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Abstract
Regional air quality models provide insights into local pollution and exposure, but limitations in

representing large-scale atmospheric processes and long-range transport can introduce inconsistencies
across spatial scales, which can be addressed using multi-scale chemical transport models. We develop
the first UK-specific regionally refined grid (UKne30×16; ∼7 km), alongside a global uniform grid (ne60;
∼56 km), within the Multi-Scale Infrastructure for Chemistry and Aerosols version 0 (MUSICAv0), and
evaluated against in situ observations and reanalysis data. MUSICAv0 reproduces the spatial patterns
of annual mean surface O3 (R = 0.87; NMB = 12.80%) and PM2.5 (R = 0.64; NMB = -15.70%) across
the UK. Compared with ne60, the UK refined configuration better represents transboundary pollution
transport, resolves fine-scale horizontal dispersion and vertical mixing, and more accurately captures
the spatial variability during pollution episodes. Using biomass burning (BB) as case studies, we show
that long-range BB transport elevates springtime PM2.5 by 15–25% and O3 by 5–8%, while summer
enhancements of ∼10–14% are associated with local BB emissions, highlighting the importance of non-
domestic emissions for UK air quality. Further analysis of the 2018 Saddleworth Moor wildfire shows
MUSICAv0’s ability to resolve plume transport and vertical structure, with wildfire smoke extending to
∼5.5 km altitude and significantly degrading air quality.

1. INTRODUCTION
Air pollution remains a critical global health risk factor, contributing to disease burden and premature
mortality.1–3 In the UK, approximately 29,000 to 43,000 deaths annually are attributable to poor air qual-
ity,4,5 drawing increasing attention to pollution sources that can influence air quality. One such source is
biomass burning (BB). It emits large amounts of aerosols and trace gases including primary organic aerosols
(POA), volatile organic compounds (VOCs), and nitrogen oxides (NOx). These compounds undergo complex
chemical transformations in the atmosphere,6–8 leading to the formation of secondary pollutants, such as
tropospheric ozone (O3) and secondary organic aerosols (SOA), a major contributor to fine particulate mat-
ter (PM2.5; particles smaller than 2.5 µm).9,10 BB is therefore widely recognized as a major source of both
local and regional air pollution across many regions of the world, especially in Southeast Asia, Australia,
North America and Northern Europe.11–14 Through long-range transport, BB plumes can also deteriorate
air quality far from the emission source, affecting downwind regions and even other countries.15–17
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These issues are becoming increasingly relevant for the UK as large wildfire events are becoming more
frequent and intense in key upwind regions, such as Canada, the western United States, and the Mediter-
ranean basin, driven by rising temperatures and more persistent drought conditions.18–20 These fires can
inject large quantities of smoke into the free troposphere,21 enabling long-range transport of BB pollutants
across the North Atlantic and into Europe.18,22,23 The UK has already experienced episodes of intrusions
of wildfire smoke aloft from such events, with long-range transport contributing up to 1 µg/m3 (∼10%) to
annual mean PM2.5.24 At the same time, the UK is primarily subject to moorland and peatland fires, and
domestic wildfire activity has increased in recent years in response to intensifying climate extremes.25,26 The
Saddleworth Moor fire provides a recent example of a large event that affected regional air quality, during
which PM2.5 concentrations in the Manchester area increased by 150–200%, with daily mean levels reaching
about 4–5.5 times the seasonal average.27 This event was associated with an estimated 8.6 excess deaths
and £21.1 million in health related economic losses.28 These trends highlight the need for modeling tools
capable of assessing the impacts of remote and local BB sources on UK air quality.

Atmospheric chemistry transport models are widely used to investigate BB air pollution and commonly
used regional air quality models across Europe include the Weather Research and Forecasting model coupled
with Chemistry (WRF-Chem),29 the European Monitoring and Evaluation Program (EMEP) model,30 the
Comprehensive Air Quality Model with Extensions (CAMx),31 and the Community Multiscale Air Qual-
ity (CMAQ) model.32 Local-scale dispersion models such as the Atmospheric Dispersion Modeling System
(ADMS) are commonly applied to quantify near field air quality impacts and are not designed to represent
regional-scale transport or detailed atmospheric chemistry.33 While these regional and local-scale models
are capable of resolving air pollution processes at relatively finer spatial resolution, they typically require
boundary and initial conditions from global climate models (GCMs), Earth system models (ESMs), or reanal-
ysis datasets.34,35 Discrepancies in spatial resolution, physical parameterizations and chemical mechanisms
between regional models and GCMs/ESMs can introduce inconsistencies and add uncertainty to simulated
pollutants.36,37 Such challenges complicate the representation of climatic processes, long-range transport
and chemical processes that influence regional air quality.37–39

Variable resolution (VR) grids within GCMs/ESMs offer an alternative. By operating within a unified
modeling framework with internally consistent dynamics and physical parameterizations, VR configurations
allow regional domains to be refined within a global model while maintaining consistent physics and chemistry
across resolutions. This approach reduces boundary artifacts and resolution mismatches,40,41 enables two-
way interactions across global and regional scales, and has been shown to improve simulations of regional
climate in areas with complex topography.42

The Multi-Scale Infrastructure for Chemistry and Aerosols (MUSICA) is a state-of-the-art unified mod-
eling framework built within Community Earth System Model (CESM) that allows global to regional at-
mospheric chemistry and aerosols simulations using VR configuration.43 Recent applications of MUSICAv0
over continental US, Africa, South America and East Asia show that higher spatial resolution combined with
updated chemical mechanisms improve model performance and representation of air pollutants, BB plumes
and atmospheric processes.44–47 For example, Jo et al. (2023) showed that regional refinement to ∼7–14
km in MUSICAv0 substantially improves chemical fields (OH, O3, NO3), with boundary layer concentration
differing by up to an order of magnitude, and high-resolution grids reproducing aircraft observations more
accurately than coarse global grids.47 However, previous applications of MUSICAv0 have generally used
spatial resolution of 14–28 km, and no study to date has developed a high-resolution MUSICA domain for
the UK. While several studies have examined the BB impacts on UK air quality, these impacts have not yet
been explored using a unified multi-scale framework.

To address this gap, we develop a new MUSICAv0 configuration featuring a regionally refined grid (∼7
km) over the UK domain nested within a global uniform grid (∼110 km), and compare it with a separate
global uniform grid configuration (∼56 km). We conduct simulations to evaluate the added value of the UK
refined domain in capturing atmospheric processes and to quantify both global and regional BB impacts on
UK air quality as a case study. This work provides a valuable first study toward applying MUSICAv0 for
high-resolution air quality assessment in the UK and highlights the important role of BB in shaping regional
air quality.
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2. METHODS

2.1 Model Overview
Simulations are conducted using MUSICAv0, a configuration of CESM2.2 that couples the atmosphere, land,
sea ice and other Earth system components.48 MUSICAv0 employs the hydrostatic Spectral Element (SE)
dynamical core, implemented on a cubed-sphere grid within the Community Atmosphere Model (CAM).49
The SE has been tested in CESM2 and serves as the default dynamical core for high-resolution CESM2
applications.36 In MUSICAv0, the CAM with Chemistry (CAM-Chem)50,51 is coupled with the SE dynam-
ical core, enabling regional refinement (RR) down to a few kilometers through using variable-resolution
grids (CAM-Chem-SE-RR/MUSICAv0).52,53 The model is configured with 32 vertical layers extending to
3.64 hPa. Approximately 7 layers are located below the planetary boundary layer height (PBLH; below
850 hPa), and around 15 layers are positioned in the stratosphere and above (above 200 hPa). A hybrid
sigma-pressure vertical coordinate is used to accommodate surface topography. The planetary boundary
layer, shallow convection, and cloud macrophysics are represented by the Cloud Layers Unified by Binormals
(CLUBB) scheme.54,55 Cloud microphysical processes are simulated using the MG2 scheme,56 which is cou-
pled to the four-mode version of the Modal Aerosol Module (MAM4).57 Deep convection is parameterized
using the McFarlane (ZM) scheme.58 To simulate land processes and the deposition of gases and aerosols,
MUSICAv0 is interactively run with the Community Land Model version 5 (CLM5).59 MUSICAv0 supports
multiple chemical mechanisms with different complexity. In this study, MOZART-TS2 chemical mechanism
(Model for Ozone And Related chemical Tracers with troposphere-stratosphere v2) is used, providing com-
prehensive tropospheric and stratospheric chemistry with a more detailed representation of isoprene and
terpene oxidation.60

2.2 Development of the UK Regionally Refined Grid
We developed a regionally refined grid over the UK to enable high-resolution and air quality studies within
the MUSICA framework (Figure 1 and Figure S1). In this study, we use this grid to assess the impacts
of global BB on regional air quality. The “ne” resolution label refers to the number of elements along each
coordinate direction of a cube face.49 Starting from a standard ne30 (approximately 1◦, ∼111 km) cubed-
sphere grid, we apply a rotational transformation to position the UK at the center of one cube face. A
regional refinement is then created over the UK at a resolution of ne30×16 (approximately 1/16◦, ∼7 km),
hereafter referred to as UKne30×16, while the rest of the globe remains at the original ne30 resolution.

For the global ne60 uniform grid (approximately 1/2◦, ∼56 km), we apply a similar rotational transforma-
tion to center the UK on one cube face, after which each face is refined into 60×60 spectral elements. In the
final step of UKne30×16 and ne60 grids setup, each element is placed with a 4× 4 Gauss-Legendre-Lobatto
(GLL) quadrature points to enable the representation of third-order Legendre basis functions.61

To mitigate potential numerical errors arising from abrupt resolution transitions within short distances,
a halo zone is introduced in UKne30×16, allowing for a smooth transition between the finer and coarser
regions. Following the recommendations from Herrington and Reed (2020),62 the UKne30×16 grid uses a
physical timestep of 225 seconds and a dynamical timestep of 18.75 seconds, the ne60 grid uses timesteps
of 900 seconds and 150 seconds, respectively, to ensure model stability. Although both grids use the same
dynamical core, chemical mechanism and physics package, the resulting meteorological and chemical fields
may differ due to the differences in horizontal grids and computational time steps.
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Figure 1: Variable resolution grid developed across the UK with MUSICAv0. (A) The UKne30×16 grid,
with regional refinement over the UK at 1/16◦ (∼7 km), while the rest of globe remains at 1◦ (∼111 km).
(B) Zoomed view over the UK showing the halo zone between the refined and coarse resolution regions.

2.3 Model Simulations Setup
The MUSICAv0 simulations use both online and offline emissions. Biogenic emissions are calculated on-
line using the MEGANv2.1 (Model of Emissions of Gases and Aerosols from Nature v2.1)63 within CLM5.
Biogenic VOC emission fluxes are estimated using CLM5 specified phenology (SP) configuration, where vege-
tation phenology and leaf area index (LAI) are prescribed. Sea salt and dust emissions are likewise computed
online. Lightning NOx emissions are calculated online using the parameterization of Price et al. (1997).64 All
other emissions are applied offline. Global anthropogenic emissions are from Copernicus Atmospheric Mon-
itoring System Global Anthropogenic Emissions version 5.1 (CAMS-GLOB-ANTv5.1) which is available at
0.1◦× 0.1◦ spatial resolution. CAMS-GLOB-ANTv5.1 is based on the Emissions Database for Global Atmo-
spheric Research Version 5 (EDGARv5)65 up to 2015, with emissions for 2016–2021 extrapolated using the
Community Emissions Data System (CEDS).66 Aircraft emissions are from the CAMS-GLOB-AIRv2.1,67
which provides emissions at spatial resolution of 0.5◦ × 0.5◦. In this study, black carbon (BC), NO2 and
SO2 are used from this aircraft inventory following the approach of Jo et al. (2023).47 BB emissions are
estimated from Quick Fire Emissions Dataset (QFED) v2.5_r168 and Fire Inventory from NCAR (FINN)
v1.5.69 Emissions for the chemical species required for MUSICAv0 are generated by scaling QFED CO2

emissions with FINN aerosol and trace gas emission factors. Emissions from ocean and soil sources are
derived from the Chemistry Climate Model Initiative (CCMI).70 All offline emissions are regridded to the
UKne30×16 and ne60 grids using the first-order conservative method,71 in order to better resolve fine-scale
emission features and minimize artificial dilution of concentrated emissions.53

Separate land and atmospheric spin-ups are conducted to generate initial conditions. For the land spin-
up, the CESM2.2 (with CLM5) model is run for five years on the UKne30×16 and ne60 grids using a reduced
chemical mechanism.47 For the atmospheric spin-up, the CESM2 is run with CAM-Chem model with the
MOZART-TS1 chemical mechanism on a 1◦ finite-volume grid for one year to ensure sufficient spin-up time
for long-lived species.50 The output is then conservatively regridded to the UKne30×16 and ne60 grids. A
final three month spin-up (September 1–November 30, 2017) is performed for MUSICAv0, initialized with
the spun-up land fields and regridded atmospheric fields. A summary of simulations and configurations used
in this study can be found in Table 1. Production simulations then run for one full year (December 1, 2017–
November 30, 2018). All MUSICAv0 simulations use identical dynamical cores, physical parameterizations,
and chemical mechanisms. The production simulations focus on 2018 because it includes the largest wildfire
on record in the UK (the Saddleworth Moor wildfire)27 and represents a year with relatively low global
BB emissions during 2002–2020,72 allowing the simulated BB impacts to be interpreted as a conservative
estimate of global BB influence.

Meteorological fields including temperature (T), zonal wind velocity (U) and meridional wind velocity (V),
are nudged to Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA2)73

with a relaxation time of 12 hours to maintain consistency with large-scale conditions. For UKne30×16 grid,
nudging is not applied within the refined region, as its resolution (∼1/16◦) exceeds that of MERRA2 (0.67◦×
0.5◦), which helps preserve the high-resolution meteorological features.47 Two simulations are designed to
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Table 1: Summary of model simulations and configurations.

Grid Simulation label Impacts of BB Nudging configuration
UKne30×16 ne30×16 On Window nudgeda

BB_ne30×16 On Window nudgeda

NOBB_ne30×16 Off Window nudgeda

ne60 ne60 On Global nudgedb

Note: aNudging is not applied within the refined region, while outside the refined region the nudging is
consistent with that used in the ne60 configuration. bNudging is applied at global scale.

evaluate MUSICAv0’s capability to capture global and regional BB impacts on air quality in the UK. These
simulations also serve as an initial test of the new UK regional refinement domain within MUSICAv0.
Both simulations use the UKne30×16 grid: BB_ne30×16 and NOBB_ne30×16, with and without BB,
respectively. For comparison, ne60 simulations are run for the same period as BB_ne30×16, serving as
control runs to quantify the added value of regional refinement.

2.4 Observations and Reanalysis Datasets for Model Evaluation
Independent observations are essential for assessing how well models reproduce real world air pollution
concentrations. To evaluate the performance of MUSICAv0 over the new UK regional refinement domain, we
use observations from the Automatic Urban and Rural Network (AURN; https://uk-air.defra.gov.uk/
networks/network-info?view=aurn). The AURN is the largest automated air quality monitoring network
in the UK with over 190 sites nationwide. Operated by the Department for Environment, Food and Rural
Affairs (DEFRA), the network continuously measures air pollutants using standard methods specified by the
European Commission. AURN data undergo a three-stage quality assurance process, including automatic
uploading from monitoring sites, manual validation and quarterly ratification, to ensure data accuracy and
compliance with national QA/QC standards before datasets are released as verified observations.

Hourly observations of surface PM2.5 and O3 are used to evaluate the spatiotemporal performance of
MUSICAv0. Comparisons between MUSICAv0 simulations and observations are conducted for four major
UK cities (Glasgow, Manchester, Birmingham, and London), which span a north-south latitudinal gradient
and are selected to represent major UK urban pollution hotspots. We examine the temporal evolution of
PM2.5 and O3 in each city and assess the spatial distribution of concentrations across all monitoring sites
against the model fields. The analysis covers the period from December 1, 2017 to November 30, 2018, with
additional temporal evaluations conducted during May and June 2018. Observed maximum daily 8-hour
average (MDA8) ozone is calculated from hourly O3 measurements.

The UK Air Quality Reanalysis provided by the Met Office (UKAQR; https://air-quality-1-theme
toffice.hub.arcgis.com/pages/explore-data) combines an air quality forecasting model with pollutant
observations to produce an enhanced representation of past pollutant concentrations across the UK. Monthly
average PM2.5 and O3 concentrations gridded at 0.1◦ from December 2017 to November 2018 are used to
further evaluate the spatial performance of MUSICAv0 by providing spatial distributions that complement
the point-based AURN observations.

3. RESULTS

3.1 Overall Evaluation of the Regionally Refined Grid
The overall performance of MUSICAv0 regional grid is evaluated by comparing UKne30×16 simulations for
the period November 2017–December 2018 against the UKAQR (Figure 2). The UKne30×16 simulation out-
puts are regridded to the 0.1◦ UKAQR grid using the first-order conservative method.71 Spatial distribution
of surface O3 and PM2.5 simulated by MUSICAv0 over the UK are broadly consistent with UKAQR. Both
MUSICAv0 and UKAQR exhibit a marked latitudinal gradient in surface O3, with higher concentrations
over the northwestern UK, including northern Scotland and Northern Ireland, and lower concentrations
across the more highly populated southeastern regions (Figure 2a–b). MUSICAv0 slightly overestimates
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surface O3, with a mean bias of 7.57 µg/m3 (NMB = 12.80%), which is comparable to previous MUSICAv0
applications (∼11–29%),74 while still capturing the spatial pattern of annual average O3 well (R = 0.87).
The model performs best in spring for surface O3, with a mean bias of 3.40 µg/m3 (NMB = 5.38%) and a
strong correlation with UKAQR (R = 0.92) (Figure S2).

MUSICAv0 and UKAQR exhibit a similar spatial pattern of surface PM2.5, with elevated concentrations
in southeastern UK and lower levels in the northwest. However, MUSICAv0 tends to underestimate surface
PM2.5 in the southeast, especially over London and the southern coastal regions, by approximately 2–4 µg/m3

(Figure 2e–g). This underestimation becomes more pronounced during spring (Figure S2). Despite this bias,
MUSICAv0 captures the spatial pattern of annual average PM2.5 reasonably well (R = 0.64), with a mean
bias of 1.04 µg/m3 (NMB = -15.70%; Figure 2h), which is at the lower end of biases reported in previous
MUSICA applications (∼1–10 µg/m3).46,52 MUSICAv0 performs unevenly across the domain, with better
agreement with UKAQR for surface PM2.5 in the western UK (west of 3◦W; R = 0.64 and MB = 0.47 µg/m3)
and larger discrepancies in the eastern UK (east of 3◦W; R = 0.61 and MB = -2.39 µg/m3) (Figure 2h).
These differences likely reflect two distinct PM2.5 regimes across the UK. The western UK is more frequently
influenced by clean marine air masses from the North Atlantic, which are better captured by MUSICAv0,
whereas the eastern region is more affected by pollution transported from continental Europe. In addition,
higher local NOx emissions associated with greater population density in the east further contribute to the
underestimation because inorganic nitrate aerosols are not included in the current version of MAM4 used in
MUSICAv0.57,75 Nitrate and ammonium aerosols are key precursors of PM2.5.76,77

Figure 2: Comparison of annual average surface O3 and PM2.5 concentrations simulated by MUSICAv0 from
December 2017 to November 2018 with the UK Air Quality Reanalysis (UKAQR) with MUSICAv0 (a, e),
UKAQR (b, f), and difference between MUSICAv0 and UKAQR (c, g) and scatter plot of O3 and PM2.5

concentrations comparing UKAQR and MUSICAv0 (d, h). Dashed vertical and horizontal lines indicate
mean values of UKAQR and MUSICAv0. Green points represent grid cells west of 3◦W, while the blue
points correspond to those east. MUSICAv0 output is conservatively regridded to the 0.1◦ UKAQR grid.

3.2 Evaluation during an Intrusion Event from Continental Europe
The added value of the MUSICAv0 regional grid is evaluated by comparing UKne30×16 and ne60 simulations
during a late-spring European continental pollution intrusion against AURN observations (Figure 3). These
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episodes are common in the UK and have been shown to contribute 20–60% of UK springtime PM2.5

nitrate under persistent high-pressure conditions78 and offer a valuable opportunity to evaluate model skill
in representing long-range transport and associated meteorology. Accordingly, we use one such event as a
test case. In this study, the start of the intrusion is defined as the day when near-surface winds shift from
prevailing westerly-southwesterly to easterly-southeasterly flow, and it ends when westerly-southwesterly
winds become dominant again. This definition focuses on the large-scale circulation change that facilitates
the transport of polluted air masses into the UK.

Both grids reproduce the observed spatial distributions of PM2.5 and O3 during the intrusion period,
but tend to underestimate PM2.5. The skewness (Sk) of PM2.5, which reflects the model’s ability to capture
the asymmetry and extremity of concentration distributions during episodic events, is calculated for both
grids. Compared to ne60 (Sk = 1.75–3.05), UKne30×16 produces lower Sk values (Sk = 1.49–2.46) that
more closely aligns with AURN observations (Sk = 1.06–1.92), indicating an improved ability to capture
the PM2.5 variability during the intrusion event (Figure S4). Additionally, UKne30×16 also demonstrates
improved performance in simulating O3 variability, particularly in Glasgow, where the NMB is 6.5%, MB is
2.1 ppbv and the maximum bias is reduced to approximately 15 ppbv (Figure 3c and Figure S5). In contrast,
ne60 shows larger positive biases likely as a result of mixing effects of emissions from surrounding regions
(Figure 3c and Figure S6). Many of the finer features captured by UKne30×16 persist even after regridding
to the ne60 grid (Figure S3).

Figure 3: Comparison of MUSICAv0 simulations with AURN observations during a late-spring pollution
intrusion event (22 May to 14 June 2018). Spatial distribution of average PM2.5 and O3 for ne60 (a and
d) and UKne30×16 (b and e) with AURN observations shown as filled dots. Daily variations of PM2.5

(c) and O3 (f) in four key UK cities, with simulations shown in blue (ne60) and red (UKne30×16) and
AURN observations in black. Shaded bands around the model lines surrounding red and blue lines indicate
the concentration ranges across the grid cells containing observation sites. Green shading marks the peak
intrusion period.

Our study domain is 9◦W–9◦E, 49.5◦N–61.5◦N, selected as it covers the British Isles and the North
Sea and captures both national emission sources within the UK and the primary transboundary transport
pathways from Europe. Across this domain, both simulations produce generally consistent meteorological
fields in terms of temporal variability (Figure S7). The closest agreement is found in downwelling solar flux
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and PBLH, whereas large discrepancies appear in cloud fraction and precipitation. To assess the effect of
meteorological differences on chemical species, BC serves as a proxy because of its chemical inertness and
dominant role of meteorology in controlling its surface concentrations.47 Compared with ne60, UKne30×16
shows a BC NMB of 2.3% over the evaluated domain and period, indicating that meteorological differences
between the two grids have a limited impact on surface BC (Figure S7).

The regionally refined grid (UKne30×16) captures better fine-scale variations of PM2.5 in both the hor-
izontal and vertical directions. Figure 4 shows the simulated spatial transport of PM2.5 during the peak
intrusion period for UKne30×16 and ne60. The UKne30×16 simulation generally produces higher surface
PM2.5 concentrations than ne60 and better resolves small-scale thermodynamic stability in the lower tro-
posphere (Figure S8). On 27 May, both grids simulate similar wind speeds, but UKne30×16 captures a
weak anticyclonic circulation over southern England that enhances subsidence and elevates PM2.5, whereas
ne60 simulates elevated PM2.5 farther east (Figure 4a, 4e and Figure S8). On 28 and 29 May, the sim-
ulations diverge more substantially: UKne30×16 simulates stronger northeasterly winds and higher wind
speeds, while ne60 produces weaker easterly winds at the surface (Figure 4bc and 4fg). These discrepancies
may reflect improved representation of vertical mixing processes in UKne30×16. Over southern England,
UKne30×16 resolves a notable temperature inversion near 900 hPa, which inhibits vertical mixing and con-
tributes to surface PM2.5 accumulation, whereas ne60 does not capture this inversion (Figure S8). On 30
May, both grids capture the inversion, but ne60 shows stronger ascending motion over the most polluted
area, enhancing vertical mixing and reducing surface PM2.5 concentrations (Figure 4d, 4h and Figure S8).
In summary, UKne30×16 provides a more realistic simulation of pollution intrusion by better resolving
fine–scale horizontal dispersion and vertical mixing.

Figure 4: Comparison of UKne30×16 and ne60 simulations during peak pollution intrusion (27–30 May
2018). Panels (a–h) show simulated average daily surface PM2.5 concentrations (µg/m3) and surface wind
vectors for ne30 × 16 and ne60 over the domain 9◦W–9◦E, 49.5◦N–61.5◦N. Panels (i–k) present boxplots
of the normalized spatial variability (NSV; %) at the surface for PM2.5, O3, and black carbon (BC) across
selected cities. Results from ne30 × 16 are shown in red, ne60 in blue, and ne30 × 16 regridded to ne60 in
yellow.
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To further quantify the added value of the regionally refined grid, we analyze the normalized spatial
variability (NSV) following the method in Tang et al.52 Within the refined MUSICAv0 domain, 1◦ × 1◦

boxes are centered on each selected city, and NSV is calculated as the ratio of the standard deviation to the
mean of pollutant concentrations across all grid points within each box. Calculations are based on hourly
data during the peak intrusion period. Figure 4i–k show NSV for surface PM2.5, O3, and BC, whereas NSV
for surface temperature, precipitation, CO and wind (u, v) is shown in Figure S9. In terms of median NSV,
UKne30×16 shows increases of 8–20% for PM2.5 and 5–10% for O3, compared to ne60. When UKne30×16
simulations are regridded conservatively to ne60,71 median NSV still remains higher. Despite the limited
influence of meteorological differences on surface BC, UKne30×16 still increases surface BC NSV by up
to approximately 7%. After regridding to ne60, this improvement remains evident in most cities, except
Sheffield and Belfast, where ne60 shows greater spatial variability in meridional winds (Figure S9), which
enhances the BC variability. Overall, UKne30×16 simulates higher NSV, indicating an improved capability
to resolve variability at regional scales.

3.3 Global Biomass Burning Impacts on UK Air Quality
We further demonstrate the capability of MUSICAv0 over the UK domain through a case study assessing
the impacts of global BB on UK air quality. Seasonal BB impacts on regional PM2.5 and O3 are quantified
by comparing simulations from the BB and NOBB scenarios, with evaluation against AURN observations
(Figure S10–S12). The fractional enhancement due to BB is calculated as the relative difference between
BBne30×16 and NOBBne30×16, normalized by NOBBne30×16.

Spatially, both scenarios reproduce distributions consistent with the AURN observations (Figure 5 and
6). In spring (Figure 5f), PM2.5 concentrations typically reach 10–13 µg/m3, with localized enhancements
exceeding 16 µg/m3 in the London areas. Scotland and the eastern UK coast show strong responses to BB
transported from continental Europe, with fractional enhancements of 15–25% in Glasgow and Edinburgh,
and over 25% near St Andrews (Figures 5g and 5h). These increases correspond to direct BB contributions of
about 2 µg/m3. This pattern is consistent with prevailing southeasterly winds during spring, which facilitate
long-range transport from Europe (Figure 5h). In summer, with prevailing winds shifting to southwesterly
and wind speed decreasing over central England (Figure 5l), the areas most affected shift toward central
England and the southeastern coast, where fractional enhancements typically range from 10–17%, reaching
up to around 20% in regions such as Nottingham and Birmingham (Figure 5k). The seasonal sensitivity of
PM2.5 to BB influence is also consistent with Tan et al. (2025),24 which report pronounced springtime BB-
driven pollution episodes from continental Europe, and sustained summer contributions from a combination
of long-range transport and local BB emissions. Averaged over 2018, BB increases annual mean surface
PM2.5 across the UK by approximately 0.7 µg/m3.
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Figure 5: Spatial distribution of seasonal mean surface PM2.5 (µg/m3) over the UK from UKne30×16 simula-
tions under scenarios with biomass burning (BB_ne30×16) and without biomass burning (NOBB_ne30×16),
the fractional BB-induced enhancement, and the absolute BB contribution with wind vectors (u, v). Filled
dots show AURN observations for the corresponding period.

Surface O3 concentrations are higher in rural regions with low population density like northern Scotland
and northern England, whereas urban areas with dense populations and higher traffic emissions show lower
concentrations. This pattern is particularly evident in winter (Figure 6b), consistent with previous stud-
ies.79,80 Reduced daylight hours during winter inhibit NO2 photolysis, thereby limiting photochemical O3

production. In rural and remote regions with low NOx emissions, reduced O3 titration allows background O3

transported from the North Atlantic to persist. The direct impact of BB on O3 during winter is negligible,
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and elevated O3 levels appear to be influenced by prevailing westerly and southwesterly winds bringing O3

and its precursors from the North Atlantic (Figure 6c and 6d). In spring, intensified northeasterly winds from
continental Europe transport additional BB-produced O3 toward the UK (Figure 6h). This transported O3,
combined with elevated background concentrations from winter accumulation, results in the highest seasonal
O3 concentrations (Figure 6f). Fractional enhancements of about 5–8% and direct contributions of about 4
ppbv are evident over northern Scotland and parts of eastern and southern England (Figure 6g and 6h).

Figure 6: Spatial distribution of seasonal mean surface O3 (ppbv) over the UK from UKne30×16 simulations
under scenarios with biomass burning (BB_ne30×16) and without biomass burning (NOBB_ne30×16), the
fractional BB-induced enhancement, and the absolute BB contribution with wind vectors (u, v). Filled dots
show AURN observations for the corresponding period.

More pronounced changes of O3 due to BB are observed in summer and autumn. In summer, factional
enhancements are up to approximately 12–14% in northwestern England and western Scotland (Figure
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6k), although overall O3 concentrations remain at their lowest levels of all seasons (Figure 6j). These
enhancements are primarily attributed to local BB events, including wildfires in northwestern England.27
Prevailing southwesterly winds and reduced wind velocities limit long-range O3 transport from Europe
(Figure 6l). In addition, enhanced photolysis of O3 over the North Atlantic during summer lowers the
hemispheric background O3 transported to the UK, and the associated increase in OH radicals from water
vapor further accelerates chemical O3 loss,81 both contributing to the reduction in O3 concentrations within
the UK. During autumn O3 concentrations gradually increase across the UK in autumn following the summer
decline. Strengthened southwesterly winds expand BB-sensitive regions toward central Scotland as well as
western and southern England, where fractional enhancements generally reach around 10–13% (Figure 6o
and 6p). Compared with other seasons, autumn shows the largest overall UK-wide sensitivity to BB with
fractional enhancements of approximately 6–9%.

3.4 Regional Biomass Burning Impacts on UK Air Quality
Building on the global scale analysis of BB impacts, we next evaluate MUSICAv0’s ability to represent
regional BB impacts through a high-resolution case study of the Saddleworth Moor fire. The Saddleworth
Moor fire, which occurred during an exceptionally dry period in June 2018, is regarded as the largest wildfire
recorded in English history.27 Previous studies found PM2.5 enhancements of approximately 150–200% over
the Manchester area, with observed peak concentrations reaching 40–60 µg/m3, while simulations conducted
at a 12 km horizontal resolution reproduce PM2.5 concentrations of about 15–30 µg/m3.27,28,82 Similar
results are obtained in MUSICAv0 simulations at comparable resolutions, showing a PM2.5 increase of about
133% over the Manchester area but underestimating peak PM2.5 (∼16 µg/m3) (Figure S15, S17). This
underestimation is likely related to the simplified aerosol representation in the current version of MAM4
used in MUSICAv0, which does not explicitly account for inorganic nitrate aerosols.57,75

To examine how MUSICAv0 captures the transport of fire plumes, Figure 7 shows the spatiotemporal
evolution of the fire plume across northern England from 25 to 30 June, using CO as a tracer. CO is used
as it is an inert tracer with a long atmospheric lifetime and low background concentrations over the study
region. Throughout this period, meteorological conditions favor the development and spread of the fire
plume. Northern England is dominated by a strong anticyclonic circulation at the 850 hPa level, resulting
in a stable high-pressure system and associated low wind speeds that facilitate the aggregation of pollutants
(Figure S14). Near the SM area, a notable temperature inversion is observed at 900 hPa, accompanied
by significant near surface warming associated with the persistent high-pressure system (Figure 7g–l). The
inversion strength increases by about 13 K at surface on 27 June compared to 24 June. At the same time,
although strong descending motion generally inhibits the dispersion of pollutants during this period, stronger
background ascending motion near the fire sites enhances the vertical mixing (Figure 7g–l).

Elevated CO concentrations are observed near the Saddleworth Moor on 25 June, with the fire plume
extending southeastward (Figure 7a). As the anticyclone center shifts northeastward, regional meteorological
conditions become increasingly favorable for pollutant accumulation, leading to peak concentrations across
cities on 27 June (Figure 7c and Figure S14). These stagnant conditions also inhibit plume dispersion,
resulting in relatively stationary smoke transport. Simulated CO concentrations reach around 400 ppbv in
Manchester and Sheffield, with nearly 600 ppbv in Liverpool (Figure S19). Starting from 28 June, the gradual
strengthening of northwesterly winds disrupts the anticyclonic circulation and weakens temperature inversion
(4–7 K), thereby enhancing vertical mixing and horizontal transport, resulting in a rapid dispersion of the fire
plume. Under such influence, pollutants are transported upward to the top of the planetary boundary layer,
reaching altitudes approaching 500 hPa (Figures 7i–k and S14). At the same time, O3 production is enhanced
in downwind areas, consistent with previous findings,27 with a 10.6% increase observed in Liverpool (Figures
S19 and S18). The additional emissions released from the Winter Hill fire on 30 June28 are uplifted by the
prevailing winds and existing vertical mixing, facilitating long range transport of pollutants to downwind
regions (Figure 7l). Overall, meteorological variability governs both the development and the subsequent
dispersion of the fire plume. The Saddleworth Moor case study demonstrates the insights into the UK air
quality that can be derived from MUSICAv0, in particular the role of wildfire on urban air quality, an issue
expected to become increasingly important in the UK under future climate change.
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Figure 7: Surface daily CO concentrations (ppbv) over the southern UK (25–30 June 2018) with surface wind
vectors represented by black arrows (a–f). White dots indicate the locations of the two fire sites: Winter
Hill (WH) and Saddleworth Moor (SM), and blue triangles show selected cities. Panels (g–l) show west–east
vertical cross sections at 53.40◦N of changes in daily mean temperature (shaded; K) and vertical velocity
(contoured; Pa/s; scaled by 100) for the same period, relative 24 June, 2018. Descending and ascending
motions are represented by red solid contours and blue dashed contours, respectively. Red labels in panel
(h) indicate the Irish Sea, WH, SM, and the North Sea.

4. DISCUSSION
Regional models are typically effective at resolving local air pollution processes, but often rely on boundary
and initial conditions from GCMs or ESMs, which can introduce inconsistencies across spatial scales.34,35 In
this study, we develop a new UK regionally refined grid (UKne30×16; 1/16◦) within MUSICAv0 to enable
a consistent multi-scale assessment of BB impacts on UK air quality. The model performance and added
value of this new configuration are assessed by comparison with the global uniform grid (ne60; 1/2◦), the
UKAQR dataset and surface AURN observations.

Evaluation against UKAQR demonstrates that MUSICAv0 with the UKne30×16 configuration reproduces
the spatial patterns of surface O3 and PM2.5 across the UK. Agreement is strong for annual average O3 (R
= 0.87; NMB = 12.80%), while PM2.5 spatial patterns are captured reasonably well (R = 0.64), albeit
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with underestimation of concentrations in southeastern UK by about 2–4 µg/m3 (NMB = -15.70%). This
bias could be related to the omission of inorganic nitrate aerosols in the current MUSICAv0 configuration.
The added value of the UK regional refinement is further shown during a late-spring continental pollution
intrusion event. Compared with the global uniform grid, the UKne30×16 configuration more accurately
reproduces observed PM2.5 and O3 variability when evaluated against AURN observations. The refined grid
improves NSV by 8–20% for PM2.5 and 5–10% for O3, and produces PM2.5 Sk values that more closely match
observations, particularly in complex terrain such as Glasgow. These improvements are mostly attributed to
better representation of fine-scale horizontal dispersion, vertical mixing, and an improved ability to resolve
fine-scale chemical processes. In contrast, the ne60 configuration is affected by coarse resolution spatial
averaging and the excessive accumulation of regional transport signals, leading to an overestimation of
extreme pollution intrusion.

Building on this improved regional performance, we assess the influence of both global and regional BB
on UK air quality. Global BB contributes substantially to seasonal PM2.5 and O3 across the UK, increasing
PM2.5 by 15–25% in Scotland and the eastern UK coast during spring and by 10–17% in central England
during summer. Averaged over 2018, BB increases annual mean surface PM2.5 over the UK by approximately
0.7 µg/m3. Although modest in magnitude, this additional background contribution can substantially reduce
the margin for meeting increasingly stringent air quality targets, such as the WHO guideline (5 µg/m3) and
the UK long-term PM2.5 target of 10 µg/m3 by 2040.83,84 For O3, BB enhancements reach approximately
12–14% in northwestern England and western Scotland during summer and expand across central Scotland
and southwestern England during autumn, with fractional enhancements of 10–13%. These results high-
light the importance of transboundary BB as a non-negligible contributor to UK air pollution, particularly
during specific seasons and transport regimes. At the regional scale, the 2018 Saddleworth Moor wildfire
provides a representative case study of domestic BB impacts. MUSICAv0 with the UKne30×16 configura-
tion simulates a 133% enhancement in PM2.5 over Manchester, consistent with previous studies,28 although
peak concentrations are slightly underestimated. Our configuration also captures enhanced downwind O3

formation, with MDA8 O3 increasing by 10.6% in Liverpool during the fire period. Changes in anticyclonic
conditions contribute to both the formation and dispersion of the fire plumes, highlighting the important
role of meteorology in controlling wildfire plume transport and air quality impacts.

However, this study has several limitations. Meteorological nudging is not applied within the refined
domain (UKne30×16) due to its high-resolution, which may affect the representation of aerosol–meteorology
feedbacks, relative to the globally nudged ne60 configuration. The simplified treatment of ammonium aerosols
in our MAM4 version57,75 limits the ability to fully represent nonlinear PM2.5 formation, particularly in
regions influenced by high NOx emissions. In addition, uncertainties in fire emission estimates, including
burned area, fuel load, and emission factors that vary with vegetation types, propagate into estimates of
wildfire impacts.69,85,86 Future work should consider the use of more detailed aerosol schemes such as the
Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) to more accurately represent nitrate
aerosols,87,88 and explicitly account for fires at the wildland–urban interfaces (WUI), which involve additional
emissions from structure burning.

Overall, this study shows that biomass burning, both outside and within the UK, can make a substantial
contribution to UK air pollution on seasonal and episodic events. These contributions often originate beyond
national borders and are therefore difficult to control through domestic emission policies alone. The UK-
specific MUSICA regional refinement developed provides a robust framework to quantify these external
influences, linking global emissions, regional transport and local air quality. Beyond biomass burning, this
new UK domain offers a flexible model for future studies of air quality, atmospheric composition, and climate-
chemistry interactions under present and future climate conditions, while enabling urban-scale air pollution
to be interpreted consistently within its regional and global context.

Data Availability Statement
MUSICAv043 is a configuration of CESM2.2, which is an open-source community model available at https:
//github.com/ESCOMP/CESM [Software]. The CAMS-GLOB-ANTv5.1 and CAMS-GLOB-AIRv2.167,89 emis-
sion inventories are available from the Emissions of atmospheric Compounds and Compilation of Ancillary
Data (ECCAD) database (https://eccad.aeris-data.fr [Data]). The AURN ground-based air quality
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