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Abstract

Air quality is the largest environmental health risk in the UK, contributing to chronic iliness.
Long-term exposure to ambient BMresults in more than 29,000 premature deaths each year
and leads to a reduction in héxpectancy of -B months.However, throughout the yeair
pollutant concentrationsvary, controlled by the complex interaction between emissions,
meteorology, chemist and topographyleadingto short-term high pollution events The
complexity of therelationships between these factoreans that it is challenging to untangle
the drivers of high air pollutant concentratioAs. improved understanding of tkdeivers and
impacts of high air pollution episodessvital in informing policy to reduce the impact of short

term air pollutant exposure on population health.

The aim of this thesigasto quantify the impact of different sources and processes on short
term changs in ambient Phkacross the UKasepidemiology studies have shown that short
term exposure to PMis associated with increased mortality and morbidiigveral studies

had previously shown thale varied meteorology the UK experiences plays a laoigeim
controlling the concentrations of nitrogen dioxide and ozone. Therefore, we extend this
analysis taambient PMsconcentratioa Additionally, wildfires are an emerging threat in the

UK due to climate change. The impacts of UK wildfires on air iguaind health had not
previously been studied, since they had been so rare in theQpasitifying the impacts of
wildfires on air quality and healtls particularly important asvildfires since projected to
continue to occur more oftan the future due to climate change. This is likely to result in
pollution fromwi | df i res representing a | arger fracti
air pollutionin the future.Therefore, it is important that the impacts are minimised through

effective sciencded policy. This thesis is split into two key themes as a result: the impact of
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synoptic weather on ambient B¥concentrations and the impact of wildfires on air quality

and health.

Groundbased observations of BNconcentrations, backtrajectory model and outputdm

an atmospheric chemistry transport modelre used to investigate the impact of synoptic
weather on ambient PM concentrationsThis indicated thasynoptic meteorology aa
substantiainfluence on ambient PMaaoss the UK. Easterly, souttasterly and southerly
winds transport pollutants from continental Europe the UK increasing ambient
concentrations observedilongside this anticyclonic conditions kel to higher PMs
concentrations due tine buildup of local emissions under slack windghis indicates that
population exposure to ambient PMtoncentrations is closely linked to synoptic weather
Therefore, policies which only consider reductions in local emissi@ysnot yield the greatest

reductionsm PMp s and international cooperation is also required.

The Saddleworth Moor and Winter Hill fires in 20d@8reone of the first large wildfires in the

UK to occur close to a large urban population. They weesl as a casgudy for the potential
impacts of a UK wildfire on ambient air pollutant concentrations and human héalth.
combination ofobservational data from satellites, grotlrased monitoring, an aircraft flight

and an atmospheric chemistry trangpmodel (WRFChem) were used to investigate the
impacts of the fires. Observations showed thttcentrations of pollutants close to the fires
were high but, in areas downwind (> 80 km away), concentrations were also enhanced above
backgroundralues exposng populations to high concentrations far from the firdengside

this, scondary pollutants, such as ozone, were formed in the downwind smoke plume.
Modelling results indicated thatlarge proportion of the population in the regtorthe west

of Saddeworth Moor and Winter Hill were exposed to Pitoncentrations above the WHO

guideline limit and the moderate DAQI limit. The fires led to increases in the number of deaths
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brought forward due to exposure to PAMompared to if there were no fires awa result had

a large economic impact

Finally, theimpacts of the2019/2020 Australian bushfires werstimated using WREhem.

Fire emissions from FINNhdicatedPM:semissiondrom the fires were unprecedentddhe
WRF-Chem model was used to quapntihe air quality and health impacts of Pirom the

fires. This indicated thatarge proportions of the population were exposed to dangerous
(6PoOR®QrodV.and o6 Haz ar doetweedJeptambat 2049uand Jantiayy | e v e
315t 202Q The impats of the bushfires on AQ &re concentrated in the cities of Sydney,
NewcastleMaitland and Canberr@ueanbeyan anillelbourne with Brisbane and Adelaide
less severely affected by the fires. Exposure te £Mm the fires led to an estimaté@0
(95% Ct 74, 294) deaths being brought forward between OctoSearid January 31 The
health impacts were largest in New South Wales, Queensland and Vistaiaity-level the
health impacts were concentratedSydney, Melbourne and Canbegiace theyhave large
populations that were exposed to high Rkbncentrationsor prolonged periodduring the

fires.

Overall, this thesis aimed to quantify the drigeand impacts of shetérm air pollution
episodes across the UK. Synoptic weather was shown to play and important role in ambient
PM:.sconcentrations throughe buildup of local emissions and lofignge transport d?Mz 5

to the UK under continentalrainassesThis highlightsthe need for continued cooperatimn

redu@ emissions across Europe. The impact of stesrh emerging threatsuch as wildfires,
wasalsoquantified This indicatedhat shortermhigh pollution events have the potential to
have a substantial impact on air quality and health. With increased wildfire frequency projected

in the futuredue to climate changehe results of this work highlight that more research is
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required to quantifythe costbenefits of public health interventions or changes in -land

management practices that may reduce the risk of wildfirdkee UK and Australia
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Figure 26. Multi-annual mean PM.s concentrations from 42 UK AURN monitoring
sites (20162016 average in ug M) averaged over all LWT regimes. The mean,
75" and 90" percentile PM2 s concentration calculated from all sites is shown
on the top right of each panel..............ccccoiriiiii e 113

Figure 27. The multrannual mean PMs anomaly relative to annual mean
concentration averaged over all LWT regimes (relative to multannual mean
concentration averaged over all LWT regimes (201:2016) (in pg m3), shown
in Figure 26) under different flows directions is shown in panels (a) to (f). For
clarity, we show the three flow directions with the largest positive anomaly ((a)
easterly, (b) southeasterly and (c) southerly) and the three flow directions
with the largest negative anomaly ((d) northerly, (e) westerly and (f) north
westerly). The mean, 78 and 90" percentile PMz5concentrations calculated
from all sites are shown on the top right of each panel. Sites where the anomaly
is statistically significant (p <0.05) aremdicated by black contouring and the
percentage of sites where anomalies are statistically significant is also
indicated in the top right panel (% sig). The frequency of each LWT (in %)
for the 20102016 period is also indicated..............ccceeeeiieeeeieceeciiinnn, 115

Figure 28. AURN annual mean PMs anomalies (relative to multrannual mean
concentration averaged over all LWT regimes (2012016 (in ug m®), shown
in Figure 26). Concentrations and anomalies sampled under (a) anticyclonic
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top right of each panel. Sites where the anomaly is statistically significant (p
<0.05) are indicated by black contouring and the percentage of sites where
anomalies are statistically significant isalso indicated in the top right panel
(% sig). The frequency of each LWT (in %) for the 20162016 period is also
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Figure 29. Median UK (background AURN sites) integrated PM:s emissions (ug m
2) accumulated over the daily (12 UTC, 201:2014) ROTRAJ back trajectories
(4 daysi 15minute time steps), with a 7day efolding lifetime, binned by
LWT flow directions. Red circles represent the UK fractional contribution to
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Figure 30. The multrannual mean PMs anomaly relative to annual mean
concentration averaged over all LWT regimes (relative to multiannual mean
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different flow directions from the EMEP4UK model. 10m winds, also from the
EMEP4UK model (nudged to 3hourly GFS analysis), are over plotted. All
LWT wind directions and synoptic types are ShOWN...........cccccceeeeeeennn. 121

Figure 31. Percentage occurrence (defined as the percentage of occurrences of
easterly, southeasterly and southerly (and westerly northwesterly and
northerly) LWTs in each bin) of easterly, southeasterly and southerly
weather types and westerly, northwesterly and northerly in each DAQI PM.s
concentration bin. Bins 110 indicate PM2.5 concentrations of A1, 1223, 24
35, 3641,4247,4853,5458,5964,6570, >71 (all in pg m3). .......cccveee.e 123
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Figure 32. CEISIN population count (2015). BlacKkriangles indicate the locations
of Saddleworth Moor (SM) and Winter Hill (WH), the cities of Manchester
(Man) and Liverpool are also marked. Black circles indicate AURN
observation sites used in Figure 33. The flight path of the FAAM aircraft on
29" June 2018 is also shown in grey, with neafield and downwind sections
(Figure 35-Figure 37) of the flight highlighted in red and blue............. 140

Figure 33. AURN observations of volatile and nowolatile PM2sfor 16" Junei 14"
July 2018. Nonvolatile PM2zsis indicated by the red std line (2018) and pink
shading (20132017 standard deviation). Volatile PM:is indicated by the blue
solid line (2018) and light blue shading (2022017 standard deviation). The
total PM2.s concentration for 2018 is also indicated by the black dashethé
and the fire period in grey. The WHO 24hour guideline limit is also in green
(O G (=] (=TT 0[SO PPPPPPRI 144

Figure 34. TROPOMI total carbon monoxide (TCCO, moles nf) measurements of
the Saddleworth Moor wildfire (25" 7 30" June 2018). Black and purple
polygon-outlined regions represent the fire plume (>0.03 moles+2) and edge
of plume (0.0250.03 moles n¥). Black dots show pixels where MODIS fire
radiative power (FRP) is > 50 mW n?. White dots show the location of the
Saddleworth Moor and Winter Hill fires. Blue dots show the location of
Manchester and Liverpool. The box and whisker schematics represent
TROPOMI tropospheric column nitrogen dioxide (TCNO2, 165 moles n¥)
sub-s a mp | e-pl | ufmeno , nedge of ppl | uunmeedcd aTnCdC Of o ut
thresholds. TCNO2 is also sutsampled under fire pixels (FRP > 50 mW m)
and nonire pixels (FRP < 50 mW n?). Red, green and blue represent the
median, 28" and 75" percentiles and 1@ and 90" percentiles, respectively.

Figure 35. Facility of Airborne Atmospheric Measurements (FAAM) observations
of carbon monoxide (CO, ppbv) and ozone (&) ppbv) from the Saddleworth
Moor wildfires on 29th June 2018. (a) CO concentration along flight path (b)
O3 concentration along flight path (c) timealtitude CO profile, (d) time-
altitude O3 profile, €) CO (black) and & (red) time-series. Time stamps for
the flight are included in (a) for reference to in (c) and (d). The sections
bounded by the red and blue dashed lines in panels (a), (b), (e) and (f)
represent the nearfield (NF) and downwind (DW) time phases of the flight.
The horizontal purple dagphadneldi (e il 5( e)p bi
versus fAout of pl ume.n..(.<..2.25...pA%Vv) t hr eshc

Figure 36. Box and whisker schematic of CO (left, ppbv), &centre, ppbv) and NQ
(right, ppb v ) -0fiiamd #Aout of plumeo (CO > 125 pphb
represent the median, 25th and 75th percentiles and minimum and maximum
concentrations, respectively. NF and DW represent the nedireld and
downwind phases of the plume............coooiiiiiiie e 153
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Figure 37. CO (ppbv) and Q (ppbv) relationship for different Saddleworth Moor
fire plume phases (29th June 2018Black circles represent all data defined as
Aout of plumeo (<125 ppbv CO), red ci
symbol s are fin pl umeo downwi nd. Bl
represent measurements between 0.Z85 km, 0.60.85 km and aboved.9 km.
Dashed lines represent the CaDs regression for different fire plume altitudes
where all downwind relationships are significant at the 95% confidence level
[ TSSO 155

Figure 38. Population count (kn¥) (2015) in model domain with Automated Urban
and Rural Network (AURN) sites used in model evaluation over plotted
(Supplementary Material: Table 12). Sites where elevated PMwasobserved
are indicated by red stars and those where concentrations remained below 50
ug m3 by black circles. The locations of Saddleworth Moor ad Winter Hill
are indicated by black triangles. Fire emissions, from FINNv1.5 (tim&arying
scaling), between June 23 and June 3¢ are indicated by red circlesi each
circle represents a fire hotpot from MODIS, while the size of the circles is
relative to the mass of PM.semitted in kg day* (scale on left). The area over
which scaling was applied to the FINN fire emissions is also shown by the blue
box. More details on AURN sites can be found in Supplementary Material:
TaDIE L2 e ennnaana 176

Figure 39. Hourly observed and simulatedsurface PMe.sbetween June 16 2018
and July 14" 2018. Modelled values are from the tim&arying scaling
simulation (see Wildfire emissions and Model Evaluation sections and Table
8), in magenta, and observations from AURN sites are in black. Locations
where PMz sobservations are elevated are shown lngd stars and time series
site names in red. The period when the Saddleworth Moor and Winter Hill
fires occurred is indicated in grey shading-..........cccoovveiiiiiiiicen e 185

Figure 40. (a) Ardemsoderaef3606& ©OigB(B4- DO m
ug m3) and very high (>71 pg n¥) PM2sas defined by the Daily Air Quality
Index (DAQI). Coloured numbers correspond to total number of people
exposed to each DAQI level on at least one day between Juné’ 28d June
30" 2018. See Supplementary Material: Table 13 for more information on the
DAQI. (b) Areas where PMesis above the WHO 24hour limit of 25 pg m3
and total population exposed to PMs below (green) and above (red) this
threshold on at least one day between June 23 June 30". (c) Mean increase
(%) in PM 2sdue to fires between Jue 239 and June 3@ 2018. Calculated as,
Fieq rulledoqg ryvedog »gv, whee 10
represents a 10% increase in Pl Locations of large urban areas and
Saddleworth Moor (SM) and Winter Hill (WH) are also indicated for
(1] (=T (= o = USSR 191

XXi

es

cr


file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436616
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436617
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436618
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436618
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436618
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436618
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436618
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436618
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436618
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619
file://///Users/ee15amg/Desktop/FINAL_THESIS/master_document/combined_chapters/Thesis_ailish_graham_2021.docx%23_Toc66436619

Figure 41. (a) Total Excess Mortality () across the entire simulation domain from
PM:2s in the fires and no firessimulations. The fraction of mortality due to
fires across the model domain between June ™6 July 14" 2018 is also shown,
calculated as T € £ ARl E'E E R AfE E NXAN ). 95%
confidence intervals, based on uncertaintyin the concentrationresponse
function, are indicated by red and blue shading. (b) Percentage increase in

excess mortality (&)  due to fires (Al € EnAn
Al E'E € n AR 'E'E £ nXAn ), with the economic cost ofmortality
from fires (in millions of pounds (M GBP)) also shown................c....... 194

Figure 42. PMesfire emissions (Tg day!) across Australia between March 2019 and
March 2020 from the FINN nearreal time fire emission dataset. The
timeseries shows the 2012018 2% and 73" percentiles of daily PMa2s
emissions each day (red) and the mean 262920 daily PMesemissions (blue).
Inset map: Map of PMzsfire emissions (Tg day') across eastern Australia
between March 2019 and March 2020.........cccccceeeeeeiiiiiiieeeieeeee e 223

Figure 43.(a) Observed (black) and simulated (magenta and cyan) dailyean PMb.s
concentrations. Simulations shown are no fires (cyan) and fires (magenta).
The mean PM.concentration from all 64 observational sites across eastern
Australia is shown for the model and observations. (b) The same as above but
for individual cities. The observed (black) and simulated (magenta and cyan)
mean PMsconcentrations are shown for each city. The total number of sites
in each city is also shown on the left of each panel...............cccce.....c. 225

Figure 44. Daily population exposure (in millions) to Australian Air Quality Index
Values across easterfustralia (nudged BL_fires simulation) between
September ® and January 3. More information on how the AQI is
calculated in Supplementary Material: Table 25. Daily populationweighted
bushfire PM2sexposure across lhstates in model domain (red) and regionally
for Victoria (green), Australian Capital Territory blue (yellow) and
Queensland (purple) (nudged BL_firesnudged BL_no_fires simulation)
between Septemberstand January 3T ... 228

Figure 45. Daily population exposure (in million3 to Australian Air Quality Index
Values in individual cities (Brisbane (Queensland), Sydney (NSW), Newcastle
Maitland (NSW), Canberra-Queanbeyan (ACT) and Melbourne (Victoria))
between Septemberstand January 3. More information on how the AQI is
calculated in Supplementary Material: Table 25. Daily populatiorweighted
bushfire PM2s concentration in the cities of Brisbane (blue), Newcaste
Maitland (purple), Sydney (green), CanberraQueanbeyan (yellow),
Melbourne  (grey) and  Adelaide (orange) (nudgedBL _fires-
nudged_BL_no_fires simulation) between Septemberstiand January 3T
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Figure 46. Estimated increase in the number of deaths brought forward across
model domain (red) and the states of Mtoria (green), Australia Capital
Territory [ACT] (blue), New South Wales [NSW] (yellow) and Queensland
(purple) due to PMzsfrom bushfires (fires only) between October ¥ and
January 315t Shading indicates the 95% confidence intervals of the estimate.
The number of deaths brought forward due to bushfire PM(fires only) (red)
between October # and January 3Ftis also broken down by city and region
and the total number of deaths shown above the bars. The estimated number
of deaths brought forward in each state due to bushfire Pis(fires only) (red)
in this study are compared to the Borchers Arriagadaet al. (2020) estimate
(indigo) and Ryanet al.(2021) for the same period..............cceevvveennnnnn 235

Figure 47. Sources of uncertainties within modelling health impacts from wildfire
010 | [U1 7> ] O 261

Figure 48. Median UK (background AURN sites) total accumulated Pisemissions
(ug m?) accumulated over the daily(12 UTC, 20162014) ROTRAJ back
trajectories (4 daysi 15-minute time steps), with a (a) iday (b) 3-day (c) %
day and (d) 14day efolding lifetime, binned by LWT flow directions. Red
circles represent the UK fractional contribution to trajectory accumulaed
PM 2.5 @MISSIONS....cciiieieeieei it eees et eenenssbbs s re e e e e e eeaaaeeas 329

Figure 49. 20162016 daily modelled (cyan and magenta) and observed (blue and
red) PM2.5 concentrations, binned by LWT. Mean (red/magenta), 10th, 25th,
75th and 90th percentiles are shown. The mean modelled (magenta) and
observed (red) PM2.5 concentratin for all LWTs is shown by the dashed line.

Figure 50. Annual mean concentration and anomaly between 202016 for daily
modelled (EMEP4UK) and observed PMs concentrations at AURN
observation sites, binned by LWT. The Pearson correlation (r) is shown at the
top of each @NEl........eieiii s 332

Figure 51. ERArInterim 1200Z mean sea level pressure (hPa 0.5° x 0.5° grid)) with
ERAS geopotential height (m) at 850 hPa overplotted in red for June ¥930"
2018 over Northern England. The black dots represent the location of
Saddleworth Moor and Winter Hill. ..o, 337

Figure 52. ECMWF ERA -Interim 2-m temperature (K, 0.5° x 0.5° grid) for June
19"-30" 2018 over Northern England. The black dots represent the location
of Saddleworth Moor and Winter Hill. ... 338

Figure 53. ECMWF ERA-Interim 10-m wind speed (m sl, 0.5° x 0.5° grid) for June
19"-30" 20180ver Northern England. The black dots represent the location
of Saddleworth Moor and Winter Hill. ... 339

Figure 54, MODI S visible images, from NASAOG:

Saddleworth Moor and Winter Hill fires between June 2%'-30". The locations
of Saddleworth Moor and Winter Hill are indicated in white, while the
locations of Manchester and Liverpool are shown in cyan.................. 341

Figure 55. MODIS fire radiative power (FRP, mW m-2, 0.1° x 0.1° grid) for June
19"-30" 2018 over Northern England The white dots represent the location
of Saddlworth Moor and Winter Hill. ............oooomiiiiieeeeii 343
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Figure 56. Back trajectories from HYSPLIT for the aircraft flight on June 29t 2018.
Trajectories are released from various locations at 25Q0000m heights based
on the aircraft altitude and track during the near-field and downwind sections
of the flight. The path of each trajectory is indicated on the map, while the
altitude above ground level is indicated on the bottom plot................. 345

Figure 57. TROPOMI tropospheric column nitrogen dioxide (TCNQ, 10-5 moles
m-?) measuremens of the Saddleworth Moor wildfire (June 29" 7 30" 2019).
Black and purple polygonoutlined regions represent the TROPOMI total
column carbon monoxide (TCCO) fire plume (>0.03 moles rf) and edge of
plume (0.0250.03 moles n¥). Black dots show pixels whre MODIS fire
radiative power (FRP) is > 50 mW n?. White dots show the location of the
Saddleworth Moor and Winter Hill fires. Blue dots show the location of
Manchester and Liverpool. The box and whisker schematics represent TCNO
sub-sampled under the plume, edge of plume and out of the plume TCCO
thresholds. TCNQz is also subsampled under fire pixels (FRP > 50 mW r?)
and nonfire pixels (FRP < 50 mW n?). Red, green and blue represent the
median, 28" & 75" percentiles and 16" & 90" percentiles, respectivel\349

Figure 58. Total column averaging kernels reflecting the altitude sensitivity of the
CO total column TROPOMI retrieval during the Saddleworth Moor fire days
(June 28M-30" 2018) for three specific location, Manchester, Liverpool and
Saddleworth MOOT. .......eiiiiiee et 350

Figure 59. Facility of Airborne Atmospheric Measurements (FAAM) aircraft path
(hours since 00 UTC) and altitude(m above ground level (AGL)) from the
Saddleworth Moor wildfires on June 29" 2018...........ccceeeeeeieecreeeeenen. 352

Figure 60. Facility of Airborne Atmospheric Measurements (FAAM) aircraft
measurements of nitrogen dioxide (N@ ppbv) (red) and carbon monoxide
(CO, ppbv) (black) from the Saddleworth Moor wildfires on June 29th 2018.
The sections bounded by the red and blue dashed lines represent the néaltd
(NF) and downwind (DW) time phases of the flight. The horizontal purple
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Figure 61. Facility of Airborne Atmospheric Measurements (FAAM) timeseries
observations of carbon monoxide (CO, ppbv) (black) and P& concentration
(ug m3) (red) from the Saddeworth Moor wildfires on June 29" 2018. The
sections bounded by the red and blue dashed lines represent the ndéiaid
(NF) and downwind (DW) time phases of the flight. The horizontal purple
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Figure 62. Box and whisker schematic of Pisaerosol concentration fig m?3) and
CO (right9o @ppdvAdun of plumeo (CO >
blue represent the median, 28 and 73" percentiles and minimum and
maximum concentrations, respectively. NF and DW represent the nedield
and downwind phases of the plume...............cccooiii 357
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Figure 63. Aircraft transect representing the fire plume the neaifield (NF) flight
segment. Red crosses represent where the aircraft wasa mp | i-mplgu mé &
air defined as CO concentrations > 125 ppbv. The plume width is
approximately 4482 m and the plume thickness is approximately 52 m,
representing an approximate rectangular crossection........................ 359

Figure 64. 1ASI total column carbon monoxide (TCCO, 1018 molecutecni?) for
June 28" - 30" 2018. Daily background concentrations have been subtracted
based on the 10°W, 5556°N average sukregion column value. The black
circle representations the location of the Saddleworth Moor fires....... 361

Figure 65. Area over which scaling was appliedblue) to FINNv1.5 emissions for
use in WRFChem simulations over plotted on peat coverage in domain (Xu,
ELal, 2018). . iiiiiieiiiiiiiicc ettt rra e e e e e e e e e 368

Figure 66. Hourly observed and simulated surface Phkbetween June 18 and July
14" 2018. Modelled values are from the no fires (green), rexaling (yellow),
10x scaling (cyan) and timevarying scaling simulations (magenta) (see
Manuscript: Model Evaluation and Table 8). Observations from AURN sites
are indicated iN DIACK. .........oooviiiiii 369

Figure 67. (a) Timevarying scaling, (b) 10x scaling and (c) no scaling simulated and
observed hourly PMzsconcentrations at all sites. Individual sites are shown in
(d-f), with the mean for each observational site between June 16 July 14"
2018 indicated by coloured crosses. The 1:1, 0.5:1 and1:0.5 lines are shown for
reference. The mearcorrelation coefficient (r), mean bias (MB), normalised
mean bias (NMB) and root mean squared error (RMSE in pg m) across all
sites for the simulation period (June 187 July 14" 2018) are also indicated in
(6= ) 2 () PSSP 370

Figure 68. Areas of low (835 pg m?), moderate (3653 pg n3), high (5470 pug m?d)
and very high (>71 pg m®) PMzs, as defined by the Daily Air Quality Index
(DAQI). Coloured numbers correspond to total number of people exposed to
each DAQI level on each day. Saddleworth Moor (SM) and Winter Hill (WH)
are indicated by black triangles, while highly populated urban areas are
indicated by black circles and abbreviated in line with definitions in Figure
65. See Table 13 for more information on the DAQL............cooevvvvennnns 375

Figure 69. Areas where PMsis above the WHO 24hour limit of 25 pg m2 and total
population exposed to PM:sbelow (green) and above (red) this threshold on
each day between June 28and June 30" 2018. Saddleworth Moor (SM) and
Winter Hill (WH) are indicated by black triangles, while highly populated
urban areas are indicated by black circles and abbreviated in lie@ with

definitionNs IN FIQUIE 65........ooiiiiiiiiiii e 376
Figure 70. Daily mean percent increase in Pbkdue to fires between June 28 and
June 30" 2018. Calculated as, H 83 »gvVv

L 8 d-wygii gl ®dog i pyg v, where 10% represents a 10%
increase in PMs. Saddleworth Moor (SM) and Winter Hill (WH) are
indicated by black triangles, while highly populated urban areas arendicated
by black circles and abbreviated in line with definitions in Figure 65.. 377
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Figure 71. Areas of low (835 pg m?), moderate (3653 pg m®), high (5470 pug m?d)
and very high (>71 ug m®) PM2s as defined by the Daily Air Quality Index
(DAQ) in the no fires simulation. Saddleworth Moor (SM) and Winter Hill
(WH) are indicated by black triangles, while highly populated urban areas are
indicated by black circles and abbreviated in line with definitions in Figure
38. See Table 13 for more information on the DAQI...........cccccceeeeeennnn. 378

Figure 72. Comparison ofFINNv1.5 and FINN near-real time (NRT). 20162019
FINNv1.5 PMzsemissions (red) and 2012020 FINN near real time (NRT)
PMzsemissions are plotted against MODIS hotspots. The linear fit for 2010
2019 FINNVL1.5is Shown in DlU........ccovvviiiiiiiiiiii 392

Figure 73. Annual fire PM2.semission estimates for Australia in 2019. The five key
fire emissions datasets are shwn: GFED, FINN, GFAS, QFED and FEER

(Liu, €t al.,; 2020)......uuuuiiiiiiiiiiiiiiiee ettt rmmne e 393
Figure 74. Ground-based observational sites used in model evaluation of daily mean
PM2.5CONCENTIALIONS........cevviiriieiiieee e e e e ceeetiir e e e e e e e e e e e e e ennee s e e e e e eeeeees 394

Figure 75. Comparison of PM.sconcentrations from model sensitivity simulations
with PM 25 observations from 80 observational $es across easterfustralia.
The fires, no_fires, plume_rise and scaled_1.5 simulations, in which all
meteorological variables above the BL were nudged, while within the BL only
horizontal and vertical winds were nudged. In the fires and scaled 1.5
simulations fire emissions were released evenly through the BL, while in
plume_rise the plume rise module was used. The fires and plume_rise
simulations used FINN NRT emissions and in the scaled 1.5 simulation these
emissions were scaled by 1.5 in Australia. Inthe nudged BL,
nudged BL_no_fires and nudged BL scaled 1.5 simulations nudging was
performed for all vertical levels and all meteorological variables. The
nudged_BL and nudged_BL_1.5 simulations used FINN NRT emissions and
in the nudged BL_1.5 simulation hese emissions were scaled by 1.5 in
Australia and fire emissions were released evenly through the BL. In both the
no_fires and nudged_BL_no_fires simulations no fire emissions were released.

Figure 76. Comparison of daily mean PMsconcentrations from model sensitivity
simulations with PM2s observations from 80 observational sites across
easternAustralia. Observations are shown in black, nudged BL_fires in
magenta and nudged_BL_no_fires in cyan for each site....................400

Figure 77. Monthly mean modelled PMsconcentrations across easterfustralia
from the fires (nudged_BL _fires) simulation. Monthly mean observations are
OVEr PlOttEd......eevieiiiiiiiiiiiiee e A0

Figure 78. Monthly mean percentage of Pisattributable to fires, calculated as
L el »vml*! 8 - <} »iglvs | »gpimg the nudged_BL_fires
and nudged_BL_no_flres simulations. Monthly mean PMs concentrations
from the nudged_BL_fires simulation are also over plotted in contours for
(] (=T (= o = U S 402

Figure 79. Monthly mean percentage increase in P attrlbut_able to fires,
calculated as|fd 8 | v gl 8 = <J|i »lalv8 - | »gsmg the
nudged_BL _fires and nudged_BL_no_flres simulations...................403
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Figure 80. Daily population exposure to Air Quality Index Values across eastern
Australia between September $and January 3Ftin the nudged_BL_no_fires
simulation. More information on how the AQI is calculated in Table 25104
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Chapter 1 - Introduction

Motivation

Exposure to ambient air pollution has been shown to increase mortality, as well as shorten life
expectancy United States Envimamental Protetion Agency (USPA), 2009) World Health
Organization, 2005)Within the UK air quality is the largest environmental health risk,
contributing to chronic illnesgDepartment forlEnvironment Food & Rural Affairs, 2019)
Health is adversely affected through both exposure to-ggronthigh pollution evenisuch as
long-range transport or a wildfireand bngterm lowerlevel pollution from ambient
concentrations(Department for Environment Food & Rural Affairs, 201@pngterm
exposure to ambient PMin the UKresultsin more than 29,000 premature deaths each year
(Committee on the Medical Effects of Air Pollutants, 2040y leads to a reduction in kfe
expectancy of -B months(Department for Environment Food and Rural Affairs, 200he

main econmic cost of air pollution stems from the adverse health impacts of population
exposurago PMpsand is estimated to be between £8.5 and £20.2 billion eackBegaartment

for Environment Food and Rural Affairs, 200R)is estimated that if no additional measures
are implemented, on top of current targets, the economic cosemgiin high, a£6.2 to£14.7
billion in 202Q and average life expectancy will continue to be reduced, by 5.5 months

(Department for Environment Food and Rural Affairs, 2007)

The concentration of air pollutantgries in space and time, meaning that the air pollutant
concentrationsvhich a population is exposed to at any one location is affectesetgral

sourcegFigurel):



B LOCAL
EEN LRT
B EVENTS

Air Pollutant Concentration

Time

Figurel. Schematic profile of source contributions to air pollutant concentrations at :
location. Local emissions, which determine the backgrocmacentrations, in gr
(LOCAL), longrange transport of regional and international emissions, in m.
(LRT), and emissions from events such as fires, in cyan (EVENTS).

1) Local emissionssuch as those from traffic or power generation
2) Longrange transpo of nontlocal (regionalor internationglemissions

3) Sporadic events, such as wildfires.

Additionally, othersecondaryactors can interact with these sources to enhance or decrease air

pollutant concentrations, including:

1) tropospheric chemistrighrough theproduction osecondary pollutanend the removal
of primary and secondary pollutapts
2) meteorologythrough accumulatioand removaprocesses

3) topography (through accumulatiand removaprocesses

Thesesecondaryfactorsvary both spatially antemporally(Vallero, 2014) Theefore,their
relative contributions vary throughout the year on monthly, daily and hourly timesaates
also vary between different pollutanthis leads to@ncentrationgndpopulationexposuren
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a specificlocation being influenced by a range of souraed factorsat different scales and
magnitudes Kigure 1). The complexity of thetemporal and spatiabariability between
emissions, secondary factors and concentratioeans that it is challenging to untangle the
drivers of high air pollutant concentration3.his inhibits effective legislation to reduce
population exposure over both shoand long time scalessince Ioth longterm and shott

term exposure tair pollutants have a measurable impact on health. In ordexdiace the
negativehealthimpactsof air pollution by halfthe UK Governmentset stringent emission
reduction targets for 2020 and 20@epartment for Environment Food & Rural Affairs,
2019) However, h order to achieve these targat203Q an improved understanding the
sources bpollutants and their relative contribution to concentrations at a given location are

vital in providing a robust evidence base.

1.1 Air Pollutants

Air pollution can be defined as any natural or rmaade trace constituent that has a measurable

effect on humas, animals, materials or the natural environment betwsgssion and removal

(Seinfield, 1986) Pollutants can exist in gaseousttigalate (aerosol)or semivolatile form.

They can either be directly emitteas ¢orimary pollutant$ |, or formed thr ouc
between primary emissiorafter they have been released into the atmospharewn as
Gecondanp o | | u Primarypslldtants include sulfur dioxide (SI) nitrogen oxides (N©

which includes NGand NQ), carbon monoxide (CQammonia (NH) and particulate matter

(PM) (Figure 2) (Public Health England, 2018)These are emitted from a range of
anthropogenisources, shown iRigure2, but can also be emitted fromatural sourcesuch

asdeserts and oceans



| %4 Public Health England Health Matters

Sources of air pollution

Manufacturing industries
: and construction
Energy industries M. INO Industrial Reslidentlal and small-scale
PM,, | NO, NH, 16.1% | 15.6% . 0.7% | 2.4% ncusinal processes commerclal combustion
3.3% | 22.4% L PM,, |NO, SO, |NH, PM_, |NO_ SO, NH, |NMvVOC
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Non-road tranport

PM, ) S0, NH ! | = . , | NH NMVOC
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| Road transport
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S0, - Sulphur dioxide NH, - Ammonia NMVOCs - Non-methane volatile organic compounds
NO_ - Nitrogen oxides PM, , - Primary particulate matter
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Pollution substances:

Figure2. UK anthropogenic air pollution sources sectors. The fractional contribution of each
pollutant to emissions from dacsector are shown as a percentage (white) and the
dominant air pollutant of each sector is indicated (oran@®)blic Health England,
2018)

Secondary pollutants include nitrogen dioxide gN@zone (@) and several species of PM
including ammonium sulfatdNH4NOz) and ammonium nitrat€NaNQs). Once emitted,
pollutants generally exist as trace constitueht®vever concentrations can vary greatly
spatially and temporally depending on emission, chemical transformation, transport and

removal processes



1.1.1 Atmospheric Particles

Aerosol particlesre suspensions of solid, liquid, or mixed parti¢lagtaud, et al., 20107 hey
are very variable in chemical composition &ade a wide range of sizekependent upon their
formation(Figure3). Particlexan be separated infour distinct modes based on their particle
diameter: the nucleatiorAitken, accumulation and coarse modgsgure 3). The patrticle
diameterssourcesformation growthand removabf each of these particle mode®shown

in Figure3 andTable 1. Table1 also gives the number/mass concentration and atmospheric

lifetime.
gaseous aequous haze mineral dust pollen, bacteria, spores
precursors nano particles soot particles smoke particles volcanic ash plant debris
(H,SO,,...) seasalt - cloud droplets
- _‘“LdSaE."’.'_‘ _____ condensation -> condensation > condensation  _ _ _ _ _ _ _ _ _ _ _ _ _ __ >
: ' oagulation > coagulation > coagulation > coagulation
H;50, evaporation abrasion
NOE " '>" HE. X 2~ — = T T T e T T T T s s s s s s
NO;
S R e A Activation as
;‘:;"pr{::e‘ nucleation- accumulation- Cloud Droplet
reactions mode mode

| | | ] |
Particle Diameter[nm]

Figure3. Schematic mulkmodal particle size distribution. The four key size modes are labelled
i 6nucl eati oné, OAi tkend Oaccumul ationd
example particle types within each mode are also stipentscher Wetterdienst, 2017)



Tablel. Overview of aerosol modes showrFigure3 (Willeke, and Whitby, 1975)

Aerosol Mode | Particle | Formation Growth Removal Number Atmospheric
diameter Processes Processes Concentration  Lifetime
(um) / Mass
Nucleation <0.01 Nucleation Gas to particle Growthto High number
conversion larger modedy = concentration
(condensation: condensation <1 hour
) and coagulation Low mass
Aitken <0.1 Condensation Coagulation = Growthto High number
and larger modesy = concentration
coalescence = condensation A few days
and coagulation Low mass
Accumulation 0.17 2.5 | Condensation/ Collision of Inefficient Low number 1-2 weeks
particles, removal and concentration
coagulation  condensation | slow growthto
of gases onto larger modes ~ High mass
particles
Coarse 2.5 Condensation/ Coagulation = Sedimentation | Low number Hours to days
concentration
10 coagulation
High mass

1.1.1.1 Particulate Matter

Thethreelargest aerosol modéaitken, accumulation and coarg¢Eigure3 andTablel)) are

oftenused toclassifyparticulate matter aerosol (PM)ased on particle diamet&M is split

into the ultrafinefraction diameter 0.1 um),the fine fraction (diameter0.1 um and 2.5

pum i PM2s) and the coarse fraction (diamet&d.5 um but 10 umi PMig) (Figure3 and

Tablel). ThoughPM is generally classifieby its size, the composition and shap@bfwithin

each size fraction can vary greaffeinfield, et al., 2016pased ommany factors including



emission sources, secondary formationmeteorology and geograph{Department for

Environment Food & Rural Affairs, 2019)

The size of PM and duratiori exposure are key in determining the potential adVeusean
health effects. Generall{?Muois too large to be respirable so is deposited in the nose or throat
(Figure4). However, PMsis small enough to be inhaled deep into the luwhere it can have

a negative impact on healfRigure4, Figure5). PM1 can penetrate into the alvedinrough

the broncioles(Figure4) and PM..can crosshroughthe capillariesin the alveolawallsinto

the blood(Figure4).

Figure 4. Particulate matter size and penetration into the l@gan Fuels Development
Coalition, 2019)

Thestrongest epidemiological evidence is associated with exposurexto(FRltrison, et al.,
2004; Pope III, 2007; Pope 1, and Dockery, 2006; Public Health England,. EX{®)sure to
PM:is associated witincreases in morbidity and mortalitgver short and longjme scales
(GBD Collaborators 2015, 201qJFigure 5). The eacerbation of asthma and respiratory
inflammationis shown to be associated wishortterm exposure(Public Health England,

2018)(Figureb5). Long-term exposure is associated withreases ieart disease, stroke, lung



cancer and lower respiratory tract infecti@®BD Collaborators 2015, 2017; Pope I, and

Dockery, 2006)
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Figure 5. Dominant UK primary PMs emission sourceand health impact mechanisms
(Department for Environment Food &uRal Affairs, 2019)

1.1.2 Atmospheric Gases

1.1.2.1 Nitrogen Oxides

Nitrogen oxide (NQ) is formedof two speciesNitric oxide (NO) and nitrogen dioxide (ND

andis produced during the combustion of fossil fuels (in 2017 99%@f was from the

combustion of fuelsNational Atmospherdemissions Inventory, 2017aRoad transport

(~34%), other forms of transportl§.86) and power/eneygproduction (2%) dominate

emissions(Figure 2) (National Atmosphere Emissions Inventory, 2017a; Public Health

England, 2018)In the transport sector emissions are largely from diesel vehidiésh emit

a larger fraction of N@ (between 1% and 70% of total NQ emissions)(European



Environment Agency, 2013Alongside this, total NQemissions are higher for diesehicles

(European Environment Agency, 2013)

NOx emitted as NQ can interconvert to form N{and back to NO) very quickl{~100s)
(Department for Environment Food & Rural Affairs, 2018his occurghroughthe reaction
with ozone (@) (Equation(1)) and thephotolysisof NO2 by sunlight to return to NQEquation

(2)). This process leads a net null reaction to +imrm Oz (Equatian (3)) (Wood, et al., 2009)

66 0 0005 0O (1)
00 ®I1 tmnhi o660 6 O 2)
66 6 06006 b ©)

Hydroperoxyradicals (HQ) and organic peroxy radicafRO,) can also oxidis&NO to NGO,
(through the reactions ikquations(4) and (5)), leading to @ formation through NQ
photolysisin the daytimgEquationg2) and (3)XWood, et al., 2009Figure6). Typically >
95% of NQ formed(Equationg4) and(5)) undergoes photolysis, leading to the production of

Oz (Wood, et al., 2009)
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NOx emissions have reduced by 72% since 1990 due to reductions in emissions from all sectors.
In the road transport sector the introduction of catalytic converters (77% reduction) and tighter
regulations in production of new vehicle engines (Euro standaed® reduced emissions
(National Atmosphere Emissions Inventory, 201 7&pough, reaworld emissions are higher

than in ldoratory tests and also higher than emission stand&uw®pean Environmen
Agency, 2017a)in other transport typesmissions have halved due to reductions in emissions
from vehicles and changes in fuel types in shipping. Power/energy emissions have also been
reduced by >75% due to the combination of better emission comtoiced fuel oil usage and

reduced kiln emission®National Atmosphere Emissions Inventory, 2017a)

Despite reductiogin NOx emissions, the UK is currently in breach of the It for 24-hour
NO; concentrations of 200 ug#in two cities and in breach of the annual mean limit (40 pg
m=) in 37 cities. As a result, the UK has béaken to court over failures to meet these targets,
which should have been met by 20T8is is as a result of population exposure to;€ing
shown to cause respiratory irritation and inflammatiehich can leadto lower resistance to
respiratory infections such as bronch{fiblic Health England, 201.8)he Department for
Environment Food & Rural AffairsDEFRA) estimates that in areas exceeding the EU legal
limit 80% of NO emissions are from transport (largeligselcars and vangDepartment for

Environment Food and Rural Affairs, 2017)
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1.1.2.2 Carbon Monoxide

Carbon monoxide (Cls a tasteless, colourless and odourless gas reldasad incomplete
combustion in vehicles, wildfires and biomass burning, as well as some industrial activities.
CO is associated with negative impacts on human health, passing into the bloodstream and
replacing oxygen on haemoglobin, thus reducing oxygeake. If exposed to high enough

CO concentrations (>700 ppmv) this can lead to death through suffocation, however ambient
concentrations are much below this atH® ppmv. CO is also associated with ozone

formation in rural areas where N@bncentrationsrelow (Figure6).

The largest CO sourar the UK in 2017 was residential combustion, accounting for 25% of

t he UKOs t @Natoohal Admosplsese Emissions Inventory, 2017&)s represents

a doubling in contribution since 1990 and is due to much more rapidti@®it emissions

from transport (from 65% in 1990 to 16% of emissions in 2017) and industry. These reductions
have been driven by the transition from solid fuels to cleaner fuels, such as gas and eglectricity
and decline in the metal industries. The ek#¢ct has been total CO emissions reducing by
79% since 1990. This is in line withe aim ofmeeting the EU limit on CO concentrations of

10 mg m?, which the UK has met since 2005.

1.1.2.3 Non-Methane Volatile Organic Compounds NMVOCs)

Non-Methane Volatile Organic Compounds NMVOCSVOCs) are carbon containing
compoundghat vary extensively in chemical composition but exhibit very similar behaviour
in the atmospher@ational Atmosphere Emissions Inventory, 201 H)Cs are emitted from

a wide range of sources, including combustion and vapours from solvents/phadkey
sources of VOCs aréé¢ industry, transport, fossil fuel extraction, agriculture and residential

sectors(National Atmosphere Emissions Inventory, 2017dpwever VOCs can also be
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naurally emitted by vegetation (Biogenic VOCS (BVOC&arlton, et al., 2009; Kroll, and
Seinfeld, 2008; Scott, et al., 2014)nce in the atngphere,VOCs areinvolved in the
formation of secondary air pollutants, such aaisecondary organic aerosols (SO8PAs

are formed when VOCs are oxidised to form lower volatility prodti@scan partition into

the aerosol phag&cott, et al., 2014)0z is formed as a result of photochemical reactions of
VOCs in the presence of nitrogen oxides (Neat and sunlighfEuropean Environment
Agency, 2016)Some VOCspeciesare directly associated with negative health impacts (e.g.
benzene) due to being carcinogegiNational Atmosphere Emissions Inventory, 201 Tither
VOCs are associated withegative health impactdue totheir role in forming secondary
pollutants in the atmosphefe.g. Os and PM ) (Atkinson, et al., 2016; Jerrett, et al., 2009;

Pope lll, and Dockery, 2006)

1.1.2.4 Ammonia

Ammonia is a gashat is emitted largely by agricultural processeg.(87% of the total
ammonia in 2016) such as manure, slurry f@ntilizer storage and spreadiiiDepartment for
Environment Food & Rural Affairs, 2019Figure 2). The remaining 12% of ammonia

emissions arsplit equally between other emissismwircegFigure?2).

Ammonia has an important role in a range of environmental issues such as nitrification,
eutrophication, acidificatioffiNational Atmosphere Emissions Inventory, 2017dpngside

this, ammonia is also indirectly linked to the health impacts of exposure i@ € to being

a precursospeciedn theformation ofsecondary K. The atmospheric lifetime of ammonia
increases from a few hours, as a gas, to a few weeks, as a pargel@g ammoniais
importanton both local and regional, even national, scédepartment for Environment Food

& Rural Affairs, 2019)
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In contrast to emissions of primary Rk which decreased by 55% between 1990 and 2017,
emissions of ammonia only decreased by 13% between 1990 and 2017. Hawereehas

been a trend of increasing emissions from 2015 to present. The increase has been attributed to
increased cattle emissions and spreading resulting from the widespreadethausasof
anaerobic digestion for nemanure wast@National Atmosphere Emissions Inventory, 2017a)

As a result, agricultural emissions of ammonia have been identified to be drivers of several of
thehigh PMb.sepisodes ithe UK inrecent yearéVienoet al, 2016; Viencet al, 2016; Public

Health England, 2018)

1.1.2.5 Secondary PM.s

Secondary PMs (ammonium/sodium nitratdNHsNOz/NaNQ;) and ammonium state
(NH4SQy)) contributes to between 50 and 75% of toldK PM.smass in ambient and high
pollution conditions. These secondary PM species are formed from the mixing of precursor
emissions of Nkl SG& and NQ in the atmospher@Air Quality Expert Group, 2005)The
reactions involved in PM formation are predominantly inorganic in nature, complex and
compete with each othefSharma, et al.,, 2007)They depend on solar radiation and

meteorological factors such as relative humidity and temperature.

The mechanism forming dake and nitrate species of Phare described below Bquations

() - (10) (CENR, 2000)

1.1.2.5.1Sulfate PM species

Sulfur dioxide (SQ) is created during combustipthroughthe oxidation of sulfurSQ is
subsequently oxidised by the hydroxyl radical (Qélform sulfuric acid (HSQu) (Equation
(6)). Sulfuric acid can then react with ammonia (kb create ammonium sulfat@NH4)2S Q)

(Equation(6)).
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1.1.2.5.Nitrate PM species

The formation of ammonium nitrate is shown in Equa{@®n Nitric acid (HNQ) is formed

when nitrogen dioxide (N§) reacts withthe hydroxyl radical (OHJEquation(8)). Ammona

(NHs) and nitric acidHNOgz) can then react on prexisting particles to form ammonium nitrate
(NH4NOs) (Equation(9)). As a resultammonium nitrate is associated with an increase in
overallPM massputnot an increase in number density. Ammonium nitisge semivolatile
species meaning it can readily transition between the gas (ammonia and nitric acid) and
particulate phasGammonum nitratg. The phase change of ammaminitrate can occur over

minutes to hours, dependent upon atmospheric cond{@onQuality Expert Group, 2012)

Finally, the formation of sodium nitra@aNGs) (Equation(10)) requires nitric acid (HNg)
and sodium chloride (Naflas precursor emissions. This reaction forms sodium nitrate

(NaNQs) as well as hydrochloric &t (HCI) (Rossi, 2003)

6o 0O 0 ©° 000 U (8)
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The formation of ammonium sulfate (Equati¢@)) is favoured overthe formation of
ammonium nitrat¢Equation(9)). However, where sulfate concentrations are low and nitrogen

oxide concentrations are high ammonium nitrafermed preferentialfCENR, 2000)

1.1.2.6 Ozone

Tropospheric pone(Oz) is agaseousecondary pollutant, formed iphotochemicateactiors
between precursor emissiooscarbon mongide (CO), methane (CHandVolatile Organic
Compounds (VOQsin the presence ofitrogen oxides (N&), heat andsunlight(Crutzen, et

al., 1999) TropospheridOs precursors are largely emitted from the transport, industrial and
chemical sectorsthoughVVOCs are also emitted byatural sources (vegetationNational
Atmospheric Emission Inventory, 2018&)ithough emission sourcase predominantly located

in urban aregdNO- can be transporteaway from sourceregionsto rural areas, leading to

ozone formation downwind.

15



Oz formation

The various mechanisms fvopospheric @formation(Figure6) will be discussed below.

Chemical Chemical
Troposphere production loss
4500 Tg y’ 4000 Tg y?!
e Ho2 RO, | €0, 0,
/ /-\ aSunllght Sunhgfr\
NMHCs, NO,
e ‘\/U \/
Emissions

Deposition
1000 Tg y!

Figure6. Schematic of the annual tropospheric ozone budget from a global chemaisgyort
model. Data is taken froenman, et al., 2007Adapted fron(Centre for Ecology and
Hydrology, 2016)

TroposphericOs is formed by the oxidation of CO, GHaind VOCs (also known ason
methane hydrocarbons (NMHJ Dy the hydroxyl radical (OMin the presence of nitrogen
oxides (NQ) (Figure6). This leads to the formation bfydroperoxylradicals (HQandROy),
which can then react with NO to form N@igure6). Finally, NO2is photoysed to form G,

leading to net @production(Wood, et al., 2009)

However theformation oftropospheridOs is highly nonlinear, dependent upon the relative

amouns of NOx and VOG in a given locatiofMonks, et al., 2015)
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Figure7. Tropopheric ozone mixing ratio (in parts per billion (ppb)) as a function of VOC and
NOx emissions. Regions of (A) highOy (Os titration), (C) highVOC (Oz loss) and (A
C, B-C) efficient conversion of NIO> to then form tropospheric {with increasing
NOx and VOC emissiongArchibald, et al., 2011; Monks, et al., 2015)

1) In VOC-limited regimes (highNOy, low VOC) (Figure7 (A)) Os formation is inhibited
by the availability of VOCs. Riere is a null @cycle, due to thétration of Oz by high
levels of NQ, and therefordNO, to form NG. NOzis then photgtsed to form @
(Equation(1)). In this regime, NQ@is reduced over time as it onverted to HN®
through the reaction with OH and then washed out.

2) In NOx-limited regimes (low NOx, high VOQ (Figure7 (C)) Oz formation is inhibited
by the availability of NQ. Here, ret O loss occurs through the reaction with HO
form OH (Figure6).

3) Os production is mosefficient in high NQ, high VOC regimegFigure7 (B)) due to
an abundance of VOCs and N form hydroperoxyl radicals (H@&ndRO,), which

can convarNOto NO; (Figure6). In this regime NQis a catalyst to @production.
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4) In regimes between theséetrelative contributiorof both VOC and N@emissions
must be considered in order to achieve reductions 4n This is becauseOs
concentrations do not decrease linearly with VOC and @&t@ission reductiong-or
example, reducing VOC emissions in a highxN€gime would lead to an increase in

Os mixing ratios(Figure7).

The dependence tbpospheri®s formation on sunlight and heat means ozone is a spring and
summer pollutant. As a result of the complex formation cycles, dependent on the relative
amounts of precursor emissioffSgure 7), reductions in @can be difficult to achieve by
reducing a single precursor in isolation. This is important because human expd3sifeao

been shown to be associated with inflammation of the respiratory trasf,r@mge and throat

and longterm, chronic exposure has been linked to increased mortédltgpartment for

Environment Food and Rural Affairs, and Department for Transport, 2017)

Alongside this, @can also causewiderange ofdamage to crops and other vegetatioough
stomatal conductance during photosynthéBimberson, et al., 2018This can lead to cell
damage during respiration and leads to plant leaf damasjble via discolouration, and
subsequent reductions in photosysis(US Enviromrmental Protection Agency, 202(s a
result, plant @exposure can lead to reductions in the quality and quantity of crop yields

(Emberson, et al., 2018)

Os removal

The dominant source ofzdoss in the troposphere teroughphotolysisin the presence of
water vapoupr with the hydroxyl radical (OH) arttiehydroperoxylradical(HO.) (Figure6).
Oz is photolyzedo form molecular oxygen () and 6 e x c i IDP.dheexkitgdy e n 6

oxygen atonsubsequety reacs with water vapour (ED) to formthehydroxyl radical (20H).
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TropospheridOz can also be removed by OH and Fl@ough these mechanisms of removal
generally account for a much smaller fraction of the total @ezink(Tadic, et al., 2020)n
urban environments where NEoncentrations are higlhe removal o3 by NO dominates.
Here, Q is quickly removed through titration with NO (Equatig)). This leads to very low

Osconcentrations and high N@oncentrationg urban environmentd-igure7 (A)).

1.2 Physical Atmospheric Processes

1.2.1 Removalof Air Pollutants

The removal of air pollutantsas a strong influence @ollutantlifetime and therefor@lays a
crucial role indetermining whether pollutants are subjectaing-range transportRemoval

occursthrough both wet and dry deposition

1.2.1.1 Dry Deposition of Air Pollutants

Dry deposition is the removal of gasand particles from the atmosphere in the absence of
precipitation(Seinfield, et al., 2016Particlesand gasesater ansf erred t o t he |
by turbulent fluxes toward the surfacehe efficiency of dry deposition tetermined by the

deposition velocity, which is a function of turbuler{earrison, 2014; Seinfield, et al., 2016)

The key processeasghich affectthe depositionof particles and gasese:

1 The shape and surfa@nd the species reactivityf aerosol particles affects the
efficiency of dry depositiorfHarrison, 2014; Seinfield, et al., 201&enerally, high
levels of turbulence and rougher, less spherical particle surfaces lead to increased
deposition(Seinfield, et al., 2016)

1 The efficiency of dry depositioof gasess affected byurbulence andpecies reactivity
(Harrison, 2014; Safield, et al., 2016)In general higher levels of turbulence and

higher reactivity of gases lead to increases in depog@eimfield, et al., 2016)
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Aerosol particlecan also beemovedthrough sedimentatioas they grow to larger sizes
causingthe massof particles to increas@igure 3). Growth reducesthe likelihood of the
particle remaining airborne and they eventually fall out of the air (sedimentétalro,

2014) This process occurs continuously in the boundary layer due to turbulent fluxes.

The time taken for differengarticulatespecies to be removed through dry deposition varies
but for some species, such as sulphatkeratnate, it is large enough (~5 days) to allow for their

transport over long distances to oc@idarrison, 2014)

1.2.1.2 Wet Depositionof Air Pollutants

Wet deposition of air pollution occurs when rain (or snow, hail etc.) resubsical species

from the atmosphere. The process occurs in three steps:

1) The species of gas or aerosol cenmo contact with precipitation iacloud or when
rain is falling
2) The speciess scavenged by a hydrometeor in precipitaboformsa cloud drop

3) The speciess deposited at the surface, thus removing it from the atmosphere.

Large, soluble aerosol particles are efficiently scavenged by precipitatieaning wet
deposition significatly reduces their atmospheric lifetinjelarrison, 2014)However, this

process igpisodic in nature.

1.2.2 Dispersionof Air Pollutants

1.2.2.1 Impact of Meteorology
Once emitted into the atmosphere, pollutants move away from the emissicais@plume
in the direction of thenean windHarrison, 2014)As the plume moves away from the source
cleaner air is entraineteading toan increase in plume size aadlecrease in concentrations
within the plumeover time (and therefore distance). However, the dispersal of pollutants within
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the atmosphere varies spatially and temporally. Conditions can vary between the effective
dispersal of pollutantéandlower concentrationsand conditions inhibiting dispewsi (thus,
accumulation and higher concentratipnSeveral key processes control the dispersion of
pollutants in the vertical and horizontal. Atmospheric stability controls the vertical movement,

while wind speed and direction control therizontal movemat of pollutants

1.2.2.1.1Atmospheric Stability

The stability of the atmosphere is determined by the vertical temperature gradient (Jacob,
1999). The vertical temperature structure of the atmosphere is controlled by solar heating of
t he Eart hos bangedimtbeevertical strucsure rofgthe atmosphere close to the
surface(boundary layergiurnally and seasonalliHu, 2015) The boundary layer grows in
height during the day due t o ssoHigaerinsuemaer i n g
than winter for the same reasdsince temperature changes wihanges in height (and
therefore pressurg potential temperature is often used to describe the evolution of the
atmosphere with heighlPotential temperatulg) can be defineds the temperature of a parcel

of air if it were returned to 1000 hRethout any heat transfer between the parcel and its
surroundingsddiabatically, allowing for easy comparison tfmperature at different heights

The structure of the boundary layer can be charactemssti basicallyy three stateshown

in Figure 8.
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Figure8. Examples of stability and instability in relation to air pateghperatures (adapted
from Nugentet al.(2019).

Potential emperature can either
1) increase with heighinversion conditions{ —F: )

In an unstable atmosphere, thetentialtemperature of an air parcel is higher, and density
lower, than the surrounding air (due to solar heating). This ledls tir parcetising until it
reaches a region in the atmosphere where it is in equilibmatimthe surrounding environment.
These conditions promote turbulence and dispersal of pollutants, therefore decreasing

concentrationgDepartment of Environmental Affairs and Tourism, 2018)
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2) decreasavith height(lapse conditions) —F: )

In lapse conditionsastable atmosphere), the potential temperature aof @awecel is théower,
and density higherthan its surroundingsThe air parcel Herefore remains at the surface
resisting movement upwardsThis would lead topollution accumulation andncreased

concentrations at the surfa@epartment of Environmental Aifa and Tourism, 2018)
3) be constant with height (isothermégh )

Finally, in a neutral atmosphei@n air parcelvould remain at the same height it was released
becaus¢hepotentialtemperature ahe air parcelvould bein equilibrium with the surrounding
environment(Department of Environmental Affairs and dresm, 2018) If emitted from a

stackthe parceilvould remain at the same pressure/heigivsemitted at.

Thus, inversion conditions inhibit stability, while lapsed isothermatonditionsgenerally
favour stability. The stability of the atmospheegiesthroughout the year and the daye to
seasonal and diurnal variations in solar heathhg, 2015) Generally,the boundary layersi
more stable in the winter than sumnaedmore stablat nightand the early morninthanin

the middle of the day.

1.2.2.1.2WNind Flow

Wind speed and direction govern the horizontal movement of pollutants \aithjdacob,

2000) Increases in wind speed lead to increased dispersion of pollutantsywiiléirection
controls thecourseof pollution transportLargescale vind is caused by atmospheric pressure
gradients and so varies with space and time. At the synoptic scale, pollution dispersion is

controlled by high and loypressure systems.

High-pressure systems agenerallyassociated with

23



1 the subsidence of air and therefore stable condijtieitis generally Ight winds.

1 reduce pollutant dispersal and incr&sdpollutantconcentrations locally.

Low-pressure isisuallyassociated with

1 rising air and instabilityvith increased wind speedsie tolargepressure gradients
1 improved pollutant dispersal and often wet deposition, leading to lop@iutant

concentrations.

Locally, thetopography of th& a r tsunféce can affect wind direction and speed. Examples
of this include sea breezes, urban heat islands and mechanical tieldesed by buildings
(Cheremisinoff, 2002)This can have an impact of the concentrations of pollugtdsal and

regionalscales.

1.2.2.1.3Long-range transport

The longrange transport of pollutants is linked to both atmospheric stability and wind flow.
Usually plumes of pollutants are releagest aboveahe surfacewithin the turbulent boundary

layer, so that pollutants are dispersed but do not travel far from the source before being
deposited at the surface. Howevéithie height at which a plume of pollutants is released is
above the heighdf theseconvective and turbulent processes, it is capatiiiavel for hundreds

of miles in favourable windand weather condition%allero, 2014)

The longrange transport of air pollutants was not known about Un&ill®60s when scientists
discovered that air pollutants emitted thousands of kilometres away were a significant
contributor to acid rain in the northern hemisphé&heited Natons Economic Commission for
Europe, 1979)This led to the establishment of the Convention on LlRagge Transboundary
Air Pollution (CLRTAP), which sought to create ung&nding that air pollution can cross

borders(United Nations Economic Commission for Europe, 197%)e key air pollutants
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identified to be subject to loaginge transpomvere SO, NOy, tropospheric @and PM. This
is because the lifetimes tiiese specieare large enoughd@ys to weeRsfor them to be
transported over large distancesder favourable meteorological conditions. The long
atmospheric lifetime of Phk means that, on an annual basis, lomgge transport has a
significant contribution (20%) towards UK BNlconcentrationgDepartment for Environment

Food and Rural Affairs, 2016lrigurel10).

Secondary M.shas been shown teepresent a relatively large fraction of total UK £M
(Figure9) (Department for Environment Food and Rural Affairs, 20A6)aresult, several
studies have investigated the impact refductions of precursor emissions on M
concentrations to identifyhich precursors to target for the most effective reductions in"M
(Air Quality Expert Group, 2013; Harrisat al, 2013; Megaritiset al, 2013; Vienoet al,
2016) All studies identified that reductignn precursors lgéto a much smaller reduction in
total PMbs(i.e. X% reduction in precursé reduction in PMs< X%) due to the notfinear
relationship between emissions and 2&bncentrations. On a specigsecificbasis studies
suggest that the largest reductionUiK PM2.s concentrations could be achieved through
reductions in ammoniAir Quality Expert Group, 2013; Megaritis, et al., 2018)sufate
(Harrisonet al, 2013; Viencet al,, 2016) However, there is less clariyetween studies on the
magnitude of resulting reduction in BMfrom reductions in precursqrand whether the
reduction in UK or continental European precursors are most impoftagpite this, when
public exposure is taken into accoweductions in pmary PMsyield the largest reductions
in populationweighted PM:s (Air Quality Expert Group, 2013)in urban areas, where the
largest proportion of the population live, primary Pimissions dominate, while in rural

areas reductionim ammonidead to the greatest reductions in M
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UK concentrations of Pk were not routinely monitored untt008 Therefore previous
studies focussing on the drivers of high pollution episodes have analysedi#¥ervations or
specificpollution episodease-studies usingatmospheric chemistry transport mod&lgno

et al. (2016)showed that a large spring pollution episode in 2014 was driven by ammonium
nitrate, which was formed from agricultural emissimeteasedoutside ofthe UK and
subsequely transported to the UK under favourable win@her studies havased back
trajectories alongside PN observations to investigate possible source regions ofo PM
episodegKing, and Dorling, 1997; Stedman, 1996hese studieundthaton days that high
PMio concentrations were observed, the contribution of local emissions to the total
concentration was small. The high Rdays were dominated by easterly flow, suggesting that
there was darge contributiorfrom longrange transporo the overall PMo concentrations
observedsince the back trajectories emanated from mainland Euftyestudy concluded

that more work was retyed to confirm this, over a longer period with observations at rural
sites.More recent studies hawesed PMsobservationsfrom 2009 to investigate processes
affecting PM sconcentrationgHarrison, et al., 2012 M. sconcentrations werasofound to

be highest for soutteasterly, easterly and nowtfasterly flows and lowdor westerly flows.

The increase in Phbwas attributed tohe longrange transport agmissions from continental
Europe under easterly and soethsterly flow.The resultssuggested that the lofgnge
transport of pollutants to the UK is associated with specific meteorological conditions.
However, due to the short observational record at the time, the sample size for individual wind
directions was small. This meant relastips between wind direction and Pidbservations

could not be established over a longer period of time to be statistically robust.

The influence of different synoptic conditions tomtal columnNO. and Q across the UK was
investigatediang Lamb weathr types, a classification system for synoptic meteoraolBgpe

et al, 2015; Popet al, 2016) The studyhighlighted that pollutant concentrations are strongly
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influencedby wind and circulation patterns. The highestddncentrations occurred under
summer anticyclonic conditions due to large scale subsidence limiting vertical nisiunty
easterly and nortkasterly flowalsoincreased mean UK4{&oncentrations by between 10 and
15 g3¢Popeet al, 2016) NO; concentrations were found to significantly increase under
winter-time anticyclonic condibns through pollutant accumulatioBoncentrationgere also
enhanced under soutfasterly flow due to lorgange transport of pollutants from continental
Europe(Pope, et al., 2015The wintetime increasewas attributedo the combined efféof
increased emissions, more stable conditions and decreased phoatilysisig accumulation
over emission sourcePue to the relatively short UKPM: 5 observatioal record and
frequently cloudy conditions inhibiting satellite retrievals of aerostitapdepth (AOD the

same analysis yet to be applied todK PM.sconcentrations

1.2.2.2 Impact of Topography

The topographyf regionscan enhance or redupellution concentrationand is therefore an
important factor controlling the ambient concentratiditse topographyf some regions can

be conducive to the development of temperature inversions, which can increase concentrations
of pollutants at the surfacdeading tohigh pollution events(Wallace, et al., 2010)A
temperature inversion occurs when plmeentialtemperature of air at the surface is lower than

air aboveleadingto the cooler, denser surface air becoming trapped below less dense, warmer
air aloft. These conditions aid the accumulation of pollutants by preventing vertical mixing and
dispersion, traping pollutants at the surface and therefore increasing their concentrations.
There are three key types of inversions caused by topography, which subsequently impact

pollutantconcentrations at the surface:

1) Radiation inversionsi usually occur on cold nigs under clear skiesRadiation

inversionmr e characterised by rapid heat | oss
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If this occurs in a valley or basin, cold air from the side of the valleys flows down slope,
becoming trapped beneath the layer afmer air that was heated by the surface.

2) Advective inversionsi occur close to coastlines which are bordered by cold oceans or
lakes. The differential heating between the air over the land and sea in the daytime
causes a pressure gradient to form. Assalt,a landsea breeze is initiated wherdd
low-level oceanic/lake air moves landwards, underneath the warm continental air,
setting up a return flow of continental air aloft

3) Subsidence inversion$ are associated with areas where high pressure dtesiand
a large layer of air descends. As the air descends it is heated by the increase in
atmospheric pressure (adiabatic heating). This can also occur as air is compressed in
flow over a hillside. Tk adiabatitheating can lead to the air aloft beingrmar than
at the surfacethereforeforming a temperaturanversion at the surface avithin a

valley.

1.3UK PM25 Concentrations

1.3.1 PM2sChemical Composition

The chemicatompositionof PM2 scan vary greatly, dependent upon emission souiggiie
2), chemical transformationand atmosphec conditions(Air Quality Expert Goup, 2012)
This means Pl concentratios measured in apecificlocation can be a mixture of many
different chemical species from different source@sme of the common species of Band

their emission sources)clude

1 Elementary carbon (sooterfitted by burning fossil fuel by traffic and biomass
burning)

T Calcium saltgCaSQ 1 2H-0) (from construction and demolition dust and wisidwn
soil)
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1 Sea salt (NaQl(from sea spray)

1 Iron-rich dusts (emitted from combustion (traffic, shipping and industry), brake and
tyre wear (trafficlandwind- and trafficgenerated suspension of crustal matgrial

1 Organic matter, including dioxins, polycyclic aromatic hydrocarbons and alkanes
(emitted as a result of combustion in industrydenginesand naturally fronbiomass
burning).

1 Secondary inorganic ions, such as nitrate, sulfate and amniioaarimary precursors
for which areemitted from agriculture, industry and transport).

1 Secondaryrganic Aerosol (SOA(formedthrough the oxidization afOC emissions
from fuel combustion, industrial processes, vehicles and fires and B\@@s

vegetation)

The composition of UK PMswas characterised usimpservations from a background site in
Birminghambetween 2004 and 20@bigure9) (Yin, and Harrison, 2008 Dverallsecondary
species, includingmmonium nitrate, sodium nitrate and ammoniunfaselaccounted for
45%of the total PMs masgFigure9 (a)). However, on high pollution days (RM> 50 ug m

%) the contribution of secondary PMincreased to ~75%, with a doubling of ts@monium

nitrate and sodium nitrate contributigftom 21% to46%) (Figure 9 (b)). Although these
findings are for one location, the increase in nitrate PM species during polluted days is in line
with findings elsewhere in Europg®ieno et al, 2016) This also fits with theaesultsof a
modelling study which examineh extended pollution episofMienoet al, 2016) This study
indicated that nitrate, from a combination of lo@hissions and lorgange transport

dominatedduring the pollution episod@/ienoet al, 2016)

29



(a) Overall

Bron-rich dusts

B Calcium salts

B Sodium chloride

B Elemental carbon

B 0rganics

(b) Episodes

0% @ Ammonium Sulphate

o

O Ammonium & sodium nitrate

OQCther

Figure9. (a) Average composition of UK PM(20042006) and (b) on days where RV 50
ug nr3. From(Air Quality Expert Group, 2012pdapted from (Yin and Harrison, 2008).

1.3.2 PM2sSources

The relative contribution of UK emissions to total P\inasscanvary betweerbackground
conditions and high pollution event®n an annual basi combination of local emissions
(traffic and nortraffic) and longrange transport (regional and international emissions) have
been shown to affect the concentration of.Blét monitoring sitesHigure 10) (Department

for Environment Food and Rural Affairs, 2018he largest contributions to concentrations at
background loations comes from regional UK emissions (45%) and then from international

emissions (20%) and urban ntaffic emissions (21%). Regional and international emissions
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can include primary emissions, such as those from anthropogenic sources (e.g. industry) or
natural sources (e.g. dust or wildfires), and secondary species formed in the atmosphere from

precursoemissionge.g. ammonium nitrate from ammormmission}¥ (Figure9).

Source Contribution
International
Regional

B Urban Traffic
B Urban non Traffic

Figure 10. Percentagecontributions (%) to total modelled annual mean ambient PMz5s
concentrationsat UK urbanbackgroundocations(Departmentfor EnvironmentFood
andRural Affairs, 2016).

However, the relative contribution of each source varies during high pollution episodes
(Department for EnvironmenFood & Rural Affairs, 2019) reflected by changes in
composition Figure9 (a) and (b)).Increasse in PM2 s concentrations across the Ukhich

often occur under easterly winds, #reught to bdinked tothelong-range transpoxf PMz 5

and secondary PM precursor emissiongHarrison, et al., 2013)However,the relative

contribution ofUK and norUK emissions on UK Plsconcentrationss yet to be quantified.

1.3.3 Seasonal Cycle ilPM2.s Concentrations

Thereis clearseasonabariation in monthly PMsconcentrations across all regions of the UK

(Figurell), with the highest concentrations observed between January and April and the lowest
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concentrations between June and Septerttairison, et al., 2012)The combination of an

increase in local emissions of primary Pdand secondary PM precurspangsidea more

stable boundary layer duringnter monthsis believed to lead to higher BN¥concentrations.

While in summemonths increased boundary layer height, a decrease in emissions and the

evaporativeloss of semiolatile PM is believed to lead to lowd’M.s concentrations.

However, the relative contributions of emission sources tpgehcentrations observed is yet

to be quantified. Alongside this, the mechanisms leading to the large increase;in PM

concentrations in April have not been studied.
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1.3.4 Spatial Variations in Air Pollutant Concentrations

Air pollutant concentrations also vary spatially, based on their emission sources, chemical
reactions in the atmosphere and therefore lifetime, as pollutants dishersenmental
inequality, especiallyith regards to air pollution, is well documented sisaeioeconomically
disadvantaged areas are often located closeniesions sources, such as ro@tfdliams, et

al., 2018) Socioeconomically disadvantaged communities may also have higher rates of
morbidity andmay therefore also beore susceptible to the negative heaitfects of air
pollution (Forastiee , et al ., 2 0 0 7. This@ds Keem shown in arban ardas , 2 C
where the negative health impacts of exposure to air pollutants are not as prevalent within less
deprived population§-orastiere, et al., 2007} is estimated that in England 3335 million

years of life are lost as a result of health inequalifarmot, and Bell, 2012)Substantial
differences in mean apollutant concentrationgere identified betweethe most and least
deprived fifth of wards across the UK in 20Q/illiams, et al., 2018)The differencewas

highest for NQ, likely due to the short lifetime and steep concentration gradients in the
pollutantfrom emissions sourcgsoads) In the UK, wards with higher proportions Bfack,

Asian and minorit ethnicity (BAME) residens and deprivation were found to be closer to
roads. The study found that the differences in.M@re larger between white alBAME
populations than deprived and ndeprived populationgWilliams, et al., 2018)Differences

were also observed for Pland Q betweerthe most and least deprived fifth wartisough

these were smallgiVilliams, et al., 2018)This is likely to bedue to the large secondary
componentand long lifetimeof PM.s, and due to ©being titrated in high NOconditions

(close to roads)

1.4 Pollution Monitoring and Legislation

The concentration ofraair pollutant can be measured in several ways.gRaission sources,

such as power generation, emissions are measured at source through point source measurement
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within the stackEnvironment Agency, 2019r remote sensin@.iu, et al., 2016; Wang, et

al., 2010) Emissions are reported to the United Nations Economic Commissions for Europe
Convention on LondgRange Transboundary Air Pollutants (CLRTAP) and must fall within
emissions ceilings guideling®epartment for Environment Food and Rural Affairs, 2011)
Alongside this, the Gothenburg Protocol sets national emissions reductions targets to be

achieved by 202(Department for Environment Food and Rural Affairs, 2011)

Once pollutants have been emittkdy can be detectdéy groundbasedbservation sited.in,
et al., 2010)satelliteqBeirle, et al., 2011; Pope, et al., 2048y aircrafiMartin, et al., 2006;
Wang, et al., 20043s the plume begins to disperse into the atmosploeind observation

sites are used by governments to monitor pollutant concentrétiamg, 2013)

1.4.1 Automatic Urban and Rural Network Observations

In the UK, Automatic Urban and Rural Network (AURbbservation sites are used to ensure
that concentrations are within the limits set by the European Union Air Quality Directive
(European Parliament, 2008; Stevenson, et al., 20089¢h are legally binding and must not

be exceded(European Environment Agency, 201.7bhe concentration limits chosen &ach
pollutant are based on epidemiological and toxicological evidence for the adverse health
impacts due to exposutkiang, 2013) The concentrations at which adverse effects are seen
in the human population vary with pollutant angh@sure time, leading to different limits and

averaging periods for different specidslfle2) (European Comission, 2017)

The 2005 World Health Organisation guideline limits are also shdail€2) (World Health
Organization, 2005)These are global guidelines on thresholds for key air pollutants that pose
health risks andimits are based on associations between exposure and irscreasen

communicable diseases.
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Table 2. EU Directive Limits (European Comission, 201&nd WHO Guidelines(World
Health Organization, 200%r air pollutants

EU Air Quality Directive Limits WHO
Guidelines
Pollutant Time Period European Objective Date to be Concentration
achieved by
PMio Annual mean Limit - 40 ug m® 01/01/2005 20 ug m®
24-hour mean Limit - 50 pg m® (<35 01/01/2005 50 pug m®
exceedances yedr
PM2s Annual mean Limit - 25 pg m® 01/01/2015 10 pg m®
24-hour mean - 25 ug m®
NO- 1-hour mean Limit - 200 pug n? (<18 01/01/2010 200 pg m?
exceedances yedr
Annual mean Limit - 40 pg m® 01/01/2010 40 pg mé
Os 8-hour mean Target - 120 pug m® (<25 31/12/2010 100 pg m?
exceedances yeaaveraged
over 3 years)
CcO Maximum daily 8 Limit - 10 pg m? 01/01/2005 -
hour running meatr
NOx Daily mean Limit - 30 uyg m® 19/07/2021 -
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The UKAURN includes ~170 sites, ranging from rural to kerbside sites and measures a large
range of meteorological variables (e.g. wind speed, ambient temperature and relative humidity)
as well as key air pollutants (including thosd able2) (Stevenson, et al., 2009)he sites are
generally situated in orlase to areas of high population and provide Highe-resolution

(hourly) measurements of pollutarStevenson, et al., 2009)

PM2sand NQ are the two pollutants of most congén the UK and Europe currently. UK air
guality management areas have been decl@@ednmittee on the Medical Effects of Air
Pollutants, 2@0; Royal College of Physicians, 2016; World Health Organization, 26b8)
NOzan annual meanof 40g "3nd an hour | y ' fwittano mard tha@ D80 ¢ g
exceedances per year) have been set as tangats.for PM. s theannual mean target is 25g

m' 3 Alongside this, e European CommissiorEC) Directive 2008also requirel member

states to determine the average exposure index (8P M. sthrough measurements of B

over a teryear period. A national exposure reduction target (NERAsthen calculated for

2020, using the AEI. Measurements used to calculate thevaEe taken from background
locations over a-year period between 20811 and will be compared with measurements
between 2012020 in order to assess compliance. The UK wg$ calculated to b&3.6 ug

m using measurements from 47 of the UK AURNsifBhe NERT for 202Was therefore a
reduction of 15%, equating to 2 pgngi.e. an AEI of 11.6 ug mM). However, since the
monitoring network is sparse, representing the exposure of the whole population is challenging

(Willocks, et al., 2012)

1.4.2 Satellite Observations

Concentrations of air pollutants can also be measured by satellites; these measurements are
more spatially complete than ground observations, which generally give sparse coverage.

However, thg lack the temporal detail of ground observations since they are often-in sun
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synchronus polaorbits, meaning they only pass over a region once aStdgllites measure

a range of air pollutants, including CO, b&nhd Q (e.g. Tropospheric Monitoring Itrement
(TROPOM) (Veefkind, et al., 2012) Satellites provide measurements of the total
tropospheric columfor NO2 and CQ this is a measure of the total number of molecules (e.qg.
CO molecules) per unit area (e.g. ®nn the atmosphere (specificalbpetween the stace of

the Earth and the tropopadi$&/MO OSCAR, 2020)Satellites use different spectral bands in
order to measure the total column of different pollutants (e.g. ultravisiéle (UV), infrared

(IR) and visiblg. Differential Optical Absorption Spectroscopy (DOABased on Lambert
Beer6s Law, is used to measurghtaghesngdofalghts peci
path is dependent upon the absorpbgra particularmir pollutantspecies, the total column of
theair pollutantspecies can be derivedsed on the total absorpti@is measured in theV,
visible, IR wavelengthgdGorshelev, et al., 2014¥%atellite measurements focus on using the
Hartley (200300 nm)(Miles, et al., 2015)Huggins (30-340 nm)(Katayama, 1986; Miles, et
al., 2015; Zhu, et al., 2005Lhappuis (4550 nm)(Chappuis, 1880; Miles, et al., 201d)d
infrared (4.7, 9.6 and 141Am) (Boynard, et al., 2009; Miles, et al., 208nds, all of which
areabsorled by Q, to measure the concentration of tBrough the atmospher€or arosols

the extinction as a function of walkength at specific points between the UV andgBr km

through the atmospherig,used to measure concentratiGRemer, et al., 2013)

1.4.3 Aircraft Observations

Aircraft flights arealsoused to measure keyr pollutants in field campaigns. They provide
measurement at high temporal resolution (often a few seconds) through their flight path.
However, they lack coverage over long tiperiodsor large areas. The UK Facility for
Airborne Atmospheric Measurements FAAM) aircraft has been used for many field
campaigns and measures a range of pollutants, includipgNN®Dand NQ), PM, &, and CO,

among othergHarris, et al., 2017)The transect of measuremettis aircaft can collecis
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very useful in understanding the evolution of pollutants space antime, from emission at
source to a popul ati onds , meteprolaicatard, chemitaar act e

processes.

1.4.4 Model Predictions

Atmospheriechemistry transport modelsuch a8WRFChem(Grell, et al., 2005)can also be

used to give more spatially complete predictions of many air pollutants, using ground and
satellite observations to duatesimulatedconcentrations. Concentrations carslmeulatedat

a range of resolutions, from global models at ~100 km to regional models3@tkibandto

high resolution models at Kin (Seigneur, and Dennis, 201his allows concentratiorie

be predicted where observational networks are sparse or do not measure the species of interest.
Models also allow for a range of scientific scenarios to be investiggtacbb, 2006)for

example emissions reductions or sectoral contributions to air pollutant concentrations.

Thereforethey are arery useful tool in atmospheric science.

1.5Health Impacts of air pollution

1.5.1 Attributing exposure to health impacts

Two main approachemeused to understarthe effect of air pollutants on health:

1 Epidemiology is used to determine if exposure to a pollutant is associated with disease
outcomes; it is the study of how often diseases occur in an exposed pod@atigon, et
al., 2009)

1 Toxicology is able toidentify the specific biologically plausible mechanism responsible
for the associatisfound in epidemiologgUnited States Environmental Protetion Agency

(USEPA), 2009)
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Epidemiology

Epidemiological studies ussomparisons between groups to discover whether exposure to a
risk factor(e.g. air pollution)is associated with particularoutcome(e.g.death from heart
disease)There aréhreemain study designs used in epidemiology: cross sectional, cohort and
casecontrol. For exposure to air pollution two study designs are primarily, &gdross

sectional and (2) cohort

1. crosssectional

/ Disease
Exposed
crose / \ No Disease
section \ Disease
Unexposed /
\ No Disease

Figurel2 Crosssectional study design and study outcome.

2. retrospective cohort studies.

Over time period

[
/v Disease
Exposed . .
/ \ : Relative Risk of
Cohort No Disease
—> .
\ i disease due to
/ Disease
Unexposed
\ exposure
No Disease

Figurel3. Cohort study design and outcome.

Crosssectional studies allow a snapshot of a particular population at one point {ifrigue
12) (Song, and Chung, 2010@Ysually, subjects are chosbecause they are part of a target

population at a certain time (e.g. smokers andsrmokers and in London). Data is collected
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on participants regardless of exposure or disease status. This study design can determine
disease prevalence within the populat{e.g. how many smokers have lung cancer). However,
a relative risk cannot bdirectly derived (i.e. how much smoking increases the relative risk of

lung cancer]Song, and Chung, 2010)

In contrast, cohort studies look at a population group over time retrospectively or prospectively
(thoughfor air pollution this is generally retrospectivelffigurel3) (Song, and Chung, 2010)

In this study design the population is categorised based on whether they were exposed to risk
factors of interest, regardless of disease status. They are then followed over time to determine
whether health outcomes develop. Since this study type follows participants over time, the

relative risk can bdirectly derived(Song, and Chung, 2010)

Two key concersin all epidemiology studieare confounding variableand effectmeasure
modification (Bovbjerg, 2020a,2020b) Confounding variablesdistort the association
observed, because both the exposure being measured and the outcome are affected by another
factor (Bovbjerg, 2020a; Howards, 28] Effectmeasure modification occurs when the
magnitude of a health outcome being measured varies dependent on a third variable (e.g.
temperature) and can often vary based on circumstgBos$jerg, 2020b; Corraini, et al.,

2017) Within epidemiology confomding variables and effeaheasure modification are
controlled for through statistical adjustmeriorraini, et al., 2017)For example, in the
association of physical activity with heart diseamge is a confounding factor lzcse old

people tend to exercise less, but also have a higher risk of heart disease. Though confounders
can be controlled for through statistical adjustments, identification and measurement of all
confounding variabless required(Howards, 2018)Therefore, prior knowledge of both the

likely sources and magnitudes of the confoundmrd effectmodifiers as well astheir

distribution within tke populationis needed.
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Toxicology

Alongside identifying associations, a plausible mechanism needs to be identified to infer
causality of a relationshipAdami, et al., 2011)As a result, dxicology is used alongside
epidemiological studies tdentify causality through biologically plausible mechanisms, using
tightly controlled conditions in a laboratory settig@dami, et al.,, 2011; United States

Environmental Protetion Agency (USEPA), 2009)

Four key factors affect toxicit{Figure14):

1) Dosei the amount of pollutant in the bodyhichis controlled by 3 variables:
a. Intake:how much pollutant someone is exposed to.
b. Type/Route of exposurkthalation dermal, ingestion
c. Time periodhow long someonis exposed for.
2) Subjectsusceptibilityi f act or s whi ch coul d 1 mpact s o0me
e.g. underlyindhealthconditions, age
3) Substancé varying properties affecting absorption e.g. 2bmposition

4) Interactions how differentsubstances mix and affect response e.g. altutants

Therisk associated with a substarisghen assessed against the four toxicity factors using a

3-step risk assessment:

1) Exposure assessment®n mice/rats and humans. Within exposure assessments
subjcts are exposed to pollutants, and the effects are monitored in air and within the
body (biomonitoring) using biomarkers of inflammation from urine and blood.

2) Effects and consequence assessmeatsmice and rati vivo (live mice/rats) andh

vitro (cells from mice/rats) method¥heseassess the effects of exposarorgans
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3) Risk characterization integrates all of the toxicological information, including dose

response curves to estimate a risk associated with a substance.

The ethical concerns regardjrrandomised control trials of exposure to air pollutamsns
that causality of the associationdentified between air pollutants and health impauts
determined by combining evidenitem epidemiological and toxicological studi@gurel4).

There is overlap in many principles used to infer causatityufe14).

Toxicology Epidemiology

5 \
Target Organ(s) 8 ‘ Strength of Assoc.
Mode of Action e s o) | Biol. Plausibility
-
Delivered Dose - 6
Species -Specificity Specificity

Figure14. Evidence that is combined from toxicological and epidemiological studies to infer
causal inferencAdami, et al., 2011)

The level of agreement between epidemiology studies over difterenperiods and locations,
toxicological and controlled human exposure studies are combined to determine causality
(Figure 14, Figure 15). Causality cannot be proven, only inferred with varying degrees of
certainty (Adami, et al., 2011)F o r a o0/l i felatibnghip,thereaax mustable strong
epidemiologicalevidence for an associaticand toxicological evidencef a biologically

plausible mechanism for the associatibig@re14, Figurel5) (Adami, et al., 2011)
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A causal relationship is...

Insufficient S8
Information

—)

== Biological Plausibility

4)Unlikely 2)Uncertain

,_
o
z

Against 4= Epidemiological Evidence ==y For

Figure15. Schematic indicating how causal inference is inferred combining epidemiological
and txicological evidencéAdami, et al., 2011)

1.5.2 Mechanism for Health Impactsfrom PM 25

The mechanism for the health impacts of PM exposure are complex and change with the length
of exposue. Epidemiological tudiessuggest that the fine fraction of PM (PM plays a
substantial roléPope IlI, and Dockery, 2006y hese particles are small enough to be inhaled
deep into the lungs. Exposure and dose are also likely to be higher fesilbke atmospheric
lifetime is long meaning transport over long distances can occur and infiltration into indoor
environmentss much more likelydue to the small diameter of BM(Pope Ill, and Dockery,

2006)

Toxicological studies have identifieal range of logically plausiblepathways following
inhalation, that may lead tihe association betweeaardiovascular morbidity and mortality
andlongterm exposure to P, which have been identified in epidemiological studfspe

lll, and Dockery, 2006§Figure 16).Exposureto PMeshas been linked to inflammation and
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oxidative stress within the lungs, changes in blood characteristics and changes to vein structure,
altered heart function and changes within thenbfeigure 16)(Pope lll, and Dockery, 2006)
Though this is still an active area of research, it is now widely acknowledged that there is a
causal, mechanistic link beteme exposure to PMand cardiovascular morbidity and mortality

(Pope 11, and Dockery, 2006)

' PM Inhalation
Lungs
He * Inflammation
art + Oxidative stress Blood
+ Altered cardiac * Accelerated progression * Altered rheology

autonomic function G and exacerbation of COPL)  se—- « Increased coagulability

« Increased dysrhythmic * Increased respiratory symptoms « Translocated particles

susceptibility « Effected pulmonary reflexes + Peripheral thrombosis
* Altered cardiac * Reduced lung function « Reduced oxygen saturation

repolarization

“Increased myocardinl
ischemia \
Systemic lnﬂammatlon
I Oxidative Stress

* Increased ( RP

Vasculature / folires

* Leukocyte & plmﬂﬂ mmunun

Brain

= Atherosclerosis,
accelerated progression of and

a

&
v > « Increased cerebrovascular
bilization of plag ischemia

* Endothelial dysfunction
* Vasoconstriction and Hypertension

Figure 16. The hypothetical physiological processes that link PM exposure with
cardiopulmonary morbidity and mortali(iPope IIl, and Dockery, 2006)

Although the composition of P can vary greatly, dependent upon emission source and
chemical processes, the associatifmsd between PMsand various disease endpoihess
beenfairly consistent(Popelll, and Dockery, 2006)However, here is currently a lack of
understanding as to which characteristics obP&fle most responsible for toxicity. Alongside
this, the role of specific pollutants, pollutant sourcespakutant mixtures angbollutant
characteristics in the health outcomes obseigedot well understoadThe conceptthat

characteristics of PM do not have any significance on its health effects contradicts basic
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toxicological principles and has led to scepticism from some én plausibility of the
associations observdgHarrison, ad Yin, 2000; Schwarze, et al., 2006jowever, others
studies havaighlighted that the similarity in health outcomes of exposure, despite differences
in PM components, may be due to the inflammatory reacti@isre thought to be central to

the devabpment of cardiovascular and pulmonary diseases associated with PM exposure

(Schwarze, et al., 2006)

Due to the lack of undstanding regarding the specific components responsible for the health
impacts of PMs, the concentration response functionsrrently used in health impact
assessment studies assume that alb 48! equally toxic, independent of composition

(Atkinson, et al., 2014; Liu, et al., 2019; World Health Organization, 2013)

1.5.3 Epidemiological Studies

Prior to the 1990s it was largely believed that Bdedas a vector, which allowed S@ be
transferred deep into the lung. Thus, this;S@d PM mixturewas believed to bethe
mechanisnresponsiblefor the negative health impacts associated with expgsiagison,
and Yin, 2000) However a number of studidaterdemonstrated that ambient concentrations
of particulate matter previously thought to be safeless in the presence of high SO

concentrationswere associatedith a negative effect on health (e(§chwartz, et al1996).

As a result, many studies hasmceinvestigated the association of exposure to particulate
matter and mortalityThe associatias found by studiebetween PM and increased risk of
cardiopulmonary morbidity and mortality over both leragnd shorttime scales hae been
relatively consistenfNemery, et al., 2001; Pope IIl, 2007; Schrenk, et al., 1¥§)osure to
PM:sis the most consistent and robust predictor of mortality in studies of-tiemg air
pollutant exposure(Kivimaki, et al., 2015; Yang, et al., 2013)ssociations for longerm

exposures have been found to be much larger than with exposures oveémshqrriods
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(Pope I, 2007)Shortterm studies focus on daily variations in ambient PM and the impacts
of this on healthusing timeseries designérigure 12). Whereas longerm studies focus on
the impacts of spatial changes in ambient PM between regions over years or decades, on health

using cohorstudieg(Figurel13) (Pope 11, 2007)

1.5.3.1 Short-Term Exposure

Shortterm exposure studies have developed in complexity, from simple methodologies that
assumed a linear relationship between variables, to more complex methods that allowed
flexible fitting for nonlinear associations (e.g. season and temperature), through to case
crossover degns, multicity studies and metmalyses most recent{i?ope Ill, and Dockery,

2006) Casecrossover studies replace the needstfatistical modelling to account for non

linear associations (e.g. seasonality) by choosing control periods veeiohira for this. Case
crossover studies match exposures at the time of death (e.g. within a high pollution episode) to
control periods when the death didndt occur
controls(Jaakkola, 2003)Excess risk is estimated using regression, where logistic segres

is applied to the exposed and unexposed individdalskkola, 2003)A benefit of this study
design is that it allows the impact of susceptibility to be obsefwege Ill, and Dockery,

2006) However resultsare sensitive to the selection of control periads caserossover
studiesalso haea lower statistical power than the shi@tm time series analysis because only
control periods are includddnd so information is lost outside of thed®ope Ill, and Dockery,

2006)

Multi-city studies reduce the risk of biases (e.g. city or publica{@ape Ill, 2007)but are
less common. A study of six US citi€Schwartz, et al., 1996yas one of the first multicity
studies. The study found that daily mortality was significantly associated witt) PMp.s and

sulfate exposure and most strongly with PM. Every 16ug n increase in twalay mean
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PM2s was associated with a 1.5% incsean daily mortality. The study has been repeated
several timegKlemm, et al., 2000; Laden, et a@2000)andsimilar associations remain (1.2 %

per 10 pg ).

Many shoriterm singlecity PM mortality studies have been carried out since the 1990s, which
means that it is possible to estimate the pooled etbyatembining nultiple publishedstudies

in alarge quantitative review or megaalysegPope Ill, and Dockery, 2006)here have been
several multicity and meteanalysis studies for shetemm exposure of Phkin recent years
(Atkinson, et al., 2014; Franklin, et al., 2007; Liu, et al., 2019; Mills, et al., 2015; Ostro, et al.,
2006; World Health Organization, 2013; Zanobetti, and Schwartz, 2608)s associated
mortality estimates ranged from 0.4 to 1.2 % per 10 fijnorease in concentrations. The
metaanalysis ofAtkinson et al. (2014)found that there was a large degree of vammain

estimates worldwide (0.25% to 2.08%) and that associations for specific diseases varied.

Despite this, overallhie results of shotterm exposure mortality studies are very consistent,
regardless of the method applied, indicating totaftality increases by ~1% (0i41.3%) per

10 ug m® increase in PM concentratio(tkinson, et al., 2014; Harrison, and Yin, 2000; Liu,

et al., 2019; Pope lll, 2007; World HdalDrganization, 2013)As with toxicological studies,

this appears to be irrespective of location and therefore compdsitorison, and Yin, 2000)
However, since studieseaobserving small effects, the uncertainties in estimating these effects

are relatively largéHarrison, and Yin, 2000)

1.5.3.2 Wildfire pollutant exposure and mortality

Emissions for mmass burning are the dominant air pollution source in many areas of the
world, including Canada and Australjgelieveld, et al., 2015)Therefore,epidemiology of
smoke exposure from wildfires is an area of increasing resé@ibhston, et al., 2012y his

is also owing to the increased statistical power gained from studying prolonged high exposure
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fire events, regions with équent wildfires and high populations or much more common

outcomes (e.g. prescriptions for medicif@hnston, et al., 201.2)

Studies have found consistent associations between wildfire smoke exposure and respiratory
morbidity and asthma andhronic obstructive pulmonary disease (CQRBacerbations
(Alman, et al., 2016; Borchers Arriagada, et al., 2019; Cag€ibg; Delfino, et al., 2009;
Dennekamp, and Abramson, 2011; Liu, et al., 2015; Morgan, et al., 2010; Rappold, et al., 2011;
Reid, et al., 2016; Shaposhnikov, et al., 20T#ese have been documented through increased
healthcare visits (including doety emergency departments and hospitalizati(Bsichers
Arriagada, et al., 2019; Delfino, et al., 2009; Johnston, et al., 2014; Morgan, et al., 2010; Yao,
et al., 2016) There is also increasing evidence to suggest that exposure to wildfire smoke is
associatéd with allcause mortalityBorchers Arriagada, et al., 2019; Faustini, et al., 2015;

Johnston, et al., 2011)

However, in order to better understand the impact of wildfires on mortality and digeases
cardiovascular disease) more large studies with increased statistical power are needed.
Alongside this, little information isurrently available on whether health effects vary from
different smoke pollutanter the age of smokeHowever recent toxicological evidence
suggests the age of smoke may lead to changes in td®aitgskevopoulou, et al., 201Bue

to there currently being very feepdemiological studies of wildfire health impacts, it is not
possible to determine whether the shape of the concentration response function for PM
represents the health impacts of wildfire smoke accuréBdgcio, 2018; Reid, et al., 2016)

As a result, studies on the shtetm health impacts of wildfiresommonlyuse concentrain
response functions derived for-gpeciated anthropogenic P(@orchers Arriagada, et al.,

2020; Crippa, et al., 2016; Johnston, et al., 2012)
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1.5.3.3 Long-Term Exposure

More recerly, studies have used cohort populations to examine the effects of exposure on
mortality over longtime periodsSome of he first cohort mortality studies focused on chronic
exposure to Phkin the USA (the Harvard Six Cities Studies (H3@6d the American Cancer
Study (ACS) (Dockery, et al., 1993, 1989; Pope, et al., 19958 studies used a-14- year

and 7 year followrup of 8,000 and 500,000 adults in 6 cities and 151 areas, respectively.
Information on pollutants was taken from the national air guationitoring network in the
ACS. Both studies controlled for confounders such as age, sex and smoking amorenadthers
both found cardiopulmonary mortality to be most strongly and significantly associated with
exposure to Pisand sifate. Longterm expsure to PMsis associated with a larger increase

in mortality relative risK~6 to 17% per 10 pg 1) than shorterm studieg~ 1% per 10 ug

m=) (Pope lll, 2007)

1.5.3.4 Concentration response function shape

The shape ofhe concentratin respons€CR) curvedescribes the increase in mortality with
increasing air pollutant concentratioms.these relationshiphi¢ populatiorweighted PMs
concentration is usessa proxy for dos€Avery, et al., 201Q)This is because PMexposure
is generally through inhalation, and the particles at this size are respbabkdso because
there is curreryl a lack of data on personal exposures within populatidogever several
recent studies hawieveloped methods to accountpopulation mobility in pollutant exposure

estimategde Nazelle, et al., 2009; Reis, et al., 2018; Shekarrizfard, et al.,.2017)

The CR curve is affectdaly several variables:

1) thetoxicity of apollutant
2) thesuseptibility of the population

3) theconditionsthatthe pollutaninteracs with (e.g. weather).
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The shape of the Pivhortality concentration response functions and theffects threshold
(theoretical minimum risk exposure level (TMRELs one of the large areas of continuing
researchThe TMREL is particularly important irsettingand evaluating ambient air quality
limits across the world and in public poliegtimaing the health costs of pollutiofPope Ill,

and Dockery, 2006; Wong, et al., 2008)

Many studies have focused tging to constrairihe shape and reffect threshold TMREL),
using methods that vary in complexity. Initially studies focused on saitiges (Pope 1ll, and
Kalkstein, 1996; Schwartz, 1993; Schwartz, et al., 1996; Schwartz, and Marcus fib@gt)
that the function was linear or ndarear with no clear neffects thresholdSchwartz, and
Marcus, 199Q)However, these single city studies contit be generalized for other areas and
lacked statistical power to make strong statistical inferences regarding the shape of the
function. As a result, studies moved onto calculating the shape of the concemasgionse
function across multiple citiassing daily timeseries studie@aniels, et al., 2000; Samoli, et
al., 2005; Schwartz, et al., 200I)hese studiewerebased in North America arielropeand
found the function shape to be near linear with no cleaeffiect threshold. Therefore, for
regions where concentrations are within those observed se énaly®s this suggestshat
reductiongn ambient air quality are likely to improve Hgmeven alow levels. However, it
should be noted that the shape of the concentragigponse functiomemairs uncertain at
concentrations above thogbserved irthese region§.e. developng countrie$ (Cohen, et al.,
2004) This problem has become increasingly challenging as the ambiesicBientrations

in many developing countrieandduring high pollution episodesare much above the levels
studied previouslyAs a resultjntegratedexposureresponse (IERfunctionswere developed
to helpaccount for these high concentratiohSR functions ombire risk estimates from
studies of ambient air pollution, household air pollution, sdd@mnd smoke and active

smoking(GBD Collaborators 2015, 2017)his allowsthe shape of the IER to be determined
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for much higher concentrationslowever, this approach requires theussption of equal
exposure andoxicity between source® be made. A recent study Burnettet al. (2018)
combined the results of 41 awh studies, from 16 countries, examining PMssociated
mortality to construct the Global Exposure Mortality Model (GEMWMhe large number of
cohort studies includedllowed the study to consd populationweighted average PM
concentrationsver a much larger range than any previous stli@yo@8 4 &£°gFomthe five
specific causes of death that were examined in tbbaBBurden ofDisease (GBI (Lower
Respiratorytract Infection, Stroke, Lung cancersdhemic Heart Diseaseand Gironic
ObstructivePulmonaryDiseas¢ the GEMM predicted a PM disease burden that was 30%
higher than the GBD estimat&BD Collaborators 2015, 2017Jhis suggests th#tere may
be additional causes of BMassociated mortality that were not considered in the GBD
(Burnett, et al., 2018)Additionally, it may suggest &t creating an IER function using BM
sources such as cigarette smoking may underestimate thedRilase burden, particularly at

higher concentration®8urnett, et al., 2018)

1.6 Burden of Disease from Air Pollutants

1.6.1 Global and Regional Burden of Disease from Ps

In the UK, long-termexposure to Pivsand Q are thehird andseventHeading environmental
risk factors for mortality(Institute for Health Metcs and Evaluation, 2015) ongterm
exposure to PMsis also thesecondeading environmental risk factor for Years Lived with
Disability. Each year 29,000 deaths are brought forward across the UK due t@rong

exposure to Pl

Globally, exposwg to ambient air pollution increases morbidity and mortality aralsisa
leading cause of disease burd&BD Collaborators 2015, 2018 mbient air pollution is the
fourth highestranking risk factor for mortality globally, with 85% of the global population

51



living in areas where recommended air quality guidelines are exc¢é@ Collaborators
2015, 2018)Longterm exposure tBMz s alone is estimated to have caused 4.2 million deaths
and 103.1 million lost years of healthy life in 20GBD Collaborators 2015, 2016Jhis

represents 7.6% of global mortality.

Thus, reduing populationexposure to ambient PMcould yield large public health benefits.
However, in order to achievhis, targeted rductions (e.g. sector specific/region specific) are

necessary.

1.6.1.1 Long-Term (Chronic) Exposure
1.6.1.1.1Global
Themost recenGlobal Burden ofDiseasg GBD) study estimated that lorigrm exposure to
ambient PMswas responsible for 4.2 million deaths an®.10million lost years of healthy
life in 2015(GBD Collaborators 2015, 2018, 2017his accounted for 7.6% of total global
mortality in 2015. Mortality from PlMswas calculated usindiseasespecificlERs developed
by Cohenet al. (2017) for ischemic heart disease (IjiCrerebrovascular disease (ischemic
stroke and haemorrhagic stroke (strokexgleancer, chronic obstructive pulmonary disease
(COPD) and lower respiratory infections (LRIAge-specific functions were applied t&Rs
for IHD and stroke. The study found that Pdvattributable mortality was dominated by

cardiovascular disease.

Trends in PMs attributable mortality reflect population demographics and underlying
mortality rates, as well as ambient Pdoncentratios. Since there has been a decrease in
both the underlying cardiovascular mortality rates and ambients BMWorld Bank high
income countries, such as the UK, this has led to a decreasezisaRiNbutable mortality
(Figure 17 (GBD Collaborators 2015, 2017pespite this, in England, where the majority of

the UK population live, longerm exposure to ambient particulate matter led to ~12,500 (~23
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per 100,000 population) deaths being brought forward in ZBigyare 17XGBD Collaborators

2015, 2017; Institute for Health Metrics and Evaluation, 2015)

+ Particulate matter pollution (& 7l
Both sexes, All ages, 2015, Deaths per 100,000 o

Figure 17. Total deaths (per 100,000 popwa) attributable to ambient particulate matter
pollution in 2015globally (GBD Collaborators 2015, 2017; Institute ftéealth Metrics
and Evaluation, 2015)

In order to achievéargeted reductions in PMconcentrationsand therefore the associated
health impacts of exposurte contribution of emission sectors to the totabBbirden must

be knownAtmospheric bemistry transport models can be used to simulate the impacts of
removing/reducing emissions from individual source sectors (industry, land traffic, residential
and commercial energy use, biomass burning, power generation, agriculture and power
generationpn pollutant concentratior{(Seigneur, and Dennis, 201This allows he change

in annual mean Pl concentrationsindthe sectoralcontribution to ambient Phbtand PM s

attributable mortality due to population expostoee investigatedLelieveld, et al., 2015)
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Regionally, source categories responsible for the largest contribution ie @tMbutable

mortality areshown inFigure18.
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Figure18. Source categories responsible for the largest impact on mortality linked to outdoor
air pollution in 2010. Source categories that are colour coded are: IND, industry; TRA,
land traffic; RCO, residential and commercial energy use (e.g. heating, cooking); BB,
biomass burning; PG, power generation; AGR, agriculture; and NAT, natural. In the
white areas, annual mean PMis below the concentratibresponse threshold.
(Lelieveld, et al., 2015)

Globally, residential and commercial energy us€(R dominats the PM s health impact,
responsible for around a third of the tagbal PM2 sattributable mortality<1 million deaths
brought forward)(Lelieveld, et al., 2015)This is because a large proportion of the global
population live in India and China where tR€0O sector dominatethe PM: s contribution
annual mean ambie®M>s concentrations are very high and underlying mortaéitgsfrom

diseasare alsohigh (Figure 18). By land area agricultural and natural emissions dominate
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PMz s concentration§AGR and NAT). Agricultural emissions contribute to around a fifth of

the total PMsattributable mortality, being the dominant source obBtributable mortality

in Europe (one fifth of the total 285,000 deaths brought forward in 2010 in Europe). This is
due to the rease of ammoaifrom agricultural processes forming secondary.Bbpecies
(ammonium nitrate andmmoniumsulphate)However, it should be noted that this study used

a coarse global modét+100 km resolution). As a resuthe model is likely to be unable to
accurately represent local and regional scale processes, as well as the steep concentration

gradients within urban areas

In Europe ammonium nitrate contributes significantly to PM concentrations, with mean
contributins of 616% to PM.sand 620% to PMo (Putaud, et al., 2010However, it should

be highlighted that secondary formation is complex, dependent upethev a region is nitrate

or ammonia limitedIn addition, he results of precursor reductions on total secondarysPM
formation is norinear (Petetin, et al., 2015)Therdore, global modeal, at coarse spatial
resolutionsmay not be able to capture these processes accu@tegrvational sites across
the European Monitoring and Evaluation Program network have indicated that seconggary PM
formation is nitrate limited aoss continental Europ@ay, et al., 2012)This indiates that
continental Europe is ammonia rich atigereforethere is enough ammonia to neutralise
sulphate and nitrate, forming ammonia nitrate ammoniumsulphategPetetin, etl., 2015)
However, large areas close to coasts, such as Spain and Erwaadbeerfound to be
ammonia limited, meaning ammaim sulphate anéammoniumnitrate formation are limited

by the amount of ammonia availalfRay et al., 2012). This is due to high emissions of sulphur
dioxide and nitrogen oxides from shipping and low emissions of ammegianarine regions.
The coarse model resolution (100 km)aiso unlikely to capture té regional variation in
regime seen in observational data. Particularly because the secondary fractioasas PM

difficult to quantify and predict from measurements due to the complexity of emitted precursors
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and transformational procesg&epartment for Environment Food & Rural Affairs, 201A)
reduction in ammonia does not necessarily lead to atiedun secondary Ppkin either of

these environments due to differences in the lifetime between the gas and aerosol phases of
secondary PMs. For example, a reduction in sulphate emissions leads to an increase in
secondary PMsconcentrations due tan increase in ammonia awbility for ammonium

nitrate formationandthe increasetifetime of ammonium nitratéDavidson, and Wu, 1990)

Biomass burning has a small global contribution to global mortality fromsf¥% of the

total 3,150,000 deaths brought forward in 201dbglly) (Lelieveld, et al., 2015) However,

in regions of the world frequently affected by large wildfires (e.g. Canada, South America
SoutheastAsiaandAustralig it is the main source of ambient RMHowever, sincéhehealth
impacts of biomass burning emissions of Rlsre uncertain, as well as the relative toxicity of

specific components of P, this estimate is based on uniform Pd¥bxicity across species.

The global mortality burdeffom landscape fire smoke (LR M..5)) was estimatednnually
between 1997 and 2006sing GEOSChem (Johnston, et al., 2012339,000 deaths/ere
attributedto LFS annually, of which 267,00@ere in Southeast Asia and suBahararifrica.
LFS associated mortalitwas lower in Australisbut the burden wasoncentrated around the
southeast coast of the count®1% of the totaglobalannual mortality due to LFS was a result
of chronic exposure and 19% was due to sporadic expo$heetotal mortality burden
increased in El Nifio years and decreased in La Nifia ylesrdo theassociateadthange in

rainfall thatlead to changes in the number and intensity of {ifeknston, et al., 2012)

1.6.1.1.2UK

In the UK 29,000deathsare broughtforward due to longerm exposure to P annually

(Committee on the Medical Effects of Air Pollutants1@Pand te associatedears of Life
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Lost(YLL) is 340,000YLL is a measuref morbidity, calculatedas a function of mortality

and lifeexpectancy specific to an age group.

The number of deathwought forwardegionallydueto longterm exposure to PMhasalso
beenestimatedGowers, et al., 2014%ince he total PMsattributable deaths are influenced
by the total population, the population denmaggrics and underlying mortality ratmmparison
between different regions is difficullhereforethe attributable fraction (AFwas presented
instead The AF is the percentage of deaths thatastributable to longerm PM sexposure
and is thereforandependent of population characteristics and underlying mortality fdtas,

it allows for easy comparison of different regions more easily. The AF and annual mgan PM
concentrations indicatithat Englandvas worst affected by lonterm exposure to PM(5.6%
and 9.9ug nT®), compared with Wales (4.3% and 7.5 pg)nScotland (3.9% and 6.8 pgin
and Northern Ireland (3.8% and 6.6 pg)tGowers, etla, 2014) In England, theravere large
regional variations in the AF and annual mearpP&bncentrations (4.6% to 7.2% and 8d.
m3to 12.7ug n3) (Gowers, et al., 2014The London regiowas worst affected by lonrterm
exposure to Pk (7.2%). In contrast, the South E&stl largest PMsattributable mortalit
(4,034deaths brought forwajydand years of life losfYLL) (41,729YLL). This reflecs the
much higher popattion andunderlyingmortality ratein the South Eassincetheannual mean
PM..sconcentration and Afere lower in the South East (9uf mand 5.5%}han London

(12.7pg miand 7.2%)Gowers, et al., 2014)

Alongsidethis, a number of policy scenario experimemtere also carried ouh order to
estimate the impact of reductions in ambientoBENh health(Committee on the Medical
Effects of Air Pollutants, 2010)The effect on healtkvas described as lifgears gained,
essentlly a reduction in the YLL, anthe correspondingncreased life expectancy. Policies

simulated include the removal of all anthropogerftil> s emissions, reducing annual average
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PM..s concentrations by 1 pug#and enforcing a maximum annual mé@iviz sconcentration

of 7 ug m3 (Table3). All scenariosverefor the UK.

Table 3. Change in life expectancy for 2008 UK populatiofiokeing implementation of
different policy scenario€€ommittee on the Medical Effects of Air Pollutants, 2010)

Policy Population-weighted | Increased life expetancy (days) for 2008
mean concentration| birth cohort
removed
Men Women
Annual mean PMsconcentrations 1 ug n® 21 21
reduced by 1 pug m
All anthropogenic PMsremoved | 8.97 ug m? 191 177
Maximum annual mean PM/| 3.50 ug m? 74 69
concentration 7 pug

Resultsfrom the scenarios tested indicghtthat therewas a fairly linear response in life
expectancy increase with population weighted meapndgebhcentrationgTable3). As would
therefore be expected, the most effective scenaa® to remove all anthropogenic B
which accounts for a population weighted mean concentration ofug.97%. Removing all
anthropogenic Pl ledto an increase in life expectancy of between 177 and 191 days (~6
months) for the 2008 birth cohort throughout their lifetiff@ble 3) (Committee on the
Medical Effects of Air Pollutants, 20L.0However, this is noplausiblein a realworld
scenario Modest improvementaere made in the7 pg m2 maximum annual mean policy

accounting fothe removal of @opulationweighted mean concentration of 3.5 pg (fable
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3). This, more likely scenaripled to an increase in lifexpectancy of~70-75 days (~2.5

months).

In order to achieve reductions in annual mean; Pébncentrations it is essential to first
guantify hie contribution of differerémission sectors. Yim and Barrett (2012) investigated the
contribution ofcombustion emissions sectors on annual meapsRidross the UK and the
subsequent impact on BMattributable mortalitfFigure19). In the study combustion sectors
were segregated inta) power generationp) commercial, institutional, residential and

agricultural sourceg) industry,d) road transporg) other transport anj all UK combustion

sources.
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Figure19. Annual average Pp&concentrations due to combustion emissions from (a) power
generation; (b) commercial, institutional, residential, and agricultural sources; (c)
industry; (d) roadransport; (e) other transport; and (f) all UK combustion souyhes,
and Barrett, 2012)
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Road transport contribulethe largest fraction of population weighted 2M0.75 pug m),
particularly n the soutkeast of EnglandRigure19) (Yim, and Barrett, 2012)0ther transport
and power generatiowere the next largest contrilars to population weighted Pt (0.51
ard 0.42ug m®) (Figure19) (Yim, and Barrett, 2012)The resultingannualhealth impact of
exposure to combustion PNlindicated9,000 deathsverebrought forwardn total, with the
most substantial health burden frowad transport(3,300 deaths brought forward)ther
trarsport(1,800 deaths brought forwaraildpower generatiofil,700 deaths brought forward)
(Yim, and Barrett, 2012)Alongside this, the contribution of ndfK combustion emissions
on PM, s-attributable mortality was also estimatéth to 2pg n3of the populatiorweighted
PMz s concentrations were from ndgK combustion emission@=igure 19), this equatedo
4,100 PM s-associatedieathgYim, and Barrett, 2012)rhus,indicating norRUK combustion

emissions have a considerable impact on Uk P&hd therefordealth

1.6.1.2 Short Term Exposure

Globally and regionally, shetived high PM.sconcentration events can be causgd variety
of factors, including meteorology (e.g. inversions, lwagge transport) and emissions (e.qg.
wildfires). Though short in duration these pollution events can have a substaton

population exposure to PMand health.

1.6.1.2.1Global

PM2 5 emissions from wildfiresn southeast Asia and Australia are so large that they are the
dominant source of annual mean Pydoncentrations in these regighelieveld, et al., 2015)
During the fire season populations in these regiamsbeexposed t@oncentrations far above
the WHO guideline daily limit. Since these fires are generally episodic in natudiesuse
shortterm exposure response ftioos to estimate theacute health impact(Borchers

Arriagada, et al., 2020; Crippa, et al., 2016)
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Studiesthat havefocused on the impacts of exposure to-BRom large wildfires such as
those in Asia and Australiandicate the health impacts are consideraliefires in Equatorial
Asia in September and October 20&8 to anestimated 69 million peopleeingexposed to
unhealthy & quality, leading to 11,880 PM associateddeathsfrom shortterm exposure
(Crippa, et al., 2016)The first estimate ahe impact ofPM. s exposurdrom fires during the
2019/2020 Australian wildfiresndicates there were an estited 417 PMs-asscociated
deaths, 1124 cardiovascular and 2027 respiratoryskglsociated hospital admissiahse to
bushfire PM s between October$12019 and February 1020 (Borchers Arriagada, et al.,
2020) However this study may underestimathe impact on health due to reliance on
estimaing population exposureising groundbased observationsom the Australian air
guality monitoring network The Australian monitoring network is sparse and sites are
generally located in city centres, meaninignay be difficultto capture the steep concentration
gradientsetweercitiesandsuburban area3he fire contribution to PlYsconcentrations was
estmated by using the 95percentile of historical PBbc oncent rati ons to i de
and then subtracting the historical mean:Bbbncentration of all dayg.his may lead t@n
under or overestimation in the contribution of fires to-BEbnceatrationsdependent upon

whether thismethodaccurately captures background concentrations

1.6.1.2.2UK

Due to the UKO6s unique geographical | ocation
concentrations of air pollutants are subject to mdifferent meteorological processes (e.g.
long-range transport, wasbut), which can influence concentrations a range of timand

spatialscales.

Synoptic meteorology plays a large role in controlling concentraPogeet al, 2014; Pope

et al, 2016; Stirlinget al, 2020) Lamb weather types, a classification for synoptic
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meteorologyhave beemsedto investigate the influence of regional weather on i@ Q
concentrationthroughout the yar (Popeet al, 2014; Popet al, 2016; Stirlingetal., 2020)

Both NO and Q were found to bestrongly influenced by wind and circulation patterns.
NO:z concentrations were significantly incredsender wintettime anticyclonic conditions
through pollutant accumulatipand werealsoenhanced under sou#lasterly flow due to long
range transport of pollutants from continental Eur@epe, et al., 2014; Stirling, et al., 2020)
The winter increasm NO; was attributed to the combined effect of increased emissions, more
stable conditions and decreased photolysis allowing accumulation over emission sources
(Pope, et al.,, 2014)The highest ®@concentrations occurred under summer anticyclonic
conditions due to large scale subsideaedlimiting vertical mixing. The study also identified
that southeasterly and nortkasterly flow increased mean UK ozone concentrations by
between 10 and 15 gn3 (Popeet al, 2016) The health burden of shetérm exposure to O

was estimated to be 41 deaths per day under anticyclonic conditions-88dlédths per day
under easterly flowsThe meteorological drivers divo episodes ohigh O; and PMs
corcentrations in 2008verealsofound to beanticyclonic conditions with light easterly and
southeasterly windgFenech, et al., 2019%roadly in agreement with Popeal. (2016) The
health impact from shoterm exposure to £vas estimated to be 70 deaths brought forward
between 3% and 54% higher than if concentrations were at the seasw®i(Fenech, et al.,

2019)

Other studies have focussed tire impacts ofspecific high pollubn eventson health
(Stedman, 2004Yieno et al, 2016; Macintyreet al, 2016) Populationexposure to high

PMa s concentrations during a dday spring pollution episode in 2014 broudhitward an
estimatedb00 deaths, 840 emergency respiratory and 730 emergency cardiovascular hospital
admissions(Macintyre, et al., 2016)This equatedo a doubling of hospital admissions

compared with those under typical springtime conditidh& impact of high ozone and RM
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concentrations during the summer 2003 heatweag also estimate(Gtedman, 2004)The
studyfound that 471 deaths were brought forward, attributable to exposeh:taluring the
two-week pollution event, representing an increase of 207 deaths compared to the same period
in 2002. Thisis in agreementvith previous work that found a large proportion of the deaths
brought forward resulted from elevation of pollutamincentrations rather than the direct
impact of high temperaturéRooney, et al., 1998)Previous work has thereforeghlighted

the substantial shetérm, acutempact of air pollution ejgodes on public health.

1.7 Thesis Aims

The work in this thesis aims #ddress several key gaps in current knowledge. This will be

achieved through four key aims

1 Investigate the impact of synoptic weather on UK ambient Ridncentrationand
guantify the relative contributions of local (UK) and regional ¢hidf) emissions to
PMzs.

1 Explore the air quality impacts of the 2018 Saddleworth Moor fire using observational
data

1 Quantify the air quality and health impacts of the 2018 Saddleworthr fiteausing
the WRFChem model

1 Quantify the air quality and health impacts of the 2019/2020 Australian mega fires

using the WRFChem model
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Chapter 2 - Methods

This thesis has two themes: the use of observational data and modelling. In1Papérg
observational datasets are used to understand factors affecting air quality at different spatial
and temporal scales. While, Papers 3 and 4 use an atmosghemdstry transport model to
guantify the impact of wildfires on PMair quality and kalth. Papers 1, 2 and 3 are published

and Paper 4 is in draft formatable 4andTable 5give an overview of the datasets used in
each of the papers. More detailed information on the datasets and methods is given in the

following sections and within theapers themselves.
Observational Papers

Paper 1 Ailish M. Graham, Kirsty J. Pringle, Stephen R. Arnold, Richard J. Pope, Massimo
Vieno, Edward W. Butt, Luke A. Conibear, Ellen L. Stirling and James B. McQuaid. Impact
of weather types on UK ambient paulate matter concentrationStmospheric Environment

X, 5, p. 100061. DOIhttps://doi.org/10.1016/j.aea0a.2019.10008119.

Paper 1 used grourithsed observational data to investigate tfi@ence of synoptic scale
weather patterns (characterised by Lamb weather types) on ambiggaé&tvks the UK (from
AURN groundbased observational sites). The contributions of local andawah primary
PM2semissions to changes in ambient PMoncentrations under different weather patterns
were investigated using the ROTRAJ back trajectory model and bogoenthropogenic

emissions datasets.

Paper 2: Ailish M. Graham, Richard J. Pope, James B. McQuaid, Kirsty J. Pringle, Stephen

R. Arnold, Antonio G. Bruno, David P. Moore, Jeremy J. Harrison, Martyn P. Chipperfield,
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Richard Rigby, Alberto Sanchédarroquin, James Lee, Shona Wilde, Richard Siddans, Brian
J. Kerridge, Lucy J. Ventress and Barry J. Latter. Impact of the June 2018 Saddlewarth Mo
wildfires on air quality in northern EnglanBinvironmental Research Communicatio®(8),

p.031001. DOIhttps://doi.org/10.1088/1748326/ab84962020.

Paper 2 used groudthsed, satellite armircraft observations to investigate the impact of the
2018 Saddleworth Moor fire on air pollutant concentrations across thewestrof England.
The emission and evolution of key air pollutants, including CO2,N® and PMs, were

investigated using eombination of the time series andsitu datasets that are listed above.

Modelling Papers

Paper 3:Ailish M. Graham, Richard J. Pope, Kirsty P. Pringle, Stephen R. Arnold, Martyn P.
Chipperfield, Luke A. Conibear, Edward W. Butt, Laura Kiely, Chrietéfmote, James B.
McQuaid. Impact on air quality and health due to the Saddleworth Moor Fire in Northern

England Environmental Research LetterBOI: https://doi.org/10.1088/2516620/ab7b92

2020.

Paper 4: Ailish M. Graham, Richard J. Pope, Kirsty P. Pringle, Stephen R. Arnold, Luke A.
Conibear, Helen Burns, Richard Rigby, Nicholas Borciiersagada, Edward W. Butt, Laura
Kiely, Carly Reddington, Dominic V. Spracklen, Matt Woodhouse, ChristopheKdatnes B.
McQuaid. Impact of the 2019/2020 Australian megafires on Air Quality and H&xailaft

Format

Papers 3 and 4 applied the same method to different regions of the world (UK and Australia).
The WRFChem model was used to investigate the impacthef2018 Saddleworth Moor
(Paper 3) and 2019/2020 Australian (Paper 4) wildfires oagebhcentrations. WREhem

was used to calculate the impacts of the fires on air quality by simulatingdehtentrations
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with and without fire emissions. Observaisoof PM s(from groundbased monitoring) ere

used to evaluate the model runs with fire emissions. Once the model performance was
quantified the increase in Pl concentrations due to the fires was calculated using the two
simulations (PMsFiresi PM2sNo Fires).Using gridded population dafAustralian Bureau

of Statistics, 2019; NASA Socioeconomic Data and Applications Center (SEDAC) Center for
International Earth Science Information Network (CIESIN), and Columb@d,8Rthe
populationweighted PMs concentration was determined and used as a proxy for dose. A
shortterm concentratiomesponse function(Atkinson, et al., 2014; World Health
Organization, 2013)vas applied to the populatiameighted PM s concentrationalongside
underlying morthty rates(Australian Bureau of Statistics, 2020; Institute for Health Metrics
and Evaluation, 2015 quantify the health burden of population exposure te $Mm the

fires (PMsFiresi PM2sNo Fires).

Detailed information on the datasaised in the observational papers is provided in the
supplementary material of Papers 1 aridt2erefore only an overview is providedTiable4.

The focus of the following sections is to provide a more detailed model description and further
information on the methods used in the modelling papers (Paper 3 and 4), as these are not

described in detail in the papehemselves
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Table 4. Overview of datasets used in Papers 1 and 2. These papers focused on the use of observational datasets, using purtiels to sup
understanding of relationships identified throughdhservational datasets.

Other
Air Pollutant Datasets Emissions Datasets Datasets Model
Paper [ Region Atmospheric
Ground Satellite Aircraft Anthropogenic | Fire Synoptic Back Chemistry
Observations | Observations | Measurements | Emissions Emissions | Meteorology | Trajectories Transport
Model
The European
Monitoring
EDGAR- Lamb Reading Offline and Evaluatior
1 UK AURN PM:5 HTAP2, EMER Weather Trajectory Model Program
NAEI PMs Types (ROTRA) Unified Model
for the UK
(EMEP4UK)
FINN, The Hybrid
TROPOMI Single Particle
. FAAM NO3 .
Tropospheric ’ MODIS Lagrangian
2 UK AURNPMzs  cotumn NG, Sa CQ, G, Fire Integrated
CcO 25 Radiative Trajectory Model
Power (HYSPLIT)
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Table5. Overview of datasets used in Papers 3 and 4. These papers focused on the application of air quality modelling teequogpditistof
wildfires on health through population exposure to,BM

Victoria.

Air Pollutant Datasets | Emissions Datasets Other Datasets Model
P Regi . . : . .
aper egion Ground Observations er:it:ropog Fire Population Mortality Concentration Atmospheric Chemistry
. Emissions Count Rate . Transport Model
Emissions Response Functior
Gridded ;
. Global Burden Atkinsonet al.
o ofDiease  (z01ay 10a% | HeSerMeseerh
3 UK FINNV1.5 (North-west  (95% CI: 0.2 - 9 .
HTAP2 England) 1. 56 %) d coupled with Chemistry
(GPWV4 (20915) iy P9 (WRF-Chem) v3.7.1
(2015)
PM. sobservations from .
overnment Australia Australia
ge artments in Bureau of Bureau of WHO (2013): Weather Research and
. b EDGAR- FINN near | Statistics - 1.0123 (95% CI: Forecasting Model
4 Australia | Queensland, New Souf : . Statistics (state . ,
: HTAP2 real time population . 1.0045, 1.0201) pe} coupled with Chemistry
Wales, Australian count data specific) 10 9 m (WRFChem) v3.7.1
Capital Territory and (2018) (2018) o
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2.1 WRF-Chem Model: Paper 3 and 4

Concentrations of pollutants in the atmosphere are contimllénlir key processes: emissions,
chemistry, transport and remov@lacob, 2006) These processes and interactions can be
represented numerically ir[3 Atmospheric Chemical Transport Modéore, et al., 2015)
suchasthe Weather Research and Forecasting Model with Chemistry {@¥ekm)(Grell, et

al., 2005) Models can therefore be used to simulate concentrations of pollutants across many
sales, from global to local. Groudzhsed observations are often sparse, and are generally only
representative of a small region surrounding their location. In contrast, satellite observations
give a more complete picture spatially but often lack tempatilddue to their orbits (i.e.

polar orbiters overpass only once per day). Modelled concentrations can be very useful in
understanding the distribution of concentrations over larger areas than is available from
groundbased monitoring and at higher temgdenesolution than is available from satellites.
Despite this, grounttased and satellite observations are still useful in validating modelled
pollutant concentrations both spatially and temporally. Provided the simulated concentrations
agree well with obarvations, the impact of different scenarios can be simulated (e.g. changes
in emissions). In papers 3 and 4 Pdoncentrations were simulated for two scenarios: 1) with
fire emissions 2) without fire emissions. This isolated the contribution of eadfirevibvent

to PMpsconcentrations and allowed the impact of pollutants emitted by wildfires on air quality

and health to be quantified.

2.1.1 The WRF-Chem Model System

The Weather Research and Forecasting Model with Chemistry {@¥#iRF) has become a
popular bol for investigating regional air quality across the world in recent years. The model

development was a collaborative effort, led by NOA#d ESRLscientists, to convert WRF
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into a coupled model with chemistry that is free to use. WOREm is a fully onlinecoupled

model, in which the air quality and meteorology are fully integrated using the same coordinate
systemtransport and timstep(Grell, et al., 205). This is achieved by including modules for
both gasphase and aerosol chemistry. Online chemistry allows complex interactions between
emissions, chemistry, transport and removal to be captured (e.g. chemistry impacts on
meteorology through interaoth of aerosols on CONsince these interactions occur on time

scales shorter than the model outfertell, et al., 2005)

WREF is a fully compressible, ndmnydrostatic model, which was designed for research and
forecasting. There are two dyne&a cores in the WRF model: The Advanced Research WRF
(ARW) and Nonhydrostatic Mesoscale Model (NMM Both cores are Eulerian mass
dynamical that us terrainfollowing hydrostatic pressure vertical coordinates and include
advection, Coriolis, diffusion, pressure gradients and-8tepping. The work presented in this
thesis used the ARWore (within WRFChem version 3.7.1). The ARW solver is used to
calculate chemistry and meteorology using the same coordinates, timestep and(@mg#ics

et al., 2005; Skamarock, and Klemp, 2008)

The WRF and WRFEChem moelling systems are constructed of two main components, which

will be discussed in the following sections, with specific focus on the \WREmM model:

1. The WRF preprocessing system (WPS)

2. The WRF model (REAL and ARW model)

The WRFChem model differs from th&/RF model due to the addition of chemistry, which
needs additional gridded data for emissions
Figure 20). This additional information is provided by the WPS (dust emissions) or read in

(e. g. fire emissions, bi ogenic emissions) d |

Figure20). Alongside this, anthropogenic emissions are also read into the WRF ARW solver
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(see ARW model irFigure 20) and an additional step is added in post processing (3) to
cal cul at e t he concentrations o fProcessinme& ai r

Vi sual i Bigute2Qo nd6 i n

In this work a set of scripts (WRFotron) written by Christoph Knote were used to automate
WRF-Chem simulations and scripts from and Christoph Knote and Luke Conibear were used

for postprocessing. WRFotron scripts were used to submit the three key stages of simulations:

T preprocessing (pre.bash) (06W§usa0) OReal dat
T the ARW model ( mai rigubed®3 h) ( OARW model 6

1 postprocessing (post. bash) &igureeOy Pyt hon/ NCL

This work used the same modelaptas has been extensively used in air quality studies across
many regions of the world previoug{€onibearet al, 2018a, 2018b; Conibeat al, 2018;
Kiely et al, 2019, 2020; Reddingtoet al, 2019; Conibeaet al, 2020; Silveret al, 2020;

Thorpet al, 2020)

71



Global: heidsuarez

WRF
External 5 o processing WRF-ARW Model
Data Source
System
7/
Alternative
Obs Data
Ideal Data
2D: Hill, Grav,
Sguall Line & Scabrecze
(S)Lasndoz‘g 3D: Supercell ; LES
‘ l & Barecinic Waves

WRF
Terrestrial
Data

—
—

NAM, GFS,
RUC, NNRP,
AGRMET(soil

Gridded Data:

Biogenic
Emissions

Gridded Data:

OBSGRID

[

WRF-Var

WPS —

Real Data

Initialization

(optional)

Chemistry
Data

Gridded Data:

(optional)

Anthropogenic
Emissions

Gridded Data:

Post-

Processing &
Visualization
—  VAPOR

—1  NCL
ARWpost
—>1 (GrADS/
VissD)

—1  RIP4
WPP

—1 (GrADS/
GEMPAK)

MET

Figure20. Flowchart of th&VRFChem Modelling Syster(Peckham, et al., 2015)

72



2.1.2 Domain and Model Setup

An overview of the model setp used for Papers 3 and 4 is providedlable 6, further
information on the settings used is given in the following sections and within the papers and

their supplementary material.
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Table6. Model and Domain settisgused for Paper 3 and 4.

Model Configuration and

Parametrizations

Paper 3

Paper 4

Model Simulation Time Period

June 187 July 14" 2018

September$12019i January 332020

Model Domain

-4.97 0.7 E and 53.0 54.4N

128.91 170.6Eand-97 -48 N

Horizontal Resolution

17x39 grid boxes 10 km

130x150 grid boxes 30 km

Vertical Resolution

33 levels and 27 meteorologid
levels

33 levels and 38 meteorological levy

Model Timestep

60 seconds

180 seconds

Meteorological Initial § NCEP GFS and NCEP FNLitourly § ERA5 6hourly analyses at O.
Boundary Conditions analyses at 0.5° resolution

Chemical Initial Boundary | WACCM 6-hourly simulation data | WACCM 6-hourly simulation data
Conditions

Fire emissions

FINNv1.5

FINN nearreal time

Fire emissions release

100% at the surface called every
seconds

Evenly distributed through th
boundary layer/plumeise, both calleq
every 30 seconds

Anthropogenic emissions

EDGAR-HTAP 2010

EDGAR-HTAP 2010

Dust emissions

GOCART with Air Force Weathe
Agency (AFWA) madifications

GOCART with Air Force Weathe
Agency (AFWA) modifications

Land surface

NOAH Land surface model

NOAH Land surface model

Boundary Layer Scheme

The  Mellow-YamadaNakanishi
Niino Level 2.5(MYNN2) schem
called every 60 seconds

The MellowYamadaNakanishi
Niino Level 2.5(MYNN2) schem
called every 3 minutes

Gasphase Chemistry

MOZART-4 with aqueous chemisty
(202) called every 60 seconds

MOZART-4 with aqueous chemist{
(202) called every 3 minutes

Photolysis Scheme Madronich  fTUV  (phot_opt=3] New full fTUV (phot_opt=4) calleg
called every 10 mins every 30 mins

Aerosol Scheme MOSAIC 4bin with aqueou§ MOSAIC 4bin with aqueou
chemistry (202) (apart from i chemistry (202) (apart from i

stratocumulus chads) called every 6
seconds

stratocumulus clouds) called ever
minutes

Convection Parameterization

Grell 3-D ensemble

Grell 3D ensemble I
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Microphysics

Thompson scheme

Thompson scheme

Radiation Scheme

RRTM longwave called every €
seconds and Shortwave radiat
RRTM shortwave called every ¢
seconds

RRTM longwave called every
minutes and Shortwave radiati
RRTM shortwave called every
minutes

Meteorological Nudging

All vertical levels - potential
temperature, horizontal and verti

winds and the water vapour mixi]
ratio using 3nourly GFS reanalysis

1. All vertical levels - potential
temperature, horizontal and verti:l
winds and the water vapour mixi
ratiousing 6hourly ERAS reanalysis

2. Within the boundary laye
horizontal and vertical windsare
nudged using 6hourly ERA5
reanalysisAbove the boundary Iayeall
potential temperature, horizontal
vertical winds and the water vapd
mixing ratio using éhourly ERA5
reanalysis
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2.1.2.1 UK 2018 Saddleworth Moor Wildfire

Simulations for the Saddleworth Moor wildfire were performed between JiweJuly 14"

2018 at 10 km resolution for a domain covering northern Englaigadire 21). The first two

weeks of the simulation were discarded as model tewgpiit herefore, the simulation analysed
spanned June Tao July 14'2018. The domain size was 17x39 grid é®with 33 pressure
levels (from the surface to 10 hPa). The domain included thewedhEngland region, which
groundbased and satellite observations indicated was most severely affected by pollutants
from the fires. The spatial resolution was 10 Kmeréfore a model timestep of 60 seconds was

used in order not to breach courant (C) stability (i.e. how much information (u) moves across
a grid cell Dx) within a given model timestef), sinced D—D). This allowed the model

simulation time and co$o be reasonable, without the model becoming unstable.

WPS Domain Configuration

sae20N
e
S0

53°20'N

4°W 3°W 2°W 1°w 0°

Figure21l. WRFChem domain for Saddleworth Moor Fires 2018 simulations
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2.1.2.2 Australia

Simulations over Australia were performed for Augu$2@19 to January 312020 at 30 km
resolution for a domain covering eastern Australia and New Zedfana€22). Model output

was discarded betweerugust £ and August31® to allow the model to spinp in the first

month. The domain size was 130x150 grid boxes with 33 pressure levels (from the surface to
10 hPa). For these simulations, only eastern Australia was included in the model domain for
seveal reasons. Firstly, ~90% of the population live in this region, secondly this was the region
the fires affected most severely, thirdly, satellite observations indicated that pollutants were
transported within this region by prevailing winds, and finalmputing cost and time meant

that including all of Australia and New Zealand would have been challenging. Since the
resolution of this model simulation was coarser (30 km) a larger model timestep wa8 used (

minutes.

WPS Domain Configuration

10°S

15°S

20°S

25°8

30°S

35°S

40°S

45°S

130°E 140°E 150°E 160°E 170°E

Figure22. WRFChem domain for Australia wildfires 2019/2020 simulations
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Data used for Initial Conditions
2.1.2.3 Initial Boundary Meteorology

Meteorological Reanalysis

UK
Meteorological conditions were initialised using NCEHFS 6-hourly analyses at 0.5°

resolution on 27 pressure levels (NCEP, 2007). In betweentibar®y analyses, GFSigourly
forecasts were used for boundary condgiand nudging of meteorological variables (NOAA,
2020). Nudging was used in order to keep simulated meteorology in line with the
meteorological analyses. The variables which were nudged in all of the vertical levels included,
potential temperature, the mwntal and vertical winds and the water vapour mixing ratio.
Meteorology was rnitialised every week using meteorological boundary conditions in order
to minimise model drift.

Australia

Meteorological conditions were initialised using ER&&ourly analyses at 0.1° resolution on

38 pressure levels (Hoffman et al., 2019; ECMWF, 2020). Nudging was performed in the same
way as with GFS reanalysis but usindgp@urly ERA5 meteorological analysis. Two nudging
options were tested, firstly, meteorological variablgesténtial temperature, horizontal and
vertical winds and the water vapour mixing ratia@re nudged for all vertical levels. Secondly,
only horizontal and véical wind components were nudged within the boundary layer and
above the boundary layeotential temperature, horizontal and vertical winds and the water

vapour mixing ratio were nudged

2.1.2.4 Initial Chemical Boundary Conditions

Initial boundary chemistry w& provided by th&Vhole Atmosphere Community Climate
Model (WACCM) 6-hourly simulation dat@Marsh, et al., 2013; UCAR, 2020&)nce this is

the only dataseavailableat neaireal time. WACCM meteorology is driven by the NASA
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GMAO GEOS5 model. Anthropogenic emissions for 2014 from CHDSed in CMIP§ and
FINN-v1 fire emissions are used in WACCM.olel output is given on 88 vertical levels at
0.9x1.25°(UCAR, 2020b) WACCM initial boundary conditions were used to initialise

chemistry at the start of the simulation in both the UK and Australia model simulations.

2.1.2.5 Anthropogenic Emissions

For both the UK and Australia model simulationspgl anthropogenic emissions were taken
from the Emission Database for Global Atmospheric Research with Task Force on
Hemispheric Transport of Air Pollution version 2.2 (EDGARAP2) (Janssen#aenhout,

et al., 2015kt 0.1° resolution for 201&ector specific diurnal cycles were subsequently added

to the emissions after they have been read in, using diurnal cycles from éliaie2003)
EDGAR-HTAP2 is a global, gridded, air pollution emission inventory compiled of officially
reported, national gridded inventories. Where national emissions datasets or specific sectors
were not available EDGAR v4.3 grid maps are usenhisSions include S£ NOy, CO,
NMVOC, NHs, PMio, PM2s, BC and OC The resulting EDGARHTAP2 dataset provides
emissions of these pollutants on a monthly and annual grid map and contains emission factors
that are fuel technology, processand human actividependent, as well as considering-end
of-pipe abatemenkEmissions include all anthropogenic emissions exceptdscgke biomass
burning (e.g. wildfires). Emissions are split into 7 sectors: aircraft, international shipping,

power industry, industry, ground transport, residential and agriculture.

Within EDGAR-HTAP2, European emissions are from the TMACC-II (EMEP-TNO)
(Kuenen, et al., 2014dataset at 0.125°x0.0625° (converted to 0.1° x 0.pgnising from
30°W-60°E and 3072°N. EDGAR-HTAP2 2010 data for Europe is based on EMBEYO
2009 data but uses the trend in EMERO data between 2006 and 2009 to estimate 2010

emissionsThe EMERTNO dataset includes all activities, except internationgmshg and
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international aviation (this was taken from EDGARv4.3), and all emissions, except OC and

BC. OC and BC werespdedartioveadabudsei,ng haato M ovi de
composition carbonaceous profiles for each sector and cdiigschedijk, et al., 2009)sing

PM2s and PMo. From the annual totalsnonthly profiles were calculated using monthly

scaling factors for each country and sector.

Australian emissions in EDGARTAP2 are taken fim EDGAR v4.3. The dataset provides
global emissions of anthropogenic and greenhouse gases between 1970 and 2010, including
OC, BC and PMls. Emissions are provided at country level for individual sources. These are
mapped onto the EDGARTAP2 grid using poxy data such as population data, roads,
railways and animal density, among others (more informatiodanssendaenhoutet al.

(2013). Once the data has been mapped, monthly profiles for each HTAP sector from EDGAR
v4.3 are applied to create a monthly varying dataget Australia profiles for the southern

hemisphere are used.

EDGAR-HTAP2 emissions are used in place of local emisgilatassets (e.g. NAEI emissions
for the UK) because during fire events the R2Mignal is likely to be dominated by fire

emissions of Pis(e.g. PMsfiresi PMzs no fires).

2.1.2.6 Fire Emissions

Wildfire emissions were taken from the Fire Inventory from NOAdRsion 1.5 (FINNv1.5)

(UK) and FINN \ersionl near real time (FINNv1 NRT) (Australia), which were provided with
chemical speciation profiles for MOZARZ. Both versions of FINNcombine satellite
observations, land cover, biomass consumption estimates and emissions factors to calculate
daily fire emissions globally at 1 km resolution. FINN emissions are chosen over @kED

to their higher spatial resolution (1 km vs 5 km). FINN uses satellite observations from the
MODIS Thermal Anomalies Product to provide detections of active fires. Burned area is
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assumed to be 1 Kfor each fire identified and scaled back based on thsityeof vegetation

from the MODISVegetationContinuous Fields (VOKi.e. if 50% bare = 0.5 kfiburned area).

The type of vegetation burned during a detected fire is determined using the MODIS®@vllec

5 Land Cover Type (LC)I Each fire pixel is assigned to one of 16 possible land cover/land
use classes and also the density of vegetation at 500 m resolution, scaled to 1 km. The 16 land
cover types are therggregated into 8 generic categories to which fuel loadings are applied
(Wiedinmyer, et al., 2011)uel loadings are from Hoelzemaeanal. (2004)and emissions

factors are from Akaget al.(2011) Mcmeeking(2008)and Andrae and Merl¢2001) FINN

includes all emissions from above ground vegetation but not from the combustion of peat
(Kiely, et al., 2019) Fire types included are wildfires, prescribed and agricultural burning.

However, trash burning or biofuel use are not included.

The key difference between FINN v1 NRid FINN v1.5 is that FINN v1 NRT uses MODIS

near real time fire counts rather than the reprocessed fire counts, which v1.5 uses. This is due
to FINN v1 NRT being a near real time product. The near real time product (FINN v1 NRT) is
used for paper 4 becafINNv1.5 emissions had not been released at the time of the model
simulations. However, the differences between the two datasets over Australia for the year
2018 (and 2019 following the v1.5 release) were quantified to identify any differences.sn PM

emissions.

Release of Fire Emissions

WRFChem is setp to emit fire emissions using a plumse parameterisation by default
(Freitas, et al., 2007)Plumerise is a 1D cloudresolving model that parameterises how
plumes transport hot gases and particles vertically. Rhisaaises meteorological fields and

land-use from the WRFChem simulation as input and then explicitly simulates each plume.
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The height of each plume is then used as the injection height for flaming fire emissions within

the mode(Freitas, et al., 2007)

Several studies focussed on peat fires have found that, due to the lower burning temperatures,
the pumerise scheme potentially represents an incorrect vertical distribution of the emissions
(ArcherNicholls, et al., 2015; Crippa, et al., 201®iven the relatively small size of the
Saddleworth Moor fires (8 kfji and the low peak height of flames (4 m), the pluise
parameterization is likely to overestimate the injection hedjlthe emissions from the fires.
Therefore, in thee simulations 100% of emissions were released at the surface. The much
larger Australia bushfiresre likely to have hac substantiallyhigher flame height and
produced such intense heat that they egkayrecumulonimbus clouds. Therefore, in these
simulation two emissions release options were implemented in order to investigate which lead

to the best comparison with observations:

1) distributing emissions evenly within the boundary layer, followingrie¢éhod oKiely
et al.(2020, 2019)

2) Plumerise.

Kiely et al. (2020, 2019)used a similar WRfEhem seup to the Australia simulations and
found that for simulations of Indonesian fires surface and boundary layer emission release
options improved agreement between simulated surface &Wcentration and observations

compared \th the plumerise module.

In both papers, the fire_emiss gpcessor was used toged FINN emissions to the domain
spatial resolution and to map the FINN chemical speciation tmtukelaerosol scheme. The
size distribution of aerosol was then cédted online. Fire_emiss also applies separate diurnal

cycles to emissions from wildfire, prescribed burning and agricultural burning, using WRAP

82



data (Western Regional Air Partnership, 200590% of wildfire emissions are released

between 10:00 and 19:00 local time.

2.1.2.7 Dust Emissions

Three options to calculate dust emissions aglave in WRFChem v3.7.1: 1) GOCART

WRF (dust_opt=1JLeGrand, et al., 2019P) GOCART AFWA(dust_opt=3)LeGrand, et

al., 2019)and 3) GOCART UoCdust_opt=4)Shao, 2001)In this work the GOCART with

Air Force Weather Agency (AFWA) modificatiofseGrand, et al., 201%cheme was used
(dust_opt=3), which calculates dust emissions online. The AFWA scheme is based on the
parametrisation d¥larticorena and Bergame{i995)and builds upon the original GOCART

dust emission schenf&inoux, et al., 2001 ¥irst incorporated into WRIEhem as GOCART

WRF. GOCART was designed to use a topographically based source function to fixed
geographic variability in substrate erodibility. This removed the need to obtain soil and surface
characteristic data, which are diffictdt acquire. In GOCART AFWA the erodible fraction of

soil is fixed to a constant mix of sand, silt and clay. Dust emissions are calculated using wind
speed, soil moisture and general soil characteristics, which are already available in WRF
Chem. Emissionsra calculated separately for discrete soil grain size bins in estage
process, where wind shear triggers large particle saltdeadjngto the emission of fine
particles by saltation bombardment. The AFWA scheme is able to better represent dust
emissions by saltation bombardment and particle disaggregation than the GO@RRT
scheme by utilising an independent series of 9 bins for saltation (betweemni.d2d 250

mm) and 5 bins for emitted dust (€22y¥m , 23.6 nm, 3.66 nm, 612 nm and 1220 nm)
(LeGrand, et al., 2019Pust mass flkes calculated by the scheme are used to represent the
dust mass flux that is injected into the surface atmospheric model level. Separate modules in
the model, for atmospheric transport and removal, are then used to estimate dust concentrations

in model levels above this.
83



2.1.2.8 Land-use

Landuse (vegetation) data is from MODIS at 30-second resolution (~1km) using
International Geospheigiosphere Programme (IGBRlasses. 18 landse clases are used,
with 7 tree/shrubland, 3 savanna/grassland, 2 cropland, wetland, ice and snow, urban, bare

ground and water categories. More information is available from U@AROc)

2.1.3 Model setup

2.1.3.1 Land-surface Model
The NOAH landsurface model (LSMwas used to represent land surface processes and
provide lower boundary conditior(&k, et al., 2003) The NOAH LSM simulates surface
energy and water fluxes and the surface energy and water budgets due-sarfaear
atmospheric forcing. The associated changesilmwisture and temperature and snowpack
are important to the surface energy and water budgets on daily, seasonal and annual timescales.
This allows the model to account for sgid fluxes and also has knock on effects on boundary
layer and cumulus scha&s. The three key inputs that the LSM needed as input wereusand
(vegetation) type, soil texture and slope. From this, the LSM provides WRF with: surface
sensible heat flux, surface latent heat flux, upward-lwage radiation (or skin temperature
andsurface emissivity), upward (reflected) shadve radiation (or surface albedo, including

snow effect).

2.1.3.2 Boundary Layer Scheme
The planetary boundatpyer scheme (PBLSused was the Mellow amadaNakanishiNiino

Level 2.5 (MYNN2 scheme(Nakanishi, and Niino, 2006)The PBLS is important in
determining the concentration of pollutants. The most important variables within the PBL,
which determine concentrations, are PBL height, wind speed and direction, temperature and

relative humidity. These are characterised using parameterisations. Within the MYNN2
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scheme a database of large eddy simulations was used to tune these variables amitloth
overcomingtypicabi ases seen in PBLSs (e.g. a convect

sufficiently and underestimated turbulent kinetic energy).

2.1.3.3 Gasphase and Aerosol Chemistry Scheme

The Model for Ozone and Related Chemical Tracers,aretls{MOZART-4) scheme was used

for gasphase chemistfEmmons, et al., 20099riven by model meteorology. The MOZART

4 scheme includes 85 gpbase species, 12 bulk aerosol compounds, 39 photolysis
(phot_opt=3)/109 photolysis (phot_opt=4) reacticglsvantto tropospheric and stratospheric
chemistry, and 157 ggshase reactionE€mmons, et al., 2009The scheme, which allows the
online calculation of aerosol, updates MOZARTHorowitz, et al., 2003)which was based

on theModel of Atmospheric Transport and Chemistry (MATIOIRasch, et al., 1997The
scheme has also been extended to include detailed treatment of monoterpenes, aromatics,
nitrous acid HONO - an important source of the hydroxyl radicagetyleng CoHz) and an
updated isoprene scherfienote et al, 2014) This is coupled to the Model for Simulating
Aerosol Interactiosa and Chemistry (MOSAIC) sectional aerosol scheme thélKinetic Pre
Processor (KPP). Within MOSAIC, four sectional aerosol bin sizes are usedi @ T3

0.156 0.625, 0.6262.5 and 2.610 um. The MOSAIC scheme includes the interaction of
aerosol withradiation through the direct effect of aerosol on radiation (scattering) and the effect
of aerosols and clouds on photolyd&snmons, et al., 2009MOZART-4 also includes aerosol
interactions with clouds via aerosol number determining cloud drop number and size, the first
indirect aerosol effe, aqueous chemistry (in these simulations aqueous chemistry in

stratocumulus clouds was not included) and wet removal through scavenging.

The physical processes within MOZARTare the same as within MOZARZ(Horowitz, et

al., 2003) Within the MOZART model convective mass fluxes are calculated, using the
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shallow and midevel convective trangpt formulation of Hack(1994) alongside the deep
convection scheme of Zhang and McFarléh@95) A parameterisation is used forrtieal

diffusion in the boundary layé€Holtslag, and Boville, 1993)Vet deposition is from Brasseur
et al.(1998) A flux form semiLagrangian transport algorithi® used for advective transport

(Lin, and Rood, 1996)

The updated gashase chemical mechanism in MOZARTusesa volatility basis set
description of secondary organic aerosol (S@#nation, based on Lane, Donahue and Pandis
(2008a, 2008b)Knote et al, 2014) This allows the oxidation of several biogenic and
anthropogenic precursor species to form new species with varying volatiitiese et al,

2014) These then partition between the -gasd aerosephase, dependent upon total organic
aerosbload and temperature. The effect of continuous oxidation on reducing the volatility is
also included, as well as the removal of secondary inorganic VOCs. Primary organic aerosols
(POA9 are consideredam-volatile in the model. More detailed information on the updated

scheme is available iHodzic and Knot€2014)and Knoteet al. (2014)

2.1.3.3.1Aerosols

The MOZART-4 scheme includes the calculation of black carbon, sulfate, ammonium nitrate,
primary and secondary organic aerosol (POA and SOA) and sea salt. Sulfate aerosols are
formed from precursor emissions of S4hd DMS(Barth, et al., 2000Black carbon (BC) and
organic carbon (OC) emissions arditspetween hydrophobic (50%) and hydrophilic forms
(80%) (Chin, et al., 2002BC and OC are converted from hydrophobic to hydrophilic at a time
constant of 1.@lays(Horowitz, 2006; Tie, et al., 200530A is formed through the oxidation

of monoterpenes artdluene(Chung, and Seinfeld, 2002) parameterization of gas/aerosol
partitioning (Metzger, et al., 2002and ammonia emissions atembined to determine the

distribution of ammonium nitrat®ased on the amount of sulphate present, the parametrisation
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applies a set of approximations to the equilibrium constant calcul@®infield, 1986)The

uptake ofdinitrogen pentoxid¢N2Os), HO, NO2 andnitrate (NOs) onto aerosols is included.

The surface area is calculated, using the assumption of a lognormal distribution, using a
different geometric mean radius and standard deviation for each type of d&fusolet al.,

2002) Sea salt aerosol is calated onlingMahowald, et al., 2006nd is included using four

size bins (0.00.5, 0.51.5, 1.55, and 510 um). Monthly mean distributions of dust in the
Community Atmosphere btel (CAM) are used to set the distribution of dust, in four size bins
(0.050.5,0.51.25,1.252.5, and 2.65.0 um). Ambient relative humidity is used to determine
hygroscopic growth of aerosols, with different rates applied to individual types of kseroso
(Chin, et al., 2002)While, washout is 20% of the HN@vashout rate for all aerosol species,

expect hydrophobic OC and BEorowitz, 2006; Tie, et al., 2005)

2.1.3.3.2Photolysis
The online fTUV (fast Tropospheric Ultraviolé¥isible) scheme(Tie, et al., 2003)39

reactions) and the new TUV schef#CAR, 2020d)109 reactionswere used in the UK and
Australia simulations, respectively. These settings are recommended for use with MAZART
(Hodzic, and Knote, 2014)The tTUV scheme is a simplified, much faster and
computationally cheaper version of the TUV mofMhdronich, and Weller, 1990Yhe #

TUV scheme was updated to allow the impact of aerosols on clouds to also be iti€laded

et al., 2003)A lookup table, which is based on the Mie calculations ilNBAR Community
Atmosphere Model (CAM3), is used in the treatment of aerosols in fixing photolysis
frequencies and aerosol optical depth. The new TUV scheme uses the updéteabdel
(TUV v5.3), whichnow includes aerosol and cloud feedback on photolysis rates, improving

TUV model performance when compared with observatjoiiiAR, 2020e)
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2.1.3.3.3Dry Deposition

Dry deposition velocities were calculated online using the parameterisation of \(Z&)&Y
Walmsley and Wesley1996) and Wesley and Hick&000. The parametrisation uses the
distribution of vegetation, and the diffusion coefficient, reactivity and wskibility of gases,

to calculate surface resistandé&e distribution of vegetation is taken from monthly land cover
maps of plant functionaype fraction and leaf area indé&onan, et al., 2003Yhe flux of air
pollutants (aerosols and gases}the surface is calculated by multiplying the spé&gimporal

deposition velocity by air pollutant concentrations in the model surface layer.

2.1.3.3.4Biogenic Emissions

The Model of Emissions of Gases and Aerosols from Nature (MBGAdenther, et al., 2006)

was used to calculate biogenic emissions of isoprene and monoterpenes(atniinkm
resolution) Therefore it should be used with thpdated gaphase chemical mechanism in
MOZART-4 (Hodzic, and Knote, 2014MEGAN online emissions are based on the emission
factor of each compound, an emissions activity factor and a factor that accounts for canopy
gain or loss.Other biogenic emissions are taken from the POET inventory, trageat
monthly temporal resolution but do not vary for different years. Lumped monoterpene
emissions in MOZART are the sum of alphainene, betginene, limonene, myrcene,

ocimene, sabinene, and deBaarene in the MEGAN emission factor maps.

2.1.3.4 Radiation Scheme

The Rapid Radiative Transfer Model (RRTMdlption was used for both short and long wave
radiation(lacono, et al., 2008)T'he RRTM includes several loivgave absorbing molecules:
water vapour, carbon dioxide, ozone, methane, nitrous oxide, oxygen, nitrogen and the
halocarbons, and shestave absorbing molecules: water vapour,boar dioxide, ozone,
methane and oxygen. Extinction from aerosols, clouds and Rayleigh scattering are also

included in the model.
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2.1.3.5 Microphysics Scheme

The Thompson scheme was used for cloud microphBzsmpson, et al., 2008yhe scheme
is a singlemoment scheme, other than the doubl@ment ice. The mixing ratios of 5 liquid
and ice species (cloud water, rain, cloud ice, snow and efjaugs well the number
concentration of cloud ice, are explicitly simulated. The use of only one moment for all species

(except ice) means that computing costs and run time for simulations are reduced.

2.1.3.6 Convection Parameterisation Scheme

The Grell 3D scleme was used for convection parameterisation (Grell and Dévényi, 2002) as
this is the only scheme integrated with cloud chemistry and tracer traftdpdric, and Knote,

2014) The parameterisation framework is based on an earlier convective parameterization,
which used dynamic control, static control and feedback to spiitulus parametrisation
(Grell, 1993) Dynamic control determines the modulation of convection by the environment,
determining where convection will occur and how strong it will be. Feedback distributes the
total integrated heating and drying in the vertidadrefore specifying the modification of the
environment by convection. Finally, static control controls updraft and downdraft
characteristics, including mechanisms such as entrainment, detrainment and microphysics. The
Grell 3-D scheme expands this schemeeenable the inclusion of other commonly used
assumptions. This gives a large spread in the solution calculated by the parameterisation.

Ensemble and data assimilation are then used to identify the most likely solution.

2.1.4 Model Uncertainties

Model uncertanties can arise from a range of factors. Uncertainties from input datasets include
the resolution of emissions datasets not capturing the strong concentration gradients of
emissions due to averagirfgushta, et al.,, 2018; Thompson, et al., 2014pngside this,

model setup can affect results. The trad# between model resolution, computation time and

expense means that simulations are often performed at resolutions that do not captyre stro
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concentration gradients in highly populated argéasshta, et al., 2018)rhis can lead to an
underestimation of population exposure to pollutants and can therefore lead to an
underestimation in the health impact calculated. Parameterisations jplieggonocesses (e.g.
boundary layer height diurnal cycle, convection), and the subsequent poor representation of
them, can also lead to concentrations of air pollutants at the surface being in poor agreement

with observations.

2.2 Health Impact Assessment

2.2.1 Concentration-Response Function

The concentratiomesponse function (CRIef Atkinsonet al (2014)was usedo estimate the
impact of shorterm exposure to Ppson mortality in Paper 3. The CRF was derived using a
metaanalysis of 110 peerviewed timeseries and casaossover studies. The key strength

of metaanalyses is that they strengthen evidence by combining findings of many studies.

Studies within the metanalysis were found using keyword searches on the main medical
journal databases and included studies published up to 2011. Once a relevant study was
identified, it was only included if the study design, statistical methods and regression estimates

fitted the criteria for the metanalysis. This was achieved using 4 selection criteria:
1) estimates were for P
2) daily data for at least one year
3) confounding factors were controlled for

4) sufficient information was available for the calculation of a regression estimate and

standard error for comparison in the matealysis.
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Studies selected were also filtered for the time lag between popuafposure to Pis and

health effects presented, selecting the results from only one lag (the lag that the author focused
on or was most statistically significant), if several were given. In order to reduce the over
representation of a single city withihet metaanalysis, singkeity studies were also filtered

and only included if they were not within in any of the muaity studies already selected.

Studies selected for the metaalysis were grouped globally and also split into WHO regions
(Africa, Easern Mediterranean, Europe, Americas, Sdt#st Asia and West Pacific), which

were further split by the mortality rates for children and adults. For each of these regions, a
metaanalysis was performed if 4 or more single -@stimates or a muitiity study estimate

was available. Separate metaalyses were performed for the single -gsgimates and the
multi-city estimates in each region. The singiy and multicity effect estimates were then
combined to calculate a global summary estimate. A raraffaots model was used to identify

the proportion of variability in effect estimates that was due to unobserved differences
(heterogeneity) across WHO regions. This indicated that there was a high level of heterogeneity
in all-cause mortality effect estares across regions @ 93%) from 0.25% to 2.08% per 10

pg mincrement in PMs.

In order to ensure that the results of Paper 4 were directly comparable to previous work by
Borchers Arriagadat al. (2020) the World Health Organisatiq2013) CRFwas used. The

WHO CRF was derived using the Air Pollution Epidemiology Database (ARE&E&a
analysis, which included 1&ngle city timeseries studies and 1 mudtity study; all of which

were allcause, albge mortality studies. All studies included were based in Europe (WHO
European region), with the mutltity study including 9 French cities. Studies included were
carried out between 1991 and 2006. Sixgte study estimates rard betweenr0.66% and

2.57% per 10 pg M while the multicity study estimate was 1.59% per 10 pg.m
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2.2.2 Premature Mortality Estimate

In order to calculate the health burden of stenn exposure from Ppthree key factors were
used. Firbtmytothknowafas the theoretical mi
below which there is no increase in mortality or morbidity. Secondly, the baseline mortality

rate of the population exposed. Thirdly, a CRRich relates population exposure above the

60safe | imitd to an increase in mortality or

Paper 3 and 4 used different CRFs (as discussed above). However, the CRFs were applied in
the same way for both papers. For both papers, Hiace is little evidence to suggest a safe

limit of exposure to PMs, a TMREL (%) of 0.0 ug m? was assumed, in line with others
(Borchers Arriagada, et al., 2020; Holgate, 1998; Macintyre, et 4b, 8chmidt, et al., 2011)
However, a sensitivity analysis was also carriedimpiaper 3o investigate the impact of the
assumed TMREL on the results, using a TMREL of 2.4 and 5.9 figTinese values were
chosen to match the lower and upper TMREEdIin theGlobal Burden ofDisease 2015 study

(GBD Collaborators 2015, 201 #or Paper 3 the atlause, athge background mortality rate

for northwest England was taken from the Global Burden of Dis@gBd@E, 2018) Whilst in

paper 4 state specific athuse, alge background mortality rates were taken from the

Australian Bureau of Statisti¢dwustralian Bureau of Statistics, 2020)

In order to estimate the number of deaths brought forward due to exposure sth€@RF,
TMREL and background mortality rate were combined together with population level exposure

to PMbsin three steps in Equatidl):
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Firstly, the relative risk (RRwas calculated (Equatiofil)(a)). This is the probability of
mortality from a disease endpoint within an exposed population compared with the probability
of mortality within anunexposed population (3) (Equatidri)(a)). X is the concentration of
PM: s the population is exposed to in a given grid box (i) anésXhe TMREL b&w which

there is no risk from exposure. The beta values used were a 1.04% (95% CI: 0.52%, 1.56%)
increase i n mointreaseintPiscqneemtratibriin papgr(@wkinson, et al.,
2014)and 1.0123% (95% C1.0045%, 1.0201%) in paper(¥Vorld Health Organization,
2013) Most North American and Western European epidemiology studies clearly show a linear
exposureresponse relationship for shaerm exposure to PM, without a thresh@hniels et

al. 2000; Pope and Dockery 2006; Samoli et al. 2005). Therefore, a linear exgpspomese
relationship was applied, like other studigippa, et al.,, 2016; Macintyre, et al., 2016;

Schmidt, et al., 2011)

Secondly, the relative risk was then used to calculatatthibutable fraction (A}(Equation
(11)(b)). The AF is the fraction of the excess mortality attributablexposure to Pik.
Finally, the AF was combined with population count, from each grid box, and the baseline
mortality rate of the population to calculate the dailycallise mortality burden of exposure to
PM2s. Shortterm health impacts are assumede equal across ages, therefore baseline all

cause, albge mortality rates and population data for all ages were used in the calculations.
93



I n both papers 3 and 4, the health i mpact
method, which is thene most commonly used in health impact stufi@gppaet al, 2016;
Macintyreet al, 2016b; Conibeast al, 2018a; Reddingtoet al, 2019) The numler of deaths
brought forward due to exposure to Ph the simulations with fire (Erre9 and without
fire (Em no FIRE9 €missions were both calculated. The number of deaths brought forward due
to PMesfrom fires alone (B rires onLy) Was then calcutad as the difference between dres

onand En rires or(Equation(12)).

12

2.2.3 Baseline Mortality Data

The 2015 baseline mortality rate data fiorth-west England was taken from the Institute for
Health Metrics and Evaluation (IHMEInstitute for Health Metrics and Evaluation, 2018)
originally from the Office of National Statistics (OIN8ortality statisticsThe IHME is the
overarching body respsible for the GBDstudies and data stored by the IMHE is used in the
Global Burden of Disease studiBD Collaborators 2015, 201@aselinemortality data for

2015 was used for this study since data for subsequent years is extrapolated.

State specific altause, athge background mortality rates for 2018 were taken for Australia
from the Australian Bureau of Statisti@Sustralian Bureau of Statistics, 202@) match the

method of Borchers Arriagad al. (2020)

For boh papers, the annual baseline mortality was equally divided by the number of days in

the year as others have also d@edman, 2004; Macintyet al, 2016b; Popet al, 2016)
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Uncertainties at the 95% confidence interval are provided in the IMHE baseline mortality data

for northwest England and these were agglwithin the health impact assessm@r.

2.2.4 Population Data

Population count data for northest England was taken from the Gridded Population of the
World dataset version 4 (GPW)yvat the Centre for International Earth Science Information
Network () (v10.4) (CIESEN, 2018). GPWv4 is a minimattyodelled population dataset for

the distribution of the human population on a continuous global raster (pixel) surface. In order
to create a global dataset, population data was collected from the@@dises (these were
carried out between 2005 and 2014) at the highest possible resolution. Population estimates
from the national statistics office or the United Nations were used for countries where census
results were not available or yet releasedsdme countries, multiple levels of administrative

data were available. In this case, the highest resolution data was always used for given regions
in the country and was merged with lower level data for the rest of the country. Annualized
growth rates werapplied to the collected census data in order to account for discrepancies in
when census data was available (since this was between 2005 and 2014). The annualized
growth rate was then used to estimate the population count in the target years of 2800, 200
2010, 2015 and 2020 published in the GPWv4 dataset. The data was then proportionally
allocated to pixels by uniform areakighting. The resulting population count estimates used

in paper 3 were at 0.05° resolution for the year 2015.

Paper 4 used pomtion count data for Australia from the Australian Bureau of Statistics
(Australian Bureau of Statistics, 20X6)match the method of Borchers Arriagadial.(2020)
Populaton count data is from the 2016 census, with regional population growth applied each

year.Population count data used were at 0.01° resolution for the year 2018.
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Uncertainties

Previous work has shown that the largest uncertaimtiesalth impact assessmtsstem from

the concentratiomesponse function 95% Ct30%), rather than from model resolution (2.4%)
vertical distribution of the Pl (0.6%) or resolution of the R®.8%)(Kushta, et al., @18)
Alongside this, uncertainty arises from the TMREL since it is not well established whether
there is asafe level of exposure to RM(Pope IIl, and Dockery, 2006; Schwarze, et al., 2006)

Further work is required to reduce these uncertainties in the future.
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3.1 Abstract

Each year more than 29,000 premature deaths in the UK are linked to long term
exposure to ambient particulate matter (PM) with a diameter less thamm?2.5
(PM25). Many studies have focused on the laagn impacts of exposure to PM,

but shortterm increases in pollution can also exacerbate health effects, leading to
deaths brought forward within exposed populations. This study investigates the
impact of different atmospheric circulation patterns on UK;Ptbncentrations

and the relative contribution of local and transboundary pollutants to variations in
PM_ s concentrations. Daily mean BMobservations from 42 UK background
sites indicate that easterly, sowghsterly and southerly wind directions and
anticyclonic circulation patterns enhance background concentrations faPM

all UK sites by up to 12 pg th Results from back trajectory analysis and the
European Monitoring and Evaluation Programme for UK model (EMEP4UK)
show this is due to the tramsundary transport of pollutants from continental

Europe. While back trajectories indicate under easterly, ssagterly and
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southerly flow 2550% of the total accumulated primary PMemissions
originate outside of the UK, with a very polluted footpr{@t25-0.35 pg nv).
Anticyclonic conditions, which occur frequently (21%), also lead to increases in
PM s concentrations (UK mulannual mean 14.7 ug #h EMEP4UK results
indicate this is likely due the buHdp of local emissions due to slack winds.dgr
westerly and northivesterly flow 1530% of the total accumulated primary Rivi
emissions originate outside of the UK, and are much less polluted (0.12ug m
with model results indicating transport of clean maritime air masses from the
Atlantic. Resuis indicate that both windirection and stability under anticyclonic
conditions are important in controlling ambient PMoncentrations across the
UK. There is also a strong dependence of high £DBhaily Air Quality Index
(DAQI) values on easterly, souttasterly and southerly windirections, with
>70% of occurrences of observeda8+ pug m® concentrations occurring under
these wind directions. While northiesterly and cyclonic conditions reduce 2M
concentrations at all sites by up to 8 ug.ri®M. s DAQI values are also lowest
under these conditions, with >80% 6fl@ pg m®concentrations and >50% of 12

to 23 pg m® concentrations observed during westerly, naviisterly and
northerly wind directins. Indicating that these conditions are likely to be
associated with a reduction in the potential health effects from exposure to

ambient levels of Phk.

3.2 Introduction

Air pollution is the fourth highestanking risk factor for mortality globally, witB5% of the

global population living in areas where the WHO recommended air quality guidelines (10 ug
m' 3for particulate matter with a diameter less than |215 (PM..5)) are exceededGBD
Collaborators 2015, 2018gxposure to air pollutants, including PMon both short and lorg

time scales has been shown to be strongly associated with mortality and md®GRBIRy
Collaborators 2015, 2018Exposure to PMsis associated with increases in diseases such as
cardiovascular disease, ischemic heart disease, stroke, lower respiratory tract infections and
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chronic obstructive pulmonary disordéAtkinson, et al., 2014; GBD Collaborators 2015,
2017) In the UK, it is estimated that more than 29,000 premature deaths each year are linked
to long termexposure to ambient P (Committee on the Medical Effects of Air Pollutants,
2010) Shortlived high pollution episodes can lead to acute health impacts from exposure to
PM2sover shoter time periods, leading to deaths being brought forward among an exposed
population(Stedman, 2004PM. sis composed of both solid and liquid droplets suspended in
the atmosphere, which are small enough to be inhaled deep into th¢RaagshotNielsen,

et al., 2013) Emissions of primary Phsand secondary PM precursors come from a wide
range of sources including combustion for power generation, heating and from vekicle#

as dust and sea spray. There is little evidence to suggest which chemical constituents of the PM
present an increased health risk argether there is a safe limit of exposure for health effects

(Committee on the Medical Effects of Air Pollutants, 2009)

Previous research on UK air pollution has focussed on the health impacts or mechanisms of
shortterm high pollution event casgudies(Stedman, 2004; Vienet al, 2016; Macintyreet

al., 2016b) Macintyreet al. (2016)found exposure to high PMconcentrations (maximum
hourly concentration8 3 ng 8at urban background sites) during adiy spring pollution
episoc in 2014 brought forward 600 deaths, 840 emergency respiratory and 730 emergency
cardiovascular hospital admissions. This equated to a doubling of hospital admissions
compared with those under typical springtime conditions. Sted@@®4) quantified the
impact of high ozone and particulate matteith a diameter less than 10 um (lyV
concentrations during the summer 2003 heatwave using aeksense function. They found

that 471 deaths were brought forward, attributable to exposure tpdeking the tweweek
pollution event, representing an rease of 207 deaths compared to the same period in 2002.

This agrees with previous work that found a large proportion of the deaths brought forward
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resulted from elevation of pollutant concentrations rather than the direct impact of high

temperaturegRooney, et al., 1998)

Since UK concentrations of Pidwere not routinely monitored until 2008, when the New Air
Quiality Directive was introduced by the European Union, previous studiessiiogues the

drivers of high pollution episodes have analysedft¥servations. These studies used back
trajectories to link observations of high B}Moncentrations with possible source regions
(King, and Dorling, 1997; Stedman, 199K)ng and Dorling(1997)found that on days where

PMao concentrations exceeded 50 pb fn 12 UK cities and at two rural sites, local emissions
represented a small fraction of the total concentration and each episode was dominated by
easterly flow. They suggested that, since the back trajectories emanated from mainland Europe,
long-range trasport has a large contribution in the overallipddncentrations observed. They
concluded that more work was required to confirm this, over a longer period with observations

at rural sites.

Harrisonet al. (2012)used 37 urbaivackground observational sites from the UK Automated
Urban and Rural Network (AURN) to examine Pdoncentrations for the year 2009 in erd

to better understand processes affecting concentrations across the UK. The study used
meteorological data from 8 sites to determine the wind direction and wind speed at the AURN
sites. They found that PNMconcentrations were below the annual mean wheds were from
westerly flows, while for soutleasterly, easterly and norgtasterly flows they were above the
annual mean. This was attributed to emissions from continental Europe under easterly and
southeasterly flow. The work of Harrisoet al. (2012)suggest that the loAgnge transport

of pollutants to the UK is associated with specific meteorological conditHowever, due to

the short observational record at the time, the research used only one yearof PM

observations, the sample size for individual wind directions was smhlk meant
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relationships between wind direction and R\bservations couldat be established over a

longer period of time to be statistically robust.

This study builds upon the work of Harrisetal.(2012)with observations that have increased
coverage both spatially (42 sites compared to 37) and temporally-2208). Additionally,

we use Lamb Weather Types (LWTgather than local meteorologic observations to
investigate the relationship between synoptic meteorology and the transport of pollutants.
LWTs reflect the synoptiscale conditions, rather than local meteorology, and so are more

closely related to the transport of pollutants.

In reeent years Lamb weather types (LWLamb, 1972pand circulation weather types (CWT

have become an increasingly popular method of investigating the impact of regional
atmospheric circulation patterns on pollutant concentrat{ibesnuzereet al, 2009; Tanget

al., 2009; Tang, Rayner and Haegemgensson, 2011; Popeal, 2014; Russet al, 2014;
Grundstromet al, 2015; Popeet al, 2016; Grundstronet al, 2017) These can be used to
classify synoptic scale atmospheric circulation patterns over regions such as the UK using wind
direction,speed and circulation strength. The application of LWTs alongside observations of
pollutant concentrations (Pl NOz, Oz and birch pollen) allows the association of different
wind directions with the longange transport of pollutants and the buila ordispersion of
pollutants for large areas. This allows relationships to be derived between specific weather
types and higher pollutant concentrations over longer time periods. Previous work by
Demuzereet al. (2009)in the Netherlands found that RMoncentrations increased when air
was transported from the east and south during summer when there were dry conditions and
high temperatures. Liat al. (2017)also found that M2 sconcentrationg the United States

were closely controlled by temperature, finding tropical weather types were associated with
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significantly higher PMs concentrations and polar weather types with low 2BPM

concentrations.

The UK, given its closerpximity to Europe, is often subject to pollution episodes propagating
from the continent. Popet al. (2016, 2014)used LWTs to investigate the influence of
meteorology on N@and Q concentrations in the UK. The research found that both pollutants
are strongly influenced by wind and circulation patterns. The highestoficentrations
occurred under summer anticyclomionditions due to large scale subsidence limiting vertical
mixing. The study also identified that sowghsterly and nortkasterly flow increased mean
UK Oz concentrations by between 10 to 15 g {Ropeet al, 2016) NO, concentrations were
found to significantly increase under wintane anticyclonic conditions through pollutant
accumulation and were enhanced under seasterly flow due to longangetransport of
pollutants from continental EurogBope, et al., 2014 hey attributed the winter increase to
be a result of the combined effect of increased emissinare stable conditions and decreased

photolysis allowing accumulation over emission sources.

Here, we present the first study to use lbagn (20162016)observations of Pk, sub
sampled under LWTs, back trajectories and an atmospheric chemistspdramodel, to
investigate how climatological weather regimes influence UK surface particulate matter air

quality.

3.3 Data and Methods

An overview of the methods used in this study can be fouRdjure23 for reference.
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Figure23. An overview of the datasets and method used in this study. Lamb weather types (L
combined with observations of BNtoncentrations from the Automated Urban and Rural Net
(AURN), back trajectories from the Reading Offline Trajectory Model (ROTRAJ) and a g
emission dataset. We also compare our results to a chemistry transport model (EMEP4U}

3.3.1 Observations

3.3.1.1 Lamb Weather Types
Lamb Weather Types (LWTS) are a synoptic classification of daily weather patterns across the
UK (Lamb, 1972)LWTs are a useful tool for UK air pollution studies. They indicate thedarge
scale atmospheric flo)and air mass origins, linking each air mass to specific dispersion
conditions and mesoscale meteorology that control the regional transport of air pollution
(Dayan, and Levy, 2004) In thiswork we use LWTs calculated automatically (using the
algorithm from Jenkinson and Collins§1977) from NCEP reanalysis between 1948 and
preseniJones, et al., 201.3NCEP reanalysis are available at°2a500, 06, 12 and 18Z each
day(Kalnay, et al., 1996)The 12Z reanalysis is used to calculate the LWT each day. We have
confidence in the reliability of LWT claggation from NCEP reanalysis since Joretsal.
(2013) found LWT calculated from NCEP reanalysis correlated well 0.89) with the
subjective LWTs of Lami{1972) Each LWT is calculated using the daily mean of three

10¢



variables from NCEP reanalysis, which characterise the circulation at theesovier the UK

at 1200Z. Variables used are (i) the mean flow direction, (ii) the strength of mean flow and

(iif) the mean strength of the circulation pattern (vortic{tignes, et al., 2013Based on this

analysis, conditions on a given day are classified as one of 28 LWTs. Thee28ditfWTs

comprise of three circulation types: Anticyclonic (0), Cyclonic (20) and Unclassifigdafd

eight wind types: N, NE, E, SE, S, SW, W, NW
and Wilby(1995)and Popeet al.(2014) grouping the LWTs into eight wind typebable7).

We however, use 0, 20 arllto classify theynoptic types, like Oteret al (2018) This allows

the independent examination of circulation and wind direction on pollutant concentrations.
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Table7. 27 LWT classificationgJenkinson, and Collison, 197%he 11 LWEused in

this study are indicated old (NE, E, SE, S, SW, W, NW, N, Anticyclonic, Neutral &
Cyclonic). There are 8 wind types (NE, E, SE, S, SW, W, NW & N, shown in the left
columns, and 2 circulation types (anticyclonic, cyclonic), in the top row, and unclassified
days, where wind speed and ahevere too low to allow classificatioRollowing our
grouping of LWT into 11 types, LWT index 3 (ASE) would fall under the anticyclonic
and soutkeasterly classifications (see outer column and rowatifie 7). There is also

one other LWT {9: nonexistent day) not used in this study.

This Study Anticyclonic Neutral Cyclonic
-1UC

- 0A - 20C

NE 1 ANE 11 NE 21 CNE
E 2 AE 12 E 22 CE
SE 3 ASE 13 SE 23 CSE
S 4 AS 14 S 24 CS
SW 5 ASW 15 SW 25 CSwW
W 6 AW 16 W 26 CW
NW 7 ANW 17 NW 27 CNW
N 8 AN 18 N 28 CN
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3.3.1.2 Automated Urban and Rural Network

We use observed P concentrations taken from tiAaitomated Urban and Rural Network
(AURN). AURN is the largest automated air quality monitoring network in the UK with 145
sites measuring species including WNO,, SG& and Q. AURN sites are classified as urban
traffic/kerbside, urban or suburban background, and rural background. For thys stud
background sites are used (urban background, suburban background and rural background).
Background sites are chosen as they are considered to be more representative of the
surrounding region than kerbside sites. This is because their locations are sthaseto be
influenced by the integrated contribution of all sources upwind rather than by a single souce or
street(Department for Environment Food and Rural Affairs, 201Baja from 42 sites is used;

39 of which are urban background (UB), 2 rural background (RB) and 1 background suburban
(BS) (Supplematary MaterialTable10). We use daily mean PMconcentrations (calculated

from hourly measurements) from the 42 background sites for the periddlahtary 2010

315 December 2016. Quality assurance checks are perfromed by Department for Environment
Food and Rural Affairbefore data release (DEFRA, 2009). Thus, we pelyorm basic data

guality control on the daily data on two different time scales: annual and monthly. For annual
statistics, sites are only used if fewer than 10% of days (per year) are missing. Monthly data

for seasonal statistics is only used if fewen 10% of days (per month) have missing data.

3.4Back Trajectories and Integrated Emissions

Reddingtonet al. (2014) showed that the use of back trajectories and emissions can be a
powerful tool in understanding the influence of emissions on local ditygdae to longrange
transport in air masses arriving in Singapore. Following a similar method, we quantify the

importance of the relationship between LWT and AURN:RBbncentrations.
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3.4.1 Emissions

Emissions from the National Atmospheric Emission Inven{®lAEI), European Monitoring

and Evaluation Programme (EMEP) and Emission Database for Global Atmospheric Research
with Task Force on Hemispheric Transport of Air Pollution (EDGARAP) ae combined to

create a gridded emission dataskig@re 24). More details in Supplementary Material:

Emissionssection.

—45 0 45

PM, s Emissions (107'% kg m™2 s™") 2010

0.00 0.25 0.50 0.75 1.00 1.25 1.50



Figure 24. Gridded emissions of primary BNIfor 2010 are shown as an example (annual
varying emissions were used between 2010 and 2014). For the outer domain (Purple
Box), gridded annual EMEP emissions at 0.5° resolution from the Centre for Emission
Inventories and Projections (CEIP, www.ceip.a ased. While for the inner domain
(Red Box) gridded annual National Atmospheric Emissions Inventories (NAEI)
emissions at 0.01° resolution are aggregated to 0.05° resolution. Emissions outside of
Europe are provided by the Emission Database for Globabgpheric Research with
Task Force on Hemispheric Transport of Air Pollution (EDGARAP) version 2.2
emissions for 2010 at 0.1° resolutigdanssendaenhout, et al., 2015)More
information in Supplementary Materi&@missionssection.

3.4.2 Reading Offline Trajectory Model (ROTRAJ)

We combine back trajectories and bottamp emission estimatas order to investigate the
influence of longrangetransport of pollutants on ambient pollutant concentrations under
different LWTs in the UK. We use primary BNemissions integrated over air mass back
trajectories to determine the relative influence of direct P&missions on air masses (i.e.
ROTRAJ lack trajectories) arriving at different times and locations over the UK.-Back
trajectories are calculated using the ROTRAJ offline Lagrangian transport (hMetélven,

2003) The model uses ERMterim reanalysis from the European Centre for Medium Range
Weather Forecasting (ECMWF) to provide velocity fields for the satmds at 1.0125°
horizontal resolution. After a trajectory parcel is released the location of each trajectory parcel
is calculated every 6 hours by vertical cubic Lagrange interpolation and horizontal bilinear
interpolation. This method accounts for lasgpale advection since the winds are resolved but

does not resolve small scale syid turbulent transport.

In this study, ROTRAJ back trajectories were initialised from just above the surface (0.99
sigma level; a terrain following coordinasgstem where 1 is the surface) at 12:00 UTC to
match the LWT dataset between 2010 and 2014 at all background AURN sites (42 sites),
extending back 4 days inf®urly time steps. Pb emissions were accumulated along each
trajectory over 4 days at 48inute time intervals (interpolated linearly frorrh@urly position

output). PMs emissions were only accumulated when the trajectory path was at pressures
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greater than 850 hPa (as an approximation of being within the boundary layer). At each
location, we acamulate the entire emission within an emission grid box over which the
trajectory passes. The surface area of each grid box that the trajectory points passed over is also
accumulated over time. To approximate for dilution and chemical loss et BiMng tle
trajectory path, €olding lifetimes were applied to the total R¥accumulated emission in the

air parcel. A range of lifetimes of 1, 3, 7 and 14 days were applied to investigate the sensitivity
of the final PM s accumulation, on arrival to the respee AURN sites, to loss processes
(Supplementary MaterialSensitivity of Integrated Back Trajectories to assumdalding

lifetime). The alongtrajedory emission accumulation can be represented by Equatyn

- - v 0V
O O  %&8B Q (13)

i=1,N (=384) and E0=0.0

where Ey is total accumulated PM mass (kg),N is the number of time steps within the
trajectory (384)E; is accumulated Pk (kg) at any given pointalong the trajectory, is the
emissions flux of PMs (kg n?2s) at pointi, setis the 15minute time stepl] is the surface

area of the grid box (fpat pointi andUis the assumedelding PMslifetime(s).

To remove the dependence on emission grid resolution (since we assumed the air mass has the
same width ashe emission grid box), the total accumulated>BMass E) was divided by
accumulated surface area (S) and then scaled%yTt0s results irE having units of ug m.

Sis given byEquation(14):



v (19

Euk is also determined using the same approach, but only implemented when the trajectories
enter the UK region defined by a longituduhatitudinal box (8°W2°E, 5060°N). To derive

Euk in units of pg n? the accumulated PM mass from the UK is divided lize accumulated
surface area (S) over the full trajectory path. The ratio bet&géi represents the fractional

contribution of UK sources towards the total accumulated Jdvhissions.

Finally, the daily (12:00 UTC) total accumulated emission BndE ratios from all sites are
binned by the LWTs. This methodology provides a powerful tool to identify which flow
directions, as classified by the LWTSs, are the most polluted and the proportion of pollutant

emissions from long range transport (e.g. contalehtirope) versus local sources.

3.4.3 European Modelling and Evaluation Programme for the UK
(EMEP4UK) PM.sData

Since the UK observational network is very sparse and so only gives limited spatial coverage
we sample the European Modelling and Evaluation Rrogre for the UK (EMEP4UK)
(v4.17) mode(Centre for Ecology and Hydrology, 2018hder different LWTSs to look further

into the spatial distributn of PM s concentrations. The model covers the UKOa®5°
resolutionusing a nested approach from the coarser European wide EMEP(Rioaeton, et

al., 2012) Further details of the model s can be found in the Supplementary Material:

EMEP4UK Evaluatiorsection.

We tested the model ds ski |l | 2siconcentraipns bothuci ng
temporally and spatially. The model captures the variability in Rdncentrations and their

relationship with LWT well ad shows strong correlation with observations and anomalies at
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each site (r = 0.887 and 0.905 respectively) with only a small negative bias (¥jug m
(Supplementary MaterialEMEP4UK Evaluationsection). Therefore, we can have good

confidence in the model Gsconeebtiationst y t o represe

3.5Results

3.6 AURN PM2.5 Observations 2012016
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Figure25. (a) Annualobservations and (b) seasonal: (i) spring (ii) summer (iii) autumn (iv)
winter observations of PMconcentrations from 42 UK AURN sites between 22006
under different Lamb Weather Types (LWTs) (ug)mMean concentrations are shown
in red, with theld", 258", 75" and 9¢" percentiles in blue. The mean of all LWTSs, is
shown by the green dashed line. The frequency of each LWT (in %) for the2QQ&0
period, annually and seasonally is also indicated.
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We find a strong dependency of observed:RMbundance on wind flow and circulation
pattern, as characterised by the LWTs, with enhancegsedhcentrations under easterly,
southeasterly and southerly flow and anticyclonic and unclassified weather Bigase 25

(a) shows the daily mean AURN concentrationsPdd. s binned into the 11 different LWT
regimes for the years 2010 to 2016. The rratthual mean for all sites and all LWTs is 11 ug

m=. We find that the average PMconcentrations binned according to LWT regimes follow a
coherent pattern; mean concentrations obPM easterly, southerly and sowuthsterly flow
directions are elevated above the annual mean (15jig 8%°). Easterly, southerly and south
easterly flow regimes also have'®fercentile concentrations of 28 to 8§ ni (10 to 20ug

m higher than other flow directions). @ercentile concentrations under these regimes are
also elevated(5 to 4.5 ug it higher than other regimgsThese flow types occur on 3, 5 and

8% days of the year. Northerly, nomlasterly, southvesterly, westerly and nortesterly

flows all give meanPM.s concentrations below the muldnnual mean. The lowest
concentrations in the5" and 9¢" percentiles also occur under westerly, navesterly and
northerly flow types (<10.0, <11.0 & <20.@ m respectively). Westerly, norivesterly and
southwesterly weather types occur on a larger proportion of days each year (17, 9 anid 16%
days). MeanPM s concentrations are also affected by the circulation type; elevated
concentrations are found under anticyclonic and unclassified conditions (mean concentrations
of 14.7and 16.6ug m°), exceeding the annual mean concentration. Althamgttyclonic
conditions are associated with lower meanz:Bbtbncentrations than easterly, scetisterly

and southerly flow, they occur much more frequently (21% of days). Therefore, they have a
more important contribution to the annual mean concentrati@ nd t hus, t he poplL
term exposure to Ph4. In contrast, Pl¥ls below the annual mean concentrations are found

under cyclonic flows (9.6 ug 1¥), occurring on 14% of days.



The distribution of observed concentrations with LWT and proportiamtaifrrences of LWT

for spring (MAM), summer (JJA) and winter (DJF) follows a similar pattern as that seen
annually Figure25 (b) (i, ii, iv)), althoud there is some seasonal variability. In autumn (SON)
(Figure 25 (b) (iii)) the highestPM. s concentrations are found under easterly, seatsterly

and unclassified flows, occurring-8% of the time. Whereas in winter the highest
concentrations are founid southerly, soutteasterly and anticyclonic flows, with a small
increase in the number of occurrences of southerly types (1096pe®entile concentrations

are highest in spring under the unclassified type and are the highest observed of any season

(47.6 ug m®), although they only occur 2% of the time.

PM,s (ug m~3)

Figure 26. Multi-annual mean PW concentrations from 42 UK AURN monitoring sites
(20102016 average in pg ®) averaged over all LWT regimes. The mear" Z8d 98"
percetile PMz 5 concentration calculated from all sites is shown on the top right of each
panel.

Figure26 shows the geographical distribution of annual mean f¥dncentrations under all
LWTs. Concentrations are highest in the south of England (12 {og1%3) and decrease

northward, with the lowest concentrations observed in Scotland and Northern Iland (
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ug m). 33 of the 42 sites in England have maltinual mean concentrations aboveug0nm

3, the WHO recommended limit, and 20 are above the anitual mean of all sites (1@ nv

3).

To examine the geographic distribution of the effect of LWTPd/k s concentrationsKigure

27 (af)), we calculate the PhM anomaly under each LWT for individual sites with respect to
the multtannual mean concentration at that skégyre 26). We also test for statistical
significance at each AURN site under each LWT using a one million sample Monte Carlo
simulation, in which we randomly sample Pdtoncentrations for all LWT between 2010 and
2016 to build up distribution of concentrations containing one million random samples. We
then take the mean Plconcentration for a given LWT and site (e.g. SE site 1), if this lies
above the 98 or below the % percentile of the one milliesample distribution we ca
conclude that the concentration observed did not occur by chance and is significantly different
statistically. The process is repeated for each LWT, creating a new distribution each time.
Statistically significant anomalies (p <0.05) are subsequentlediim black Figure 27(a-f)).

In line with the previous analysis, BNtoncentrations are enhanced by betwee8528 under
easterly, soutleasterly and southerly flowrigure Z (a), (b) and (c)). Some sites experience
LWT flow direction anomalies offuto 12 pg r# (Wigan Centre), and 40 of the 42 sites exhibit

a positive anomaly under sotlasterly and southerly flow with a mean anomaly of 6.1 ug m

3 and 4.4 ug i respectively under these flows. PMtoncentrations are affected by LWT
across the wtle of the UK with the northernmost extent reaching to Scotland and Northern
Ireland. Northerly, westerly and norttesterly are the three flow directions associated with
the largest PMs reductions {6 pg n°, equivalent to a 3@4% reduction)Figure 27(e), (f)

and (g)). The negative anomalies under these flow regimes are present at the same number of
sites (40 of 42) but the anomaly is smaller in magnitude than the positive anomaly from the

easterly, soutleasterly and southerly flows withean negative anomalies @ to-3 ug ni3.
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Figure 27. The multtannual mean Pl anomaly relative to annual mean concentration
averaged over all LWT regimes (relative to mdaltinual mean concentration averaged
over all LWT regmes (20162016) (in pg nv), shown inFigure26) under different flows
directions is shown in panels (a) to (f). For clarity, we show the three fi@otidns
with the largest positive anomaly ((a) easterly, (b) seatsterly and (c) southerly) and
the three flow directions with the largest negative anomaly ((d) northerly, (e) westerly
and (f) nortawesterly). The mean, ¥5and 9@ percentile PMs concentrations
calculated from all sites are shown on the top right of each panel. Sites where the anomaly
is statistically significant (p <0.05) are indicated by black contouring and the percentage
of sites where anomalies are statistically significaatse indicated in the top right panel
(% sig). The frequency of each LWT (in %) for the 221016 period is also indicated.

The effect of circulation pattern on BMconcentrations is generally weaker than that of flow
direction. This suggests that longnge transport of Py4 rather than the buildp of local

pollutant emissions is more important in controlling 2Moncentrations. Despite this, the
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presence of anticyclonic and cyclonic conditions has an influence epd@kbss the UK, with

a maximummulti-annual anomaly of 4.6 and.4 pug m* respectively Figure28 (a) and (b)).

This represents a 20% increase and 24% decrease, respectively. Betbedfow types also
occur more frequently (21% and 14%), meaning they are more important in contributing to the

annual mean concentrat i otarmaxpodurettdPdds , t he popu

Mean 9
751 10
90" 16
o p <0.05
% sig 76
Freq 14%

~120 -100 -80 -60 -40 -20 -05 05 2.0
PM, s anomaly (ug m=3)

Figure28. AURN annual mean Ppk anomalies (relative to mwennual mean concentration
averaged over all LWT regimes (262016 (in ug n¥), shown in Figure 26).
Concentrations and anomalies sampled under (a) anticyclonic (b) cyenodic)
unclassified weather types are shown. The mean,"78nd 9¢' percentile PMs
concentration calculated from all sites is shown on the top right of each panel. Sites where
the anomaly is statistically significant (p <0.05) are indicated by black contouring and
the percentage of sites where anomalies are statistically significant is also indicated in
the top right panel (% sig). The frequency of each LWT (in %) for the-2016 period
is also indicated.
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3.6.1 Back Trajectories and Integrated Emissions

Variability in the backirajectory integrated emissions sampled at the UK AURN sites further
supports the relationships betweersitu observed Pl and wind direction discussed above.
Figure 29 shows the median accumulated primary 2BMmissions along ROTRAJ back
trajectories arriving between 20Ehd 2014, binned by the LWT flow directions. Here a
representative-day efolding lifetime (Seinfeld and Pandis, 2006) is used to approximate for
physical/chemical loss processes from the air parcel. In the supplementary material
(Supplementary MaterialSensitivity of Integrated Back Trajectories to assumddlding
lifetime section) we explore the sensitivity of the accumulated $#hissions to diffrent e

folding lifetimes. This showed that for shortefodding lifetimes (1 and 3 days) integrated
emissions are dominated by UK emissions and there is little change between the total summed
emission with different LWT. While, at largerfelding lifetimes (7 and 14 days) the total
integrated emission UK contribution and the total summed emission varies more between
LWT. Since this method cannot account for secondary ke total accumulated PM
emissions should be interpreted as a proxy of hdted each air mass is, and the fractional
contribution of emissions inside and outside of the UK to the total loading (akin to using CO

as a tracer), rather than an estimate of FiNMthe atmosphere.
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Figure 29. Median UK (background AURN sites) integrated fMemissions (ug M)
accumulated over the daily (12 UTC, 262014) ROTRAJ back trajectories (4 days
15-minute time steps), with aday efolding lifetime, binned by LWT flow dections.

Red circles represent the UK fractional contribution to trajectory accumulated PM
emissions.

Overall, the results support the LWAURN PM;s relationships with peak median
accumulated emissiong) from the soutkeasterly, southerly and easyedirections (0.25 to
0.3 pug m? accumulated primary PM emission). This supports the idea that continental
European primary emissions are contributing to poor UK air quality wherbdlid air
masses pass over polluted source regions (e.g. the Bergiorn and west Germany). The
fractional contribution from UK emissions under these flow directions is betwe&0%5

indicating that under these flows more than 50% of emissions contributing to UK primary
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particulate pollution originates in continentalirépe. The northwesterly and westerly flow
directions correspond to the cleanest air masses (< 0.1 qugcoumulated primary PM
emission), again in agreement with the LWORN PM. s, as the back trajectories primarily
originate from over the North Aghtic. Here, the UK fractional contribution is much larger
(~70-85%) as the majority of the accumulated 2Mmission E) is from within the UK
domain (i.e.Eux is relatively large). Exterior emissions sources will include Ireland and
potentially sourcesvhere back trajectories tails originate in Europe, over source regions, but

loop around to the UKvest coast.

3.6.2 EMEP4UK modelled PMzsand LWT

Since AURN observations give sparse coverage of the UK, we use EMEP4UK surfage PM

fields to further investigatéhe processes affecting ambient PMoncentrations under

different LWT classifications. In the supplementary material, we show that the model has skill

in reproducing PMlsconcentrations (r=0.887) and anomalies (r=0.905) under different LWTs
whencompaped with AURN observations. Therefore,

representation of ambient Bi¥concentrations when stdampled under the LWTSs.

EMEP4UK reproduces the back trajectory and AURNT analysis with the largest positive
PM2sanomalies okerved under easterly, sotghsterly and southerly weather types due to the
long-range transport of PMfrom continental Europe (positive anomalies dfug m?). The
addition of the model Xtnh winds, also sulsampled under the LWTs, adds valuable
information of the flow characteristics. Here, the flow clearly originates from the continent

(typically around 5 m$ and is closely aligned with the spatial anomaly featufgite30).

The largest negative anomalie$( to-4 pg ni°) are associated with the transport of clean air
masses from the Atlantic, as indicated by the Heaectory analysis. Northerly, nokth

weserly and westerly flow all have wind speeds between 5 and 18 tnarssporting PMs
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offshore away from source regions. However, under realfiterly and souttvesterly flow
directions, a strong PManomaly gradient can be observed across the UK. Negatbmalies

(-6 to-2 pg n°) over the northern (southiestern) UK represent the more gradual replacement
of polluted air masses under neghsterly (soutlwesterly) flow. Transport of the polluted air
mass yields positive anomalies§2ig n1°) over thesouthern (nortieastern) UK region. Here,

the model adds important spatial details which are less reliably captured in the observations.

Circulation influences are also further investigated using the model, where anticyclonic
conditions show reduced ormke transport of pollutants due to relatively weak easterly winds
(under 5 m 3) from continental Europe. This leads to conditions favourable for the-typiild

of PMzs(2-6 pg m?®) predominantly from local emissions/formation. While under cyclonic
conditions, PMis transported offshore, into the North Sea, by strong westerly winds (10 m
s?1) from the Atlantic leading to decreased concentrations over the UK mairtatw-2 pg

m?). Unclassified weather types are characterised by slack wirBsT(®!) over the UK
leading to the buildip of local emissions due to stagnant air massd® (dg m°). This all
further supports the importance of how flow characteristics (i.e.-lange transport and

stagnation) influence UK PM concentrations.
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Figure 30. The multtannual mean Pk anomaly relative to annual mean concentration
averaged over all LWT regimes (relative to nyaltinual mean concentration averaged
over all LWT regimes (202@016) (in ug n¥)) under different flow diections from the
EMEP4UK model. 10m winds, also from the EMEP4UK model (hudgeehtmBly GFS
analysis), are over plotted. All LWT wind directions and synoptic types are shown.
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3.6.3 Contribution of LWTs to the Daily Air Quality Index (DAQI)
To put the rests of AURN PM2.5 Observations 2012016in a public health context, we bin

the daily mean PlEkconcentrations under the different LWTs according tolthé&JK Daily

Air Quality Index (DAQI) PM s concentration bands. The UK Daily Air Quality Index
(DAQI) is a public health air quality warning system used by the UK Department for
Environment, Food and Rural Affairs (DEFRA) to communicate current ancefptllutant
levels in the UK to the general public (COMEAP, 2011). Five key pollutants have been
identified to monitor by the Committee on the Medical Effects of Air PollutéPitéio, Os,

NOx, SG& and PMzs). In order to gain an overall DAQI each of these pollutants are given an
individual score between 1 (low) and 10 (very polluted). The overall DAQI is then assigned
based on the highest individual DAQI value for each ofatlellutants at a given time. For
example, if @ scored a DAQI value of 9, and all other species scored a value of 2, the overall
DAQI would be 9. As we only investigate Bylwe can only comment on the effect of LWT

on PMswithin the DAQI (PM DAQI). Havever, since the DAQI score is assigned the highest
individual species score from each of the 5 pollutants, air masses with high or very high PM

scores are likely to have the same overall DAQI score.

We find that 71% of d a (P8I DAQI of 4 ecdur witk soudithy e r y
easterly, southerly and south westerly flows, whereas only 12% of days with the cleanest air
(PM DAQI of 1) occur with these air massddgure 31). North westerly, northerly and
westerly air flows dominate the cleanest air days (59% of days with PM DAQI of 1 occur with
these flows) and there are no occurrences of the highest PM DAQI values (9 and 10) on days
with north westerly, northerly or westerly air flow&igure31). For PM DAQI values of 4 and

above, atisk individuals (e.g. those with asthma or heart conditians)advised to reduce
strenuous activity if they experience symptoms. These results suggest a strong dependence of

periods of increased risk for such individuals on meteorological conditions.

122

f



90

80

= ®
70 -
5 Lae
c 60 A -~
';, -2 -
3 50 /"3
C ,/’
40 A -
g »
(o]
“6 30 A
2
20 A
10 4 e E,SE,S
W,NW,N

4

5

6

7

8

10

DAQI PM, 5 concentration bin

Figure 31 Percentage occurren¢defined as the percentagé
occurrences of easterly, sotghsterly and southerly (e
westerly northwesterly and northerly) LWTs in each bin
easterly, soutleasterly and southerly weather types
westerly, northwesterly and northerly in each DA@M
concentration bin. Bins-10 indicate PM2.5 concentratic
of 0-11, 1223, 2435, 3641,4247,4853,5458,5364,6570,
>71 (all in pg m?).

Discussion and Conclusions

This study investigated the role that synoptic weather plaganitrolling variability of ambient

PM:.s concentrations in the UK.

Observations of Pl concentrations under different LWTs indicate that both annually and
seasonally, anticyclonic circulation and easterly, seaitterly and southerly flow increase the
mean PMs concentrations observed. Results from the EMEP4UK model suggest

transboundary transport is likely responsible for the increasesigdtiderved under the wind

types (easterly, soutmasterly and southerly flow) and the buiid of local emissins under
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stagnant air masses under anticyclonic and unclassified types. Results also indicate that
although PMsconcentrations are higher under easterly, seasiierly and southerly flow than

under anticyclonic conditions, anticyclonic conditions oaaua much larger fraction of days

and so have a larger impact on the annuaa®&Mo ncent rati on and the po
to increased Pl concentrationsThese findings are in agreement with previous work which

has examined different species andrshved pollution episodes as case stugMgnoet al,

2010, 2014; Popet al, 2014; Viencet al, 2016; Popet al, 2016) Popeet al. (2014)also

found that under anticyclonic conditions Bl€ncentrations were significantly increased
through pollutant accumulation and that seedésterly flow enhanced N@oncentrations.

They attributed this to longange transport from continental Europe. A similar relationship
was found for ozone in summer months, with enhanced concentrations undezasbetthy

and soutkeasterly flow and anticyclonic conditions leading to increased czmmeentrations

due to large scale subsidence and little vertical mixiapeet al, 2016) Demuzereet al

(2009) found PMyo concentrations were highest in the Netherlands under easterly; south
easterly and southerly wind directions, attributing the increase i &¥ceatrations to air

masses passing over large source regions.

The results of the baekajectory analysis indicate that the transport of pollutants from large
source regions outside of the WKan important contributor to the total accumulated emission
unde easterly, soutleasterly and southerly flow. Since secondary Ptyipically represents 3

- 8 ug m®(20-50%) of the total Pisconcentration at background sites in Eur@@aerol, et

al., 2004)a method accounting for secondary Ri¢hitrate, sulphate and ammani) would
need to be applied to quantify the contribution of-tdt emissions to total Pbkin the UK.
Nevertheless, our results suggest a substantialUkorburden on UK pollution under

continental air masses.
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This study further reinforces that synoptieather in the UK plays an important role in
controlling PMs. It is important, therefore, that air quality models are able to accurately
simulate synoptic meteorology in order to reliably forecast fdncentrations in forecasts.
Given the large impaon health that shoterm exposure to PpMhas been shown to have in
previous studies (e.g. Macintyeg al. (2016), the ability of air quality forecast models to
accuratelypredict PM.sconcentrations is key in preparing for and mitigating the associated

health impacts of exposure.

The results of the baedkajectory analysis indicate that quantifying the contribution of UK and
nontUK pollution sources is extremely importantevaluating the impact of local emission
controls on UK pollutant concentrations. This is particularly relevant given that we have shown
variations in background PM concentrations are highly variable under different weather

patterns.
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4.1 Abstract

The June 2018 Saddleworth Moor fires were some of the largest UK wildfires on record and
lasted for approximately three weeks. They emitted large quantities of smoke, trace gases and
aerosolsvhich were transported downwind over the highly populated regions of Manchester
and Liverpool. Surface observations of PMndicate that concentrations weres4 times

higher than the recent seasonal average.-Btates-art satellite measurements ofal column
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carbon monoxide (TCCO) from the TROPOMI instrument on the SentinBIr&cursor (S5P)

platform, coupled with measurements from a flight of the UK BA& 301 research aircraft,

are used to quantify the substantial enhancement in emittedyaises. The aircraft measured

in-plume enhancements with ndae CO and PMs concentrations >1500 ppbv and >1 &b

m (compared to ~100 ppbv and p§ n® background concentrations). Downwiimdplume

ozone (@) values were larger than the ndiae location, indicating @ production with

distance from source. Thendae Os: CO r at isop@@p Q@01 ppbv/ pphb\
downwind to 0.06).105 ppbv/ppbv, suggestive ot froduction enhancement downwind of

the fires. Emission rates of CO and &¥@hged betweet.07 (0.074.69) kg 8- and 13.7 (1.73

50.1) kg &, respectively, similar to values expected from a medium sized power station.

4.2 Introduction

Vegetation fires contribute a | arge source
atmosphergCheng, et al., 1998; HelasGand Pienaar, 1996; Lobert, and Warnatz, 1993;
Peterson, et al., 2018; Reddington, et al., 2014; Wooster, et al., 201&) have substantial
implications for climatgCruz Nufiez, et al., 2014; Hamilton, et al., 2018; Liu, et al., 2014;
Rowlinson, et al., 2019; Sommers, et al., 2044y air quality (AQ)(Bravo, et al., 2002;
Konovalov, et al., 2011; Moore, 2019; Phuleria, et al., 2005; Reddington, et al., Qolike

many fireprone regions, vegetatiomds in the United Kingdom (UK) are relatively small and
rare (Davies, et al., 2016; Van Der Werf, et al., 2017; Yallop, et al., 20@@)ever, on the

June 24th 2018, largscale wildfires broke out for approximately three weeks over
Saddleworth Moor and Winter Hill, in north west EnglgBBC, 2018) requiring over 100
firefighters to tackle the blaz®ay, and Green, 2018At their peak, the Saddleworth Moor

fires covered approximately 8 Knof moorland(Greater Manchester Combined Authority,
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2019) representing the largest wildfires close to an urban populatitme UK on record
(Figure 38) (NASA Socioeconomic Data and Applications Center (SEDAC) Center for
International Earth Science Information Netw@¢€IESIN), and Columbia, 2018 herefore,

this provided the first opportunity to measure the mixing of fire emissions with anthropogenic
emissions in the UK. The fires forced the evacuation of several dozen properties and closure
of many school¢Pidd, and Rawlinson, 2018)he fires primarily burned heathdominated
moorland with an underlying area of dry p@ain, et al., 2011; Greater Manchester Combined
Authority, 2019; Xu, et al., 2018Flames ranged between tgl2n in height, depending on

the overlying vegetation type and wind corafits (Greater Manchester Combined Authority,
2019) Fires also propagated vertically and laterally through the peat layer, which would be
expected to lead to large emissions of greenhouse gases and air paWaodser, et al.,
2018) As peat is a substantially oxygenated fuel source, it can burn underground for long
periods (e.g. weeks to montfidu, et al., 2018; Roulston, et al., 20L&)aking peat fires
extremely difficult to control. Emissions from peat are poorly understood but it is thought that
during the flaming stage, fires emit large amounts of soot and nitrogen oxidgs e in

the smouldering stage they emit much mcaiebon monoxide (CO), methane (gHvolatile

organic compounds (VOCs) and particulate matter (PMjetsky, et al., 2015)

Throughout the period of June"@2o 29", meteorological conditions were favourable for the
development rad spread of the Saddleworth Moor and Winter Hill fires. Between Jule 22
and 29' 2018, the UK experienced strong anticyclonic conditions from enhancement of the
Azores high pressure system in the North Atlantic. Mean sea level pressure (MSLP) and
geopoential height at 850 hPa (850GPH), from ER®erim and ERAS reanalysis, indicate

the stable higipressure system (MLSP >1020 hPa and 850GPH-1660 m over northern
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England) resulted in low 10 m wind speeds (<5 m/s) and high surface temperatures@n27 °C
June 28) (ERA-Interim, ECMWF), which dried out vegetation and reduced the likelihood of
precipitation (se&upplementary MateriaMeteorological ConditionandFigure57 - Figure

59). In the future, conditions such as this are likely to become more common within the UK
(Guerreiro, et al., 2018Projections suggest that, as a result, UK wildfires are likely to become
more frequent and intengalbertson, et al., 2010)ielding more hazardous AQtuations in

nearby populated area

Visible images between the June™& 30", from the Moderate Resolution Imaging
Spectroradiometer (MODIS) instruments;lmro ar d NASAG6s Aura and Terr
show fire initiation followed by a westward propagation of the fire smoke pl(see
Supplementary MateriaFigure60). Following the substantial visible impact (i.e. smoke and
burned area) of the Saddleworth Moor and Winter Hidlfiand the related higavel media
coverage, we use stabéthe-art satellite observations from the newly launched (October
2017) TROPOMI instrument eboard ESA s S eSPrecursa (SH5Pwhich provides, for

the first time, high resolution observations of trace gases to quantify the impact of the pollutants
from fires from space. We combine these observations with ground and specialised aircraft
campaign obervations to investigate the influence these fires had on atmospheric composition
and AQ across noritvestern England. THeata & Methodsection describes the observations
used, theResultssection presents our results and Biscussion and Conclusiorsection

summarises the implications of our findings.
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4.3 Data & Methods

4.3.1 Automated Urban and Rural Network Observations

Surface observations of particulate matter §8M atmospheric aerot with a diameter less
than 2.5 microns) are taken frolbanchester Piccadilly, Salford Eccles and Wigan Centre
Automated Urban and Rural Network (AURN) sitA8JRN is the largest automated air quality
monitoring network in the UK with 145 sites. Theseesitise the FDM$Filter Dynamics
Measurement System) analyser, which is based on the TH@pMered Element Oscillating
Microbdance) (Department for Environment Food & Rural Affairs, 2008)r is drawn in
through inlets for PMsand PMo where it is dried and weighed on a filter held atG30This
system measures noolatilie and volatile fractions by cycling through cold and warm
chambers to evaporate volatile species beforeeighing the sample. Further information on
data quality cheks and uncertainties can be found in Stevergal. (2009) We use daily
mean PM:; concentrations (calculated from hourly measurements, where > 75% of hourly
measurements each day areilmoe) for June 18to July 12" 20132018 to assess the impact

of the fires on downwind populated areas (e.g. Manchester Piccadilly, Salford Eccles and
Wigan) (seeFigure33) and to compare with longer term averages for the particular time of

year.

4.3.2 Satellite Observations

Satellite measurements of total column carbon monoxide (T)G@@ tropospheric column

nitrogen dioxide (TCN@) are obtained from the TROPOMI instrumentmm ar d ESAOG s
Sentinel5 Precursor (S5Pptellite(Veefkind, et al., 201255P was launched in October 2017

into a sursynchronous polar orbit wita local overpass time of BB (Veefkind, et al., 2012)

The instrumenhasa nadirviewing spectral range of 27800 nm (ultraviolewisible, UV-Vis),
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675775 nm (neainfrared, NIR and 23052385 nm (short wavanfrared, SWIR). TROPOMI

represents the next generation of satellite instrusnfemtobserving global anegional AQ

(Pope, et al., 2019yith an unpaalleled nadir horizontal spatial resolution of 3.5 km x 7.0 km

for UV-NIR bands and 7.0 km x 7.0 km for SWAnds. For comparison, its predecessor, the

Ozone Monitoring Instrument (OMIhad a horizontal spatial resolution of 24 km xkb3

(Boersma, et al., 2011)We also use fire radiative power (FRBata from the MODIS
instruments oftb oar d NASA6s Aqua and Terra satellit
respectively. Both instruments are nadir viewing (spectral range;10511 ¢ m) wi t h s
synchronous local overpass times of 10:30 and 183petvely (Remer, et al., 2005The

approach oPopeet al.(2018)is used to map TROPOMI TCCO data onto a 0.03° x 0.03° grid

over the UK, while the FRP data (Level 3 product) is on a 0.1° x 0.1° grid.

Garaneet al (2019)find a typical global bias of-0.5% between TROPOMI TCCO and surface
validation sites. For the Saddleworth Moor fires, we see precision errors of approximately 3.3
4.3%. Further information on the instrumentation and uncertainties can be found in Letmbert

al. (2019)

4.3.3 FAAM Aircraft Data
The UK é463® Aarge Atmospheric Research Aircraft flew on Jurié2raL8 to target

the Saddleworth Moor fires (flight number C110). The aircraft is operated by the Facility for
Airborne Atmospheric MeaurementsKAAM, Ryder et al., 2015and detailed information on

the aircraft instrumentation and their uncertainties is giveidayis et al. (2017) For this
flight, in-situ measurements of carbon monoxide (CO), ozogeni@ogen dioxide (N@) and

particulate matter with a diameter less than 2% (PMps) amongst other species, were

obtained.
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PM2sdata is calculated from data collected by optical particle counters mounted under the
wing that measure aerosol size distributions. The instrument uasthe& passive cavity
aerosol spectrometer probe IRAPCASB. The PCASP measures patrticles in the-@BJum
diameter size range. Further information on the method the instruments used to calculate
aerosol diameter and the calibration method used is described in Rosetrdleg012) We

find uncertainty within the integrated volume in the Rvangedataset to be ~385% at the
1-sigma confidence interval. Further information on sources of these uncertainties can be found

in the Supplementary Materidhstrumentatiorsection.

Measurements of NO were made using a custom built chemiluminescence instrument (Air
Quality Design Ig), with NG measured on a second channel by photolytic conversion to NO
at 395nm using a blue light converter (BLC), followed by detection by chemiluminescence
(Lee, et al., 2009)Estimated accuracies are 4% for M@d 5% for NQ&, with associated
precision of 31 and 45 pptrespectively (for 1Hz data). Further information is in the

Supplementary Materialnstrumentatiorsection.

Ozone was measured by an ultraviolet (UWs@ption photometer (Thermo Fisher, model
49C) with an uncertainty of 2% and a precision of 1 ppb femdeasurement$iarris, et al.,

2017)

CO was measured by a vacuum UV fluorescence analyzer (Aero Laser GmbH, model AL5002;
(Gerbig, et al., 1999) The instument was calibrated in flight every ~45 min using a synthetic
air working standard (Air LiquideD500 ppb). The ‘Hz CO measurements have a 2%

uncertainty and-ppb precisior(Harris, et al., 2017)
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The aircraft left Cranfield, Bedfordshire at approximately 10:00 UTC, then wodesrgeted
fire plume measurements over Saddleworth Moor ¢fielt) at 10:3011:30 UTC
(Supplementary MateriaFigure60 andFigure35 (a)) before taking downwind measurements

over the Irish Sea (12:003:00 UTC). The aircraft returned to Cranfield around 15:00 UTC.
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@® AURN sites Population (2015) and FAAM Flight Path

‘J Near Field

Downwind ﬁ

SM = Saddleworth Moor Man Pic = Manchester Piccadilly
WH = Winter Hill Sal Ecc = Salford Eccles
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Figure32. CEISIN population count (2015). Black triangles indicate the loce
of Saddleworth Moor (SM) and Winter Hill (WH), the cities of Manche
(Man) and liverpool are also marked. Black circles indicate Al
observation sites used kigure33. Theflight path of the FAAM aircraft ¢
29" June 2018s al shown in grey, with nedield and downwind sectio
(Figure35-Figure37) of the flight highlighted in red and blue.
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4.4 Results

4.4.1 MODIS visible images

MODIS visible images upplementary MateriaFigure 54) clearly show the ignition and
time-evolution of the Saddleworth Moor and Winter Hill fires. Fire ignition occurs on Juhe 25
2018 on Saddleworth Moor. The smoke plume initially moves northwardsJ(2@&) befoe
shifting westwards, propagating over Manchester and Liverpot+327 June). The size of
the smoke plume peaks on™3une. The Winter Hill fire then begins on Juné"2thd

propogates westwards towards the Lancashire coast.

4.4.2 Automated Urban and Rural Network Observations

Observations of surface RNat the Manchester Piccadilly, Salford Eccles and Wigan Centre
AURN sites show enhanced concentrations during the fire period (grey sha#iggna33).

At all sites, PMz5 concentrations peak above 40 pgeifblack dashed line), which is
substantially larger than concentrations before and after the fire event (note Manchester
Piccadilly is the only site where July 2018 data was available). These aaticaistare well

above the World Health Organisation (WHO)-tdur guideline limit of 25 pg m

highlighting the potential population exposure risks even over this short time period.

We also use volatile and nwolatile PMb.sobservations to investigatiee relative influence of

the primary and secondary components oPWom the fire. Norvolatile PMb.scomprises

of unreactive solid particles (e.g. elemental carbon, primary organic agi©@kolydhury, et

al., 2007; Tan, et al., 2009vhereas volatile Pk comprises of gaseous reactive precursors
(e.g. sulfate, nitrate and VOCs) which can switch between the gas and solid phase through
condensation. Considerable uncertainties exist in the apportionmenteiiited PN sdue

to the complex range of factors controlling emissions, which include fuel type, fuel moisture
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content and organic aerosol mass concentration. Here, the AURN measurements indicate that
during the Saddleworth Moor fires noolatile PM.s was stongly correlated with total Pp4

during the fire period. In 2018, the nweolatile fraction of total PMlsis between 3 and 18%

higher than between 2013 and 2017, contributing to up to 93% of totals Pdéde
Supplementary MaterialTable 11). Compared with previous years (June 2Q@037
observational spread), the nwealatile PMbs concentrations are-8.5 times higher than

average.
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Figure33. AURN observations of volatile and namlatile PMb.sfor 16" Junei 14"
July 2018. Norvolatile PMbsis indicated by the red solid line (2018) and |
shading (2012017 standard deviation). Volatile BMs indicated by thélue
solid line (2018) and light blue shading (262317 standard deviation). T
total PMb.s concentration for 2018 is also indicated by the black dashed lii
the fire period in grey. The WHO Z#bur guideline limitis also in green f
reference.
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4.4.3 TROPOMI Observations
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Figure 34. TROPOMI total carbon monoxide (TCCO, moles®)mmeasurements of t
Saddleworth Moor wildfire (257 30" June 2018). Black and purple polygoutlinec
regions represent the fire plume (6® moles n2) and edge of plume (0.0Z603 mole
m2). Black dots show pixels where MODIS fire radiative power (FRP) is > 50 mA
White dots show the location of the Saddleworth Moor and Winter Hill fires. Blu
show the location of Manchester dngerpool. The box and whisker schematics repre
TROPOMI tropospheric column nitrogen dioxide (TCNO2;51.tholes nf) subsample:
Ai-pnl umeodo, Hedge of plumeo and fAout of
sampled under fire pixels (FRP > 50 m\Wnand norfire pixels (FRP < 50 mW ). Red
green and blue represent the mediaff, @5d75" percentiles and 0and90" percentiles
respectively.

The time evolution (2530" June) of the Saddleworth Moor and Winter Hill fires can also
clearly be seen in the TROPOMI TCCO data where the fire plume propagates wesioyards (

six panels oFigure34) over Manchester and Liverpool (blueatés). Over Saddleworth Moor,

TCCO peaks at over 0.8105 moles i (26" and 27 June) with background concentrations

of 0.020.025 moles M. Between June 729"t he pl ume has di spersed
plumed concentr at i omsles nfeByahe 80 Jung, tha Badldlewortld . 0 3 0
Moor plume has diminished but the Winter Hill fires have fully developed with a-north
westerly plume direction (TCCO >0.04 moles)mThe timeevolution of the TCCO plume
correlates strongly with the MODIS Ve images (se8upplementary MateriaFigure 54)
supporting the robustness of the novel TROPOMI composition data. This is also seen in TCCO
data from the Infrared Atmospheric Sounding Infererometer (IASatellite (see
Supplementary MaterialComparison of TROPOMI with [IASI (Infrared Atmospheric
Sounding Infererometerand Supplementary MaterialFigure 64), further supporting
TROPOMI. As TCCO enhancements flow out over Manchester and Liverpool, both densely
populated, there will likely be substantial increases in other prominent air pollutants (g.g. NO

PM2sand Q) as shown irrigure33.
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Inspection of the TROPOMI TCNQlata (se&upplementary MateriaBatellite Observations

of Tropospheric Column Nitrogen Dioxideectionand Supplementary MateriaFigure 57)

highlights concentration enhancements over both Manchester and Liverpool during the
Saddleworth Moor fire time period. However, the prevailing anticyclonic meteorological
conditions have been shown in other studies @opeet al (2015, 2014) to significantly

increase N@ concentrations over urban regions due to accumulation of anthropogenic
emissions. Therefore, to isolate potential-Boirced N@signal, a quantitative classification

of #finf l uencedo pi xesdmpletheal ENeasaerdstiyt, satellgepilzels with
FRP>50mWn?wer e cl assed as Hglre3d)ewile thasé witb kKRP&i r c | e
50 MW m*were clasdedeas SBaoandl vy, the TCCO wa
observatipbdbmuseas (T CEO m3 black mlggoroudining sFigure 34),

iedge of pl uméé&TACO < 0.03G motm®rpargle polygoroutlining) and

iout of pl umexxTCAD.<0.028 mateshes Trhe fAout of pl ume
was set t00.020 moles M to ensure that nealume satellite pixels are used and not
background pixels across the domain. Several different thresholds were tested and this
combination yielded the most realistic spatial plume distributions when compared to MODIS

visible images.

When sulss ampl ed wunder Af i r ekgurg3d)xtieel nsediag FONDt om p
concentration is approximately 8.0 @oles n?, whichi s si gni fi canthby | ar ¢
fireo pimedian (6Z.M0NxD0° moles ) (95% confidence level (CL) based on

student# est, using the pl&aashand 7% peecenfild concentations C N O
are also larger than the nire-TCNO2equi val ant . HbiwveegesJCNDe i

percentile value is marginally larger. The TCNdata suksampled under the TCCO plume
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definitions show a similar pisthetlsvesn(® x1®0Out of
moles nY) of all classifications (also true for the1,@5", 75" and 98" percentiles). Though
downwind of the fire |l ocation, the fnedge of
largest median TCN©values of 10.611.0 x10° moles n? and 12.613.0 x10° molesm?,
respectively. These two classifications both overlap regions of enhanced anthropoggenic NO
sources (i.e. Manchester and Liverpool), so their median and percentile concentrations are
larger (se€Supplementary MateriaBatellite Observations of Tropospheric Column Nitrogen
Dioxide sectionandSupplementary MateriaFigure57). By using the TCCO data as a tracer

for the fire plume, we detect a Nfire response on top of the anthropogenic.Nignal. This

is supported by aircraft results in thRBAM Aircraft Observationsection, though we note that

there is a substantial level of noise in the TROPOML M@ta (unlike for CO). Here, the

median and percentile condcem at i ons are al | |l arger fAin plum
medians are significantly different at the 95% CL (studetaist, using the mean). This
indicates that the increased spatial resolution of TROPOMI (when compared to previous
satellites suclas OMI) is able to both, detect the impacts of fires on air pollutants and to
guantify them, something not possible with the sparse coverage of the AURN sites. We can
therefore conclude that the Saddleworth Moor and Winter Hill fires, observed by TROPOMI,

significantly enhanced observed Blénhd CO concentrations.
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4.4 4 FAAM Aircraft Observations
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Figure 35. Facility of Airborne Atmospheric Measurements (FAAM) observations of ci
monoxide (CO, ppbv) and ozonez@pbv) from the Saddleworth Moor wildfires on 2
June 2018(a) CO concentration along flight paty) Os concentration along flight patic)
time-altitude CO profile(d) time-altitude Q profile, ) CO(black) and @ (red)time-series
Time stamps for the flight are included in (a) for reference to in (c) andie)sectior
bounded by the red and blue dashed lines in péae(®), (e) and(f) represent the nedield
(NF) and downwind (DW) time phases of the flight. The horizgmtiaple dashed line ife)
indicat-glsumede @E*nl25 ppbv) versus fAou:

4441Pol lutant Conglenme @t dofgad siniaiddieleaadr

Downwind

To verify the satellite results and investigate other air paoitatawe use FAAM aircraft
observations of CO, £and NQ, from June 29 2018. Between approximately 11:00:30
UTC the aircraft was sampling the ndild fire plume southwestwest of Saddleworth Moor
(black circlei Figure35(a) and (b)) at 560000 m above ground level (AGL). Measurements
within the plume show enhanced CO concentrations peaking at over 1500 ppbv, while
background CO ranged betwedR B0 ppbv Figure35(c) and (e)). This correlates well with
measurements of PNMaerosol concentration, which also indicate enhancegsiPMhe plume
(15- >120pug nT®) and much lower background values (#nm?) (Supplementary Material:
Figure 61). Here, we define this segment of the § ht  afsi efl njeagufeNTHe)).
While there was a large stepange in CO and PM measurements, there were no clear
changes in the measured €ncentrations. Before the NF flight segmeng,cOncentrations
ranged between 485 ppbv, when the aircraft was necribrtheastast of Saddleworth Moor
(i.e. ~10:3011:00 UTC,Figure 35 (a), (d) and (e)). The NF {xoncentrations are slightly

lower, ranging between 430 ppbv.
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I n t he @ do Wwligwsegmend(apprbxXimately 12:003:00 UTG Figure35(e)), the
aircraft made plume measurements over the Irish Sea. Here, the aircraft flew between 250
1000m making multiple passes in and out of the plume. This can be clearly degnr@35

(c) and (dwhere there are sudden stmanges in C@100-115 ppbv to > 150 ppbv) ancsO
(50-60 to > 80 ppbv) concentrations with change in altitédgure35 (e) andSupplementary
Material: Figure60 andFigure61indicate this even more clearly, with CO3, BO2 and PM s
concentrations varying between 1800 ppbv, 480 ppbv, ~18 ppbv and ~8.30 pug n?,
respectively, as the aircraft samples the aositfpn in and out of the plume. To isolate in and

out of plume concentrations, a CO threshold of 125 ppbv was used to define plume from

background concentrations (purple dashedilifggure35 (e)).

Figure36 shows CO, @and NQ concentrationssub a mp | @ d uime® and HAout o
(based on the CO 125 ppbv threshold) for the NF and DW flight segments. N tlike

medi an CO concentration®l|l ameo stulbasmn amioiual |oyf
approximately 725 (22860,25"-75" percentiles) ppbv and 107 (3041) ppbv, respectively.

I n the DW flight segment, medi an -gDumeacatnt
approximately19082 6 0) ppbv, whil e Aout of plumed con
102115 ppbv) than the NF Aout of plumeo. Agai
PM2 s (Supplementary Materiafigure62). N Fp Ifiu nrme 0 ationsacealsotmuch larger

for PM5(55.9ug m®, 14.271.8ugm®)  t h a n-of{ph & me @ u tm qugini® 6581007 . 5
ugnme).PWesi s al so subst a+pt iuanleldygn®s weIBa BPWNUFEMeRd n
(559ugm® and -PWurmied (18. 4fgmd)l li.sl alnsgdo 21Bi.®Rher t |

ofpl umeodo (7. 15 gm3A. 47 and 9. 61
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NFOsi s | arger fnout7 60 fppiplvpnewdneends -&ilippdy)7 This 8s

consistent with other studies, which show tfia@ plumes decrease locak ©oncentrations,

primarily through titration with freshly emitted NO (Verma et al., 2009). The opposite occurs
forNOowher e concent r aptliuvomeso af22e.20l5ap lgle.y9 fihan @Aou:
(0.9, 0.32.1 ppbv). Hwever , t he i ouahge AF-90pperoentikes) is Ma@h

larger with concentrations peaking above 5 ppbv as the NFfiNinl u me 6 sampl e s
small with less spread (n=27). Inthe DNy®@oncentrati ons s-pbwmeahan
when compa d wi th thel|l NfmeoDWoilice nt 7@ ppbw thisisar e 6
substantially | arger than tdissh9 BA3) pbw.Thisof pl L
enhancement compared with the surrounding air mass is suggestive of productidi iBfrO
plumeo with distance away f r omenhiimeemé&bnbhg | ewor
also be influenced by downwind N®ources (i.e. Liverpool and Manchester). The DW-NO
concentratiopbumee -§atpepplien than(OOB8BLAYt of |
ppbv), whil e al s oplluamegoe rc ot nhcaenn ttrBad} ppvEiTeiS ionf 2 .
enhancementof NOconcent r@ltumend domr obor at:essultstnhe s at
Figure 34, but also the larger DW NQevels. To determine if these pollutant samples were
significantly different from each other, the studenté st was used to compar
pl umeo with NFNM ofuita ngo pwiupnfeuo@e\d A a mpdl uDWE OA 1 n
with DW Aout of plumedo for each pollutant se
were significantly different for each pollutant at the 95% Thus,concentrations of N&) Os,

PM2sand CO within the plume are statistically significantly enhanced compared to outside of

the plume in NF and DW locations. Alongside this, concentrations are statistically significantly

enhanced within the plume NF compatedvithin the plume DW.
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Figure 36. Box and whisker schematic of CO (left, ppbv}, ([@entre
ppbv)and NQ( r i ght ,-0pabd)iédun of
ppbv). Red, green and blue represent the median, 25th ar
percentiles and minimum and maximum concentrai
respectively. NF and DW represent the riggld and downwin
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444201 nunPdd Oz one Pr-bielduaodDownwindNe ar

To quantify t he-pleunrnawitt@stamrca from sdurcefiwerhave used a
similar approach té\rnold et al (2015)and Jaffe and WigddR012) The linear fit between

CO and Q concentrations was determined for the NF (red symbols) and DW (blue symbols)
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flight segmentsKigure 37), where measurements with CO concentrations < 125 ppbv were
excluded (black circles). NF CO ranges between 125 to > 500 ppbv (i.e. CO data > 500 ppbv

is used for the statistics, but not plotte clearly display the DW relationship), whereas O

remains between 530 ppbv (note two points peak at ~70 ppbv). Thee@hancement, as a
function of CO concengpQCt= oOn,60 Oflo rp ptbhve/ pNoFb vi si
Os enhancement with ineasing CO. In the DW flight segment there are three distinct positive
CO:0s slopes at approximately 0.Zb5 km (crosses), 0:8.85 km (diamonds) and above 0.9

km (circles) altitudes. Here, thes@ nhanc e me gtqggCOar=e Op® 6 0, 0.067
ppbv/ppby respectively, all of which are significant at the 98% (i.e. the trends lie outside

of the variation observed in the datautside of ¢OOAT AA O & AT inditates a
significant e-p h a me gradedtivh incoeésingiwitim altide. One likely
reason fors ¢(p8©® Fatrtgewi pO al ti tude is that th
of ozone at top of the plume (i.e. incoming solar radiation reaches this part of the plume first

and is attenuated further into the plum#&gffeand Wigder, 2012 However, we do not have

the detailed chemical measurements necessary to test this hypothesis. Theisggénkénced

DW from urban 3ssp@@®cear i athieonpOwi t h altitude
Saddleworth Moor fires. As shown Figure35 andSupplementary MateriaEigure60, there

is a strong correlation with enhancements in all pollutants as the aircraft flies in and out of the
plume (also seAircraft Instrumentation and Crosectionsection) . T h q@®Or at i o (1
shown here) has t he qCPp orsaittieo paantdt ed enc rteca s@®@Q
potentially suggests that the anthropogenic signal isnegwith altitude or that N&s being

processed more quickly with more active photochemistry. However, to accurately diagnose the
influence of anthropogenic and fire N8ources on ©@production, a highresolution regional

modelling frame work is requide which is beyond the scope of this study.
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Figure37. CO (ppbv) and @(ppbv) relationship for different Saddleworth Moor fire plt
phases (29th June 2018). Black circl
ppbv CO), red circles are Ain plum
downwind. Blue crosses, diamonds and circles represent measurements betw8es
km, 0.60.85 km and above 0.9 km. Dashed lines represent th®{@gression fc
differentfire plume altitudes where all downwind relationships are significant at th
confidencdevel (*).

4.4.4.3 Back Trajectories
Backward trajectories from the NOAA Hybrid Singbarticle Lagrangian Integrated

Trajectory model (HYSPLIT|Stein, et al., 2015kleased from the aircraft sampling regions
nearfield and dowmwind can assist estimating the age of air mass which the smoke plume was

in when pollutants were sampled. Trajectories were released from the most northerly and
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southerly points of the nedield (2.2°W, 53.75°N at 1100 UTC and 1.9°W, 53.25°N at 1200
UTC) and downwind (3.4°W, 53.75°N at 1200 UTC and 3.4°W, 52.75°N at 1300 UTC)
sections of the flight from a range of altitudes during these profiles (500, 750 & 1000 m and
250, 500 and 1000 m, respective({igure 56). The results of the baekajectory analysis
indicate the air mass which ndaeld samples were taken from was likely 30 miiris hour in

age, showing little variation in age with changesample height (500, 750 and 1000 m). The

air mass of the downwind samples was likely Bours in age, with the age of the air mass
decreasing with increasing altitude (250, 500 and 1000 m) in the northernmost (southernmost)

sample location from-8, 3-4 and 23 hours (67, 45 and 34 hours).
Deriving CO emissions from the fires

To determine CO emissions from the Saddleworth Moor fires, we consider the cross section
made by the aircraft through the plume on Jurie(88eSupplementary MateriaFigure63).

Here, the plume has an approximate width and thickness of 4482 m and 52 m, respectively.
The fire emissions were calculated by:

0 Y60 0 QQ
(19

whereO (kg s?) represents the emissions of G®, U(kg m?®) is the mean fire enhancement

bet weenpltihmediiand Aout of pl(msteiHthe@@®an windhcent r
speed at the flight altitude (assumed to be in the direction of plume flow and perpendicular to

the aircraft flight path),;Q(m) is theplume thickness an@® (m) is the plume width. The

limitations of this approach are the assumptionsthiatrepresentative of the full plume wind

speed, that the plume cressction is regular, and the estimate valueand'Q (the aircraft

might nothave included the entire plume in the transect). Here,7.31 m & and Y6 (=
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6.4x10"kg m3, soO = 1.07 kg &. To estimate the uncertain range of this emission rate, we
perturb the values ofQand Q by 50% (these variables represent thegydat source of
uncertainty) and use lower and upper limitsbofand Y6 G+ 1.0 standard deviation. This
provides arange @ =1.07 (0.074.69) kg &, which is in reasonable agreement with remote
sensing estimates from the Global Fire Assimilatystem (GFAS, 0.54 kg'$ andthe Fire
Inventory from NCAR (FINN, 2.15 kg™§. When this is repeated for GQalso measured
during the aircraft campaign,c& = 13.7 (1.7350.1) kg & while GFAS and FINN have

emission rates of 7.84 kg and 33.1 kg'$, respectively.

4.5 Discussion and Conclusions

Historically, the UK is prone to relatively small vegetation fires (e.g. in comparison to tropical
and other boreal fireyan der Werfet al. (2017) often used in moorland burning for the
purposes of agricultural grazifiavies, et al., 2016; Yallop, et al., 200Blpwever, in recent

years, the UK has experienced several substantially larger fires which have gainedediach m
interest and resulted in the evacuation of surrounding populated areas. In this study, we have
successfully used groudzhsed observations, staibtheart satellite and aircraft
measurements to quantify the impact of the Saddleworth Moor and \Mitt&es on regional

atmospheric composition and air quality.

Using grounebased observations, the impact of pollutants from the fire can be quantified at
the surface. Pollutants from the fire were transported westwards during the peak of the fires
(27", 29" and 3¢ June) over large populations (e.g. Manchester). Consequently, the fire had
a significant impact on Pj concentrations in Manchester and in regions further afield
(including Wigani 50 km away). Surface PMduring the fires was-8.5 higher than average

and dominated by the nemlatile PMb sfraction. Since concentrations were up to 2 times the
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WHO recommended guideline limit (3% nm®) there are likely to have been considerable

negative health impacts for individuals exposed, partiullnose with underlying health

conditions.

The unprecedented spatial resolution of the new S5P TROPOMI satellite instrument now
allows us to detect trace gases from such fires. Thediokition of total column carbon
monoxide (TCCO) measurements dgrifune 28-30" shows the westward propagation of the
Saddleworth Moor fire plume out towards the Irish Sea over the highly populated cities of
Manchester and Liverpool. By using quantitative classification of the fire plume (i.e. TCCO
concentration andre radiative power, FRP), we have isolated a significant enhancement in
tropospheric column NEXTCNQO), a key air pollutant, on top of the enhanced anthropogenic
signal from prevailing anticyclonic meteorological conditions (i.e. accumulation of pdiutan
over source regions). Measurements from the FAAM aircraft flight on Juheuport this,

with clear enhancement of boundary layer (<1 km) CO concentrations within the plume. Near
Saddleworth Moor, i#plume CO and Plk measurements peak at over 1ppbv and 127.5

pg m3, while downwind of the plume over the Irish Sea they are somewhat lower-40200
ppbv and 96.Jug n3. The opposite occurs for ozonesf@here the downwind plume shows

a significant increase, highlighting its downwind productioas&l on CO:©correlations
within the plume,thegp r oducti on i ncreasg/eeC@i=gnd.f0 Ocla nptpl by
nearf i el b/ d© O q0.105 @pBvppbyv (depending on the altitude betweer1 200

m) downwind. Our estimates lie within the ramjevalues found in previous studies of similar
fires (boreal region mean: 0.00815) (Jaffe, and Wigder, 2012Though urban sources of

NOx (i.e. Manchester and Liverpool) may also be contributing to the R®h@ancements as

has been found in previous studies of wildfires near highly populated urbanMokaee( et
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al., 2002; Morris et al., 2006Emission ratesdém Saddleworth Moor, during the smouldering
stage of the fireods 1.07(F.0%4.68)kgslamd 13.72(1.780. B kgt i mat e
st for CO and C@, respectively. This C&emission rate is similar to those of the Grangemouth

(near Edinburghor Enfield (north of London) power stations (~16.0 Kg(®AEI, 2018).

We have shown that the Saddleworth Moor and Winter Hill fires produced large quantities of
some key air pollutants, includingg@Mz5sand CO, which were transged over Manchester

and Liverpool yielding a substantial degradation in AQ. In the future, with accelerating climate
change leading to enhanced temperatures and drought conditions within {Gaiéleiro, et

al., 2018) wildfires are likely ®© become more frequent and intei8ébertson, et al., 2010)
yielding more hazardous AQ situations in nearby populated areas. Therefore, work is required
to accurately determine the surface enhancementpolfutant concentrations from such fires.

As the surface monitoring network (Automated Urban and Rural Nejbdpartment for
Environment Food and Rural Affairs, 2018y sparse, satellite observations and modelling

can play an important role. Future work is also needed to assess the corresponding health

impacts of exposur® air pollutants from wildfires.
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5.1 Abstract

On June 24th 2018 one of the largest UK wildfires in recent history broke out on
Saddleworth Moor, close to Manchester, in navigst England. Since wildfires
close to large populations in the UK have beeatigtly small and rare in the
past, there is little knowledge about the impacts. This has prevented the
development of effective strategies to reduce them. This paper uses-a high
resolution coupled atmospherbiemistry model to assess the impact of tresfi

on particulate matter with a diameter less than 2.5 pmgPktross the region

and the impact on health from shtetm exposure. We find that the fires
substantially degraded air quality. PMtoncentrations increased by more than
300% in Oldham athManchester and up to 50% in areas up to 80 km away, such

as Liverpool and Wigan. This led to one quarter of the population (2.9 million
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people) in the simulation domaim(9-0.7°E and 53.44.4°N) being exposed to
moderate PMsconcentrations on at Isaone day, according to the Daily Air
Quality Index (3653 pg m°), between June Z3and 3@ 2018. This equates to

4.5 million people being exposed to RPihbove the WHO 24our guideline of

25 pg m® on at least one day. Using a concentratiesponsefunction we
calculate the shotterm health impact, which indicates that in total over tokay
period 28 (95% CI: 14:42.1) deaths were brought forward, with a mean daily
excess mortality of 3.5 deaths per day (95% CI:5L3. The excess mortalities
from PM.sdue to the fires represented up to 60% of the total excess mortality (5.7
of 9.5 excess deaths), representing an increase of 3.8 excess mortalities (165%
increase) compared to if there were no fires. We find the impact of mortality due

to PMzsfrom the fires on the economy was also substantial (£21.1m).

5.2 Introduction

The Saddleworth Moor fire in June 2018 was the largest UK wildfire in recent decades, with
over double the burnt area of the most recent large wildfire in 2011, in Swinley, Berkshire
(Royal Berkshire Fire and Rescue Service, 20tled to the evacuation of many residents

from their homes, and caused elevated atmospheric pollutant concentrations across the Greater
Manchester urban region. The fires began on Jui€@28 and burned for three weeks over
Saddleworth MoorX.96°W, 53.54°N and Winter Hill .52°W, 53.63°N (Figure38). The

fires, which are thought to have been deliberately started, peaked in siZéhmg&7covering

8 kn? with flames reaching 4 m in heigt®reater Manchester @ined Authority, 2019)

The fires burned on moorland that was dominated by heather with an underlying layer of peat
(Greater Manchester Combined Authority, 20®)pplementary MateriaFigure65). Peat is

exceptionally vulnerable to ignition during periods of drought and once alight it is extremely
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difficult to control and extinguish because it is a well oxygenated fuete(Rappold, et al.,

2011) As a result, peat fires can smoulder underground for long periedmarying away

from the original sourcéRappold, et al., 2011Juel consumption is relatively large in peat
fires, emissions per unit area are much higher than for other fue(Gees, and Hays, 2013)
Consequentlypeat fires emit large dense ground level plumes, meaning that local populations
may be more susceptible to smoke exposure than for other wildfire(Tyipksg, et al., 2016)
Alongsde this, although other studies have suggested that flaming smoke may be more toxic
than smouldering smoke on a mass b@&is, et al., 2019, 2018peat burning produces more
smoke and so it has been suggested that the toxicity of smoke from peat fires is different to
other wildfires(Reisen, et al., 2015; Tinling, et al., 201Bdwever there is curregtlimited

research on this topic.

June 2018 was anomalously warm and dry across the UK. Average daily maximum
temperatures were between-1& °C (2.5 °C warmer than the 198010 averagelUK Met
Office, 2018 and less than 75 mm rainfall fell during the month (50% of the -P880D
average rainfall). There were fewer than 4 days with > 10mm raffiglMet Office, 2018)

These conditions led to the peat be thoor becoming particularly susceptible to ignition.

Wildfires emit large amounts of pollutants and have substantial impacts globally on the
radiative balancéHodzic, et al., 2007; Rappold, et al., 201dlpud microphysical properties
(Jiang, et al., 2016; Lu, and Sokolik, 2018y quality(Crippa, et al., 2016; Jaffe, and Wigder,
2012; Reddington, et al., 20140d therefee health(Johnston, eal., 2012; Jones, et al., 2015;
Liu, et al., 2015; Rappold, et al., 201Wildfires are an increasing environmental and health
concern that are projected to occur more frequently, become more iatehsgread much

more quickly in the futuréBarros, et al., 2014)t is projected that by 2080 the combination
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of higher temperatures, decreased summer rainfall and drier soils could lead-&0% 30
increase in UKwildfire risk (HM Government, 2012)Peat bogs, which accountrfover

22,000 knd of UK land cover(Xu, et al., 20.8), are particularly vulnerable to wildfire.

As a result of the predicted increase in wildfires, population exposure to pollutants from fires
is also expected to increase. Substantial evidence supports the association-tafrrahort
exposure to PMsfrom firesand respiratory and cardiac morbidity and mortality from both
epdiemiologicalDelfino, et al., 2009; Johnston, et al., 2011; Reid, et al., 2016; Zanobetti, and
Schwartz, 2009nd toxicology studie@Naeher, et al., 200:owever there is a large amount

of conflicting research on the toxicity of different species andg@l toxicity between PM
components is still commonly assumed but is an active area of reg&tkiokon, et al., 2014)

The health burden of fires in the tropics and United States, Australia and Canada is well
documented in the literatu(€rippa, et al., 2016; Finlay, et al., 2012; Johnston, et al., 2011;
Landis, et al., 2018; Liu, et al., 2018eid, et al., 2016; Reisen, et al., 20&b) is significant.

The large wildfires during 2015 in Equatorial Asia led to 69 million people being exposed to
unhealthy levels of Phkand are estimated to have caused 11,880 excess mortalities due to

shortterm exposuréCrippa, et al., 2016)

Alongside the significant health impacts of wildfires, there is also a large associated
socioeconomic cogFann, et al., 2018; Kochi, et al., 2012he concept of Value of Statistical
Life, how much society is willing to pay to preserve a life or extend it, is used by studies to
estimate the economic value of shetm excess deaths and hospital admissions during
wildfires. Using this method it is estimated that in the US between 2008)d2dhe economic

cost of shorterm exposure to wildfire air pollutants was $63bn (95% CI $6bfObn), while
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for long-term wildfire air pollutant exposure the cost was $450bn (95% CI| $82B80bn)

(Fann, et al., 2018)

Since wildfires close to highly populated areas are relatively rare in the UK, little research into
the health and economic impacts of UK wildfires has been carried out. Howeviees e é
predicted to increase with the warming climate and-lasglchange it is becoming increasingly
important to examine wildfires in a UK context. Previous studies elsewhere in the world have
found that public health tools and educational programmesitice exposure yield significant
health benefits from reduced mortality and exacerbations of underlying ill{&sgold, et
al.,,2014) Many countries also have both OFire
These are used to inform the public of the daily fire risk, based on weather forecasts and fuel
loading, and provide updates on current active fires. Other countries also often have severe
penalties for arson, with high convimh rates every year, and high rewards for information on
suspected arsonists (up to $50(Bepartment of Fire and Emergency Services, 2018)
However, at present, a lack of knowledge about the impacts of wildfires kh@ohibits

the development of effective strategies to reduce their impacts.

In this paper we use the Saddleworth Moor Fires in June 2018 as a case study to calculate the
potential health and economic impacts of exposure tosRbm wildfire on the WK population

using a higkresolution air quality model. The results of this study aim to quantify the
popul at i on 0 s2sfiom thefises anethetsubseguight health impact. This will help

to inform legislation makers, based on the impacts of #udl®worth Moor Fires, whether

there is a need to introduce preventitive measures and emergency planning for fires to reduce

t he popul ationds exposure to har mful pol | u
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Figure38. Population count (ki) (2015) in model dowmin with Automate
Urban and Rural Network (AURN) sites used in model evaluatior
plotted(Supplementary Materialable12). Sites where elevated Bly
wasobserved are indicated by red stars and those where concen
remained below 50 pg ™ by black circles. The locations
Saddleworth Moor and Winter Hélre indicated by black triangles. F
emissions, from FINNv1.5 (timearying scaling), between June™
and June 3D0are indicated by red circléseach circle represents a
hotpot from MODIS, while the size of the circles is relative to the
of PM2semitted in kg day (scale on left). The area over which sce
was applied to the FINN fire emissions is also shown by the blu
More details on AURN sites can be foundSaopplementary Materi:
Table12.

5.3Method

5.3.1 WRF-Chem

This study uses WREhem v3.7.XGrell, et al., 2005)a fully coupled atmospheric chemistry
model at 10 km resolution, to simulate hourly 2Moncentrations during the Saddleworth

Moor fires 2018. The study domain covers northern Englah®&Q.7°E and 53.%4.4°N) and
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