+ 0.23 0.53 0.54 0.58

SO4
2− 0.34 0.47 0.49 0.50

EC 0.52 0.06 0.01 0.06

OC 0.64 0.02 0.006 0.01
Ju

l-
16

NO3
− 0.41 0.84 0.83 0.86

NH4
+ 0.15 0.41 0.43 0.44

SO4
2− 0.03 0.16 0.16 0.17

EC 0.14 0.12 0.02 0.12

OC 0.13 0.07 0.02 0.07

4. Conclusions

A WRF-CMAQ modelling system based on the NAEI has been implemented and vali-
dated for simulation of meteorology and air quality over the area of the West Midlands, UK.

Scenarios with reduced emissions from changes in road transport, agricultural activi-
ties and domestic combustion have been designed to test the impact of possible mitigation
policies at a national or local level on ambient concentrations of PM2.5.

Results show that, of the cases considered, combined mitigation policies to reduce
both road transport and agricultural emissions would have the strongest effect on the
average PM2.5 levels both in winter and in summertime if applied at a national level (UK
cases). Conversely, mitigation policies to reduce domestic solid fuel combustion inside the
WM area would result in the most effective policy if applied on a regional level only (WM
case), of the scenarios considered.

The effects of emission reduction scenarios have also been evaluated in terms of the
chemical components of PM2.5. The main fractions simulated by CMAQ show a similar
magnitude to findings obtained by experimental field campaigns in urban background
areas of the West Midlands.

The reduction of primary emissions from domestic combustion of solid fuels in sce-
nario A (wood, coal, and coke) shows the largest reduction in modelled EC and OC in the
WM case, as these fractions are mostly locally generated (primary), while the secondary
inorganic fractions of NH4

+, NO3
− and SO4

2− form over larger time and spatial scales
and therefore their reductions became more effective for emission reductions applied at
a national level. This is particularly evident for scenario C (agriculture) considering the
low primary emissions of NH3 predicted by the NAEI within the WM borders. The results
obtained in this work show that the effectiveness of possible mitigation policies reducing
anthropogenic emissions to improve air quality in the WM are dependent not only on
the targeted emissions sector but also on the spatial extent of the reduction. Combined
reduction of transport emissions and ammonia from agriculture (scenario D) can have a
greater impact on PM2.5 concentrations if applied nationally. In contrast, local/regional
reductions in emissions from domestic combustion of solid fuels (scenario A) represents an
effective mitigation measure to reduce PM2.5 concentrations locally, even if applied only
within the WM area.

Future work may enable a more detailed analysis of the photochemical effects con-
tributing to the formation of secondary inorganic and organic aerosols. The analysis will be
extended from two monthly periods to the annual level and multiple years to explore the
variation of the concentrations of PM2.5 and its main inorganic and organic components
over different time periods. Finally, CMAQ will also be used to test the impact of national
and/or local mitigation policies on additional pollutants such as ozone.
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