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Abstract. Surface concentrations of secondary inorganicstantial part of the UK, particularly the south and southeast,
particle components over the UK have been analysednay be close to or exceeding annual mean limit values be-
for 2001-2010 using the EMEP4UK regional atmosphericcause of import of inorganic aerosol components from con-
chemistry transport model and evaluated against measurdinental Europe under specific conditions. The results rein-
ments. Gas/particle partitioning in the EMEP4UK model force the importance of employing multiple year simulations
simulations used a bulk approach, which may lead to uncerin the assessment of emissions reduction scenarios on par-
tainties in simulated secondary inorganic aerosol. Howeverticulate matter concentrations and the need for international
model simulations were able to accurately represent both thagreements to address the transboundary component of air
long-term decadal surface concentrations of particle sulfatgollution.

and nitrate and an episode in early 2003 of substantially el-

evated nitrate measured across the UK by the AGANet net-

work. The latter was identified as consisting of three sepa-

rate episodes, each of less than 1 month duration, in Febru-

ary, March and April. The primary cause of the elevated ni-1 Introduction

trate levels across the UK was meteorological: a persistent

high-pressure system, whose varying location impacted thé\tmospheric particulate matter (PM) concentrations are gov-
relative importance of transboundary versus domestic emiserned by the transport, transformation and deposition of
sions. Whilst long-range transport dominated the elevated nimany chemical species. PM has a range of impacts including
trate in February, in contrast it was domestic emissions thabn climate through radiative forcing and on human health.
mainly contributed to the March episode, and for the April Considering the health impacts alone, exposure top £M
episode both domestic emissions and long-range transpo(the size fraction of particles with an aerodynamic diame-
contributed. A prolonged episode such as the one in earlyer <2.5um) has been estimated to contribute to an aver-
2003 can have substantial impact on annual average conceage loss of life expectancy of around 6—7 months for resi-
trations. The episode led to annual concentration differenceslents of the UK, with an associated economic cost of some
at the regional scale of similar magnitude to those driven£16 billion per annum (IGCB, 2007). EU legislation sets
by long-term changes in precursor emissions over the fullstandards for ambient concentrations of PM, and now in-
decade investigated here. The results demonstrate that a sutludes an obligation on individual member states to reduce
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population-weighted exposure to BN by a specified per- 150°W  150°E  90°E
centage between 2010 and 2020 (Heal et al., 2012). 135°W -
The complexity of ambient PM composition and forma- 120w
tion, combined with the influence of meteorology on chem- s
istry, dispersion and deposition, considerably complicates
pinpointing the contributions of different chemical pollu-
tant emission sources to ambient PM at specific locations ;s
(AQEG, 2012). Consequently, it is a complicated process to
formulate cost-effective policy action to reduce harm caused
by PM. The inorganic chemical components of PM — am-
monium (NI—;{), sulfate (S(j‘) and nitrate (NQ) — consti- i AR kel
tute a major fraction of Pis (Putaud et al., 2010). The an- e |
thropogenic emissions of the gaseous precursors of inorganic g A ’
PM —ammonia (NH), sulfur dioxide (SQ@) and nitrogen ox-
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ides (NQ,) — are also subject to various legislation that seeks 45°W 30°W 15°W 0°

to limit and reduce either a country’s total emissions or the __|grid average height (m}
emissions from individual sources or source sectors (Heal et -_|!-_| | | _
al., 2012; Reis et al., 2012). For $3@nd NG in particu- °© 2% 75 200 500 1000 1500 2000 3000

lar, emissions redUCtionS_ have been very effec_tive over th_EFigure 1. The EMEP4UK Greater European domain, modelled at
past few decades and this is reflected in reductions in ambisg km x 50 km horizontal resolution and, outlined in red, the nested

ent concentrations of the gases (RoTAP, 2012). Despite thisgritish Isles domain, modelled at 5km x5km horizontal resolu-
PMjo concentrations across much of western Europe haveion. The colour scale indicates grid-average altitude. The four UK
not fallen significantly since the year 2000 (Harrison et al., AGANet measurement sites used in this study are also shown.
2008).
The longer lifetime of secondary PM components com-
pared with their gaseous precursors means that transbounthen the results of sensitivity simulations to assess the con-
ary transport from Europe and meteorology are importanttributions of trans-boundary and domestic emissions to sec-
drivers. Previous studies suggest that transatlantic transpodndary inorganic particle concentrations in the UK and their
of these secondary inorganic aerosol (SIA) species has @ter-annual variability are assessed. Section 4 discusses this
small effect on EU surface SIA concentrations and deposihovel decadal inter-comparison and attribution results and
tion (Sanderson et al., 2008; Simpson et al., 2012), henceonclusions are presented in Sect. 5.
“transboundary” hereafter refers to Europe. This is of partic-
ular relevance for the design of air quality policies seeking
to reduce PM concentrations, especially as some limit val-2 Methods
ues may be sensitive to a small number of high-concentration
episodes rather than long-term average concentrations. Th.1 Model description and setup
is particularly important for the nitrate component which has
been shown to be the dominant component on days wheithe EMEP4UK model used for this work is a nested regional
PMyg exceeds 50 ug r? (Yin and Harrison, 2008). ACTM based on version v3.7 of the main EMEP MSC-W
There remains a gap in understanding the extent to whichmodel (Simpson et al., 2012). A detailed description of the
domestic emissions and transboundary import of secondarEMEP4UK model framework and setup are given in Vieno et
inorganic PM contribute inter-annually and to episodes ofal. (2010) and only brief relevant details are presented here.
elevated concentrations in the UK (RoTAP). This was the The EMEP4UK model is driven by the Weather Research
motivation for this work. Ambient concentrations of the in- Forecast (WRF) model version 3.1Http://www.wrf-model.
organic components have been measured since the 1990sg). The model horizontal resolution scales down from
on a monthly average basis, as part of the UK Acid Gas50 km x50 km in the main EMEP “Greater European” do-
and Aerosol Network (AGANehttp://uk-air.defra.gov.uk/  main to 5kmx5km for the domain covering the British
networks/network-info?view=aganetee Tang et al. (2009) Isles (Fig. 1). The boundary conditions for the inner do-
for description of the approach), providing a data set againsmain are derived from the results of the European domain in
which to compare model output. a one-way nested setup. The EmChem09 chemical scheme
In Sect. 2 the modelling approach using the EMEP4UK was chosen for the present study, as it has been exten-
Eulerian atmospheric chemistry transport model (ACTM) sively validated at the European scale (Simpson et al., 2012,
(Vieno et al., 2009, 2010) simulations and AGANet measure-www.emep.int. The EMEP model is based on Berge and
ments are fully described. In Sect. 3, first the model perfor-Jakobsen (1998), but extended with photo-oxidant chem-
mance is evaluated against these AGANet measurements anmstry (Andersson-Skold and Simpson, 1999; Simpson et al.,
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1995). The EmChem09 mechanism used for this work haganeous measurement of the concentrations of, 503

72 species and 137 reactions. Full details of the chemicahnd NH; gases and patrticle I\psoff and NI—[{, in relation

scheme are given by Simpson et al. (2012). Gas/aerosdb changes in European emissions of;S@Ox and NH.

partitioning used the EQSAM formulation (Metzger et al., Measurements are made using DELTA system (DEnuder for

2002a, b). The calculated nitrate is then split into coarseLong-Term Atmospheric sampling) and have monthly aver-

and fine mode using a parameterised approach dependeaged time resolution (Sutton et al., 2001). The size cut-off of

on relative humidity, as described by Simpson et al. (2012)the DELTA sampler has been estimated to-bé.5 um (Tang

In this version of the EMEP model, nitrate is the only sec- et al., 2009), therefore the measured concentrations are be-

ondary inorganic component present in Mse(the differ- tween the PM s and PMg size fractions.

ence between PM and PM ;). This split between Pl The EMEP4UK model assigns all §Oand NI—[{ compo-

and PM5_19 for nitrate is rather uncertain as discussed in nents to PM 5. Modelled NG is assigned to both P and

Aas et al. (2012); a more explicit aerosol scheme is undeiPMcq,rseWhich leads to potential negative bias in modelled

development. The EQSAM scheme used here is equivalenfersus measured concentrations for N®our sites repre-

to the EQSAM2 scheme used in the global model TM5 (Karl senting different areas of the UK (marked on Fig. 1) have

etal., 2009; Huijnen et al., 2010). been selected for the comparisons presented here: Strath-
Anthropogenic emissions of NOQ NH3z, SO, primary  vaich Dam (northwest Scotland); Bush (central Scotland);

PMzs, primary PMoarse CO and non-methane volatile or- Rothamsted (southeast England); and Yarner Wood (south-

ganic compounds are included. PMs the size fraction of  west England).

particles with an aerodynamic diameterlOpum. For the

UK, emissions values are taken from the National Atmo-

spheric Emission Inventory (NAEhttp://naei.defra.gov.)k 3 Results

at 1kn? resolution and aggregated to 5km x5km resolu-

tion. The underpinning methods by which these emission in-The time series of the modelled and observed monthly mean

ventories have been established are reported by Hellsten étirface concentrations of particle §J@nd SG~ at the four

al. (2008) and Dore et al. (2008). For the rest of the outerselected AGANet sites are shown in Figs. 2 and 3, respec-

domain, the model uses the EMEP 50 km x 50 km resolutiontively. The observations span the period 2001-2010, whereas

emission estimates provided by the Centre for Emission Inihe model values span the period 2001-2010. A peak in 2003

ventories and Projections (CEItp://www.ceip.al). Emis- in NO3 concentrations can be seen in both observations and

sions estimates for international shipping (ENTEC, 2010) are¢he EMEP4UK simulations. Figures 2 and 3 show generally

aggregated to 5 km x 5 km for those emissions within the in-good agreement between the two data sets for three of the

ner domain. The EMEP(4UK) model uses a yearly boundaryfour sites included here, as illustrated quantitatively by the

condition for SIA at the edge of the European domain ad-correlation and linear regression statistics for these particle-

justed for each year as described in Simpson et al. (2012). phase components and for the gas-phase species; AND
SO, (Table 1). The model-measurement comparison at the

2.2 Model experiments Strathvaich Dam site is adversely impacted by two extreme
measurement values in 2006 and 2007 not present in the sim-
Hourly surface concentrations of several pollutants, includ-ulations. No anomaly is present in the meteorology at this
ing NO2, SO, and NH;, and particle NG, 50421_ and Nl-[f, location for these two months. From an analysis of the mass
were simulated for the decade 2001-2010. To quantify the inbalance of the aerosol components, the two anomalous data
fluence of long-range (i.e. non-UK, or “transboundary”) and points appear to be outliers which may be attributed to sam-
short-range (UK, “domestic”) emissions on the UK surface Pling or analytical contamination in determination of §O
concentrations of these components, a perturbation experand S(j‘. The anomaly could be potentially due to local in-
ment was carried out by setting UK land emissions to zerofluence or an unusually high positive artefact on the HNO
for the year. This provides an approximate model estimateRecent investigations indicate that the AGANet HNGb-
of the contribution of non-UK emissions to gaseous and PMservation using the DELTA methodology includes a posi-

concentrations in the UK. tive bias from other NQ chemical species, which could in-
clude HONO (heterogeneously oxidised);®¢ and PANs
2.3 Measurement data (Peroxyacetyl nitrate). However, there is nothing to indicate

that Strathvaich Dam should be affected more from this than
Model surface concentrations were compared with obserother sites.
vational data from the UK Acid Gases and Aerosols Net- The spatial pattern across the British Isles and the inter-
work (AGANet), which is one of the four component UK year variability of modelled annual mean surface concen-
Eutrophying and Acidifying Pollutants monitoring networks trations are shown in Fig. 4 for NQSQO, and NH; and in
(Conolly et al., 2011; Tang et al., 2013). The AGANet moni- Fig. 5 for particle N@, sof; and Nl—[{. In each case, the
toring sites were established in 1999 for the long-term simul-top left panel shows the spatial distribution for 2001 and
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Table 1. Mean concentrations, and correlation and regression statistics, for monthly averaged modelled and meagsaed S@_ in

particulate matter, and HNfOand SQ gas for the period 2001-2010 at four sites of the AGANet network: Strathvaich Dam (northwest
Scotland), Bush 1 (central Scotland), Rothamsted (southeast England), and Yarner Wood (southwest England). The comparison is based o
a linear fit where measuremestslopex model+ intercept.

Particulate Nq

Strathvaich Dam  Bush 1 Rothamsted  Yarner Wood
Measurement mean  0.49 ugth 1.37pgnm3  3.35ugm3 1.98ugnr3
Model mean 0.77 ug e 1.42pgm3 2.73pgm3 2.23ugnr3
r 0.49 0.91 0.81 0.86
Slope 0.59 0.96 0.68 0.95
Intercept 0.48 ug m3 0.10ugnm3  0.44pgnr3  0.34pgnrs

Particulate S@’

Strathvaich Dam Bush 1 Rothamsted  Yarner Wood
Measurement mean  0.57 ugth 0.94ugm3  1.75pgm3  1.20pgnr3
Model mean 0.61 pg e 0.95pugnT3  1.48pgnt3  1.28ugnr3
r 0.72 0.79 0.65 0.69
Slope 0.86 0.76 0.56 0.65
Intercept 0.12pgmd 0.24pgnt3  0.50pgnT3  0.36 ugnTs

HNO3

Strathvaich Dam  Bush 1 Rothamsted  Yarner Wood
Measurement mean  0.23 pugm 0.57pugnT3  1.89pgnT3  0.73pugnT3
Model mean 0.16 ug me 0.36ugnm3  0.96pugnT3  0.56 ugnr3
r 0.77 0.45 0.35 0.59
Slope 0.59 0.44 0.32 0.65
Intercept 0.03pgm3 0.11pgnt3  0.36pgnT3  0.09 pgnrs

SO

Strathvaich Dam Bush 1 Rothamsted  Yarner Wood
Measurement mean  0.18 ugth 1.28pugn3  1.92ugn3  0.75ugnr3
Model mean 0.43 ug e 1.43pgm3  2.05pgnt3 1.16ugnr3
r 0.62 0.60 0.80 0.83
Slope 15 0.57 0.71 1.09
Intercept 0.16 ug m3 0.71ugm3  0.68pgnT3  0.35ugnT3

the other nine panels show the differences in annual meated to a modest increase in annual averagé‘Sf@r 2003 of
concentrations for each of years 2002—2010 relative to 20010.0-0.1 ug Sm?3 (Fig. 5b). The spatial distribution of N+

The maps for 2001 show highest concentrations opl@d  shows a very different pattern to the other modelled com-
SQ; over central and southeast England, related to UK emisponents, with highest modelled concentrations in Brittany
sion sources, and over the English Channel, mostly relateédnd northwest France and northwest England, reflecting the
to shipping emission sources. The highest concentrations dfiistribution of modelled NH emissions which mainly arise
NO, and SQ over the UK are in 2003, with the lowest con- from agricultural sources.

centrations during 2008-2010. The extended periods of ele- The concentrations of the particle components ;NO
vated NG between February and April 2003 were sufficient 50‘21— and NH are spatially smoother across the UK than
to enhance the annual average NGncentration across the the gaseous precursors (Figs. 4 and 5). The modelled an-
whole of the UK in 2003 by between 0.2 and 0.3pug N®m  nual surface concentrations of N@nd SQ (Fig. 4a and b)
compared with preceding and subsequent years (Fig. 5akhow that the concentrations of these gaseous components
with a even larger enhancement in the annual mean for 200decline during 2001-2010 by substantially more than the de-
0f 0.2—-0.5 ug N m3 for NHjlr (Fig. 5¢). In contrast, the some-  cline in NO; and Sci‘. Over much of the UK (particularly
what less elevated SO concentrations during this period England), declines in modelled N@nd SQ between 2001

Atmos. Chem. Phys., 14, 8438447, 2014 www.atmos-chem-phys.net/14/8435/2014/
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Figure 2. Monthly average surface concentrations of particulate Figure 3. Monthly average surface concentration of particulate mat-
matter nitrate, observed (red) and modelled (blue), for 2001—201der sulfate, observed (red) and modelled (blue), for 2001-2010 at
at four sites of the AGANet network: Strathvaich Dam (northwest four sites of the AGANet network: Strathvaich Dam (northwest
Scotland), Bush (central Scotland), Rothamsted (southeast EngScotland), Bush (central Scotland), Rothamsted (southeast Eng-
land), and Yarner Wood (southwest England). land), and Yarner Wood (southwest England).

and 2010 exceed 1 pg/8 m 3 in 2010 compared with the Figure 6a and b (upper panels) show the modelled monthly
0.1-0.2 ug N m? decline in NQ}, and the 0.1-0.3 pg STA mean surface concentrations of lN@nd SQ, respectively,
decline in SCﬁf (up to 0.4 pg S m2 decline in eastern Eng-  for the first 5 months of 2003, which covers the period of high
land). On the other hand, the model shows concentrations a$econdary inorganic particle concentrations shown in (Figs. 2
NH3 hardly changing over the decade — in fact increasingand 3). To highlight the role of UK sources, the differences
slightly, up to~ 0.2 pg N nT23 over England, especially for between the base simulations and the simulations with zero
2009 and 2010 (Fig. 4c) — whereas, with the exception ofUK emissions are shown in the lower panels of Fig. 6a
2003, the modelled concentration of ﬂ]HIn PM decreases and b, with the data expressed as the percentage of the mod-
from 2001 to 2010. Of note also is a decrease of 8anual  elled concentrations that are directly attributable to UK do-
surface concentration over the North Sea from 2007 onwardgnestic emissions (i.e. 100 x (Base RuExperiment)/Base),
(Fig. 4b). again as monthly averages. While the lower maps clearly
show the dominating contribution of UK domestic sources
to NO; and SQ concentrations over mainland UK, a smaller
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Figure 4. Modelled annual average surface concentrations ofFigure 5. Modelled annual average surface concentrations of
(@) NO2, (b) SO, and(c) NHg. The top left panel of each figure (a) NO3, (b) 80‘21_ and(c) NHI. The top left panel of each figure
shows the concentrations in 2001 (horizontal scales in pgRM  shows the concentrations in 2001 (horizontal scales in pgRm

or ugSn13, as relevant). The remaining panels illustrate the dif- or ug SnT3, as relevant). The remaining panels illustrate the dif-
ference in surface concentrations in each of years 2002 to 201@erence in surface concentrations in each of years 2002 to 2010
compared with 2001 (vertical scales in ugN#or pgSnT3,as  compared with 2001 (vertical scales in pg N#nor pg Snr3, as
relevant). relevant).

contribution in the vicinity of major shipping channels re- The spatial pattern of the UK contribution to these concen-
flects the fact that the scenario treated international shippingrations differs between the months, with February showing
as part of the non-UK emissions. . the smallest contribution of UK sources to S®I0,, NO3
Figure 7a and b show similar model results to Fig. 6 butforgng 5@~ concentrations. In contrast, the episodes in March
surface concentrations of particle §Gnd SG, respec-  ang April 2003 have substantially larger contributions of UK
tively. For these components, there is a smaller percentaggmissions to NQ and S(j‘ concentrations.
contribution from UK sources than for $@nd NG con- A detailed comparison for 2003 between the measured and
centrations. _ modelled NG concentrations at the Bush 1 site (Scotland)
~ The highest concentrations of N@nd SQ occurred dur-  js shown in Fig. 8 with the modelled values presented as
ing February and March (Fig. 6), with highest concentrationspoth monthly and daily means. There is a close agreement
for NO; and SG~ occurring during February, March and  petween observations (red line) and model (blue line) for

April (Fig. 7). Figure 7 shows that, for February, up t0 40% tnese high-concentration episodes, with the monthly values
of the monthly average ND concentrations over the UK p9a4ly agreeing within 10 %.

are attributable to UK emissions. In March and April, the
UK contribution to NG concentrations rises to up to 80 %.

Atmos. Chem. Phys., 14, 8438447, 2014 www.atmos-chem-phys.net/14/8435/2014/
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Figure 6. Modelled monthly average surface concentrations andFigure 7. Modelled monthly average surface concentrations and
UK contributions for(a) NO2 and (b) SO, through January to UK contributions for(a) NO3 and (b) SO%‘ from January to
May 2003. In each case the upper panel shows the mean conviay 2003. In each case the upper panel shows the mean con-
centrations (ugN'm3 or pg S n3), while the lower panel shows  centrations (g N m3 or ug S nT3), while the lower panel shows
the percentage contribution from UK emissions (calculated asthe percentage contribution from UK emissions (calculated as
[100 x (Base- no UK emi)/Base] between the base simulation and [100 x (Base- no UK emi)/Base] between the base simulation and
the simulation with zero UK emissions). the simulation with zero UK emissions).

The monthly modelled concentrations for the simulation gt

with zero UK emissions are also shown in Fig. 8 (greenline). 12 24

AGANET monthly

The modelled monthly N© concentrations (blue line) were > 4o - 20

. . . = F M A EMEP4UK monthly base run >
enhanced by 2.6 pgn by UK emissions in February, but by € 44 EMEP4UK monthly noUK emissions 6 B
5.0 ug nm 3 in March and by 2.6 pg i in April as compared £ Mo EMEP4UK daily base run &
with the model simulation with no UK emissions (green € °® 7 /I sy =)
line). The daily mean model NDconcentrations highlight = 4 \ S
substantial temporal variability within this February—-April 2 , | L, Z

\‘_/’m'\, i I 4

period. The daily average surface concentrations (orangelin - x,/:-"—f—/——i?‘:‘": S

of Fig. 8) show three separate episodes; the first approxi s Eat o AL{ M‘ay o ALg s;p et Now Do

mately matches the period 12-28 February (F), the secona

10-27 March (M) and the third 1—-30 April (A). Figure 8. Modelled and observed monthly mean (left axis) and
The characteristic differences between these three periodsaily mean (right axis) surface concentrations of N&x the Bush

are illustrated in Fig. 9. Here the 12:00 wind vector is super-site (Scotland) for the year 2003. The red line shows the measured

imposed to the mean modelled surface concentration of PMnonthly values from the AGANet network, the blue line shows the

NO; for selected days during the three component episodegpodelled monthly means for the base run, the_ green line shov_vs the

It is seen that 12—15 February (episode F) and 17-20 Marclyrodelled monthly means for the experiment with no UK emissions,

(episode M) were associated with stagnant air masses aIIOV\ﬁnd the orange line shows the modelled daily means for the base run
P 9 d (all model values are averages of hourly data). The blue shadows

ing NO; PM concentrations to build up, while the perio highlight the three episodes labelled F, M and A.
11-14 April (episode A) was associated with a highlight pol-
luted air mass arriving from the east.
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light wind advecting PM N@ produced in the area of the monihly
north of France, Holland, north of Germany, and Denmark, Yarner Wood
where the centre of the high pressure was located (Fig. 9). ¢
During the March episode, the centre of the high pressure §
was over the UK with an associated light wind, clear sky, &
and cooler conditions leading to the accumulation of;NO  x
from UK emissions with little import of N@ or its precur- g€
sors from outside the UK. The April episode was a mixture 7 :
. . ° ]
Of Condltlons deSCl’lbed for February and MarCh' 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

The model sensitivity analyses of the proportions of UK monthly
nitrate and sulfate derived from UK emissions of anthro-
pogenic precursors was extended over the whole periodfigure 10. Modelled monthly average proportions of §Qblue
2001-2010, and the results for the locations of the four studyline) and SCﬁ‘ (red line) derived from UK precursor emissions,
sites, Strathvaich Dam, Bush, Rothamsted and Yarner Woodbr four sites in the UK for the decade 2001-2010 (calculated as
(highlighted in Fig. 1) are shown in Fig. 10. The 10 years [100 x (Base- no UK emi)/Base] between the base simulation and
analysed here shows that the monthly averaged UK emisthe simulation with zero UK emissions).
sions contributions to Sﬁ) and NG, at these sites range
from 10 to 80%. Yarner Wood and Strathvaich Dam are
closer than the other selected sites to areas of shipping emismport for PMp 5 from non-UK sources ranges from an es-
sions, therefore on average the ﬁo:oncentration at this timated 41 % for Bush 1, up to 63 % for Yarner Wood, high-
site is less influenced by UK emissions compared with thelighting the importance of transboundary pollution import on
other two sites. UK PMa; 5 concentrations. The same model results for 2003
Based on the simulations it is possible to estimate the anean be expressed in terms of the contribution of non-UK
nual contribution of non-UK emissions to the different com- emissions to the current European Commission (EC, 2013)
ponents of PMp at the four study sites. This is summarised limit value for PMp 5 and to the World Health Organization
in Fig. 11 for the year 2003, also including the contribu- (WHO, 2005) guideline value for P4 at each of the four
tion of primary particulate matter (emitted PM). Pollution sites (Table 2). For these example sites, up to 18 and 45 %
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Table 2. Model simulated contributions of Continental EuropeanyNmport to the current European Commission limit value (EC, 2013)
and to the World Health Organization guideline value (WHO, 2005) at each of the four sites for the EMEP4UK model simulations for the
year 2003.

Continental European contribution  Strathvaich Dam Bush1l Rothamsted Yarner Wood

EC limit value of 25 pg i3 5% 8% 18% 15%
WHO guideline of 10 pg m3 14% 20% 45% 38%
PM,, the particle sizes are not explicitly resolved in the model. The

| | | current aerosols scheme and size partitioning in the EMEP
R I model has been validated and compared with observations
25 .EETI}?E(;PMﬁne = across Europe as shown in Fagerli and Aas (2008) and in

. 'Z'Sa:s“a”.?coarse g Simpson et al. (2006). In addition, in a recent model inter-
& gipkied P coarss - - comparison (Carslaw, 2011a, b) SIA and its gaseous precur-

B :_ .- [ o sors simglated by EMEP4UK showed good agreement with

b B - observations.

The smoother distribution of particle components (Figs. 5
] 2 and 7) as compared with their gaseous precursors (Figs. 4

[ = i )
0 = 8 | | and 6) reflects the longer timescales for forming these sec-

T I T T
Strathvaich Bush Rothamsted  Yarer Wood ondary pollutants, as compared with the emissions-driven
patterns for the primary pollutant gases (AQEG, 2012). The

Figure 11. Mean composition of Plyy components as estimated .. .. L
by the EMEP4UK model for four sites across the UK, averaged for!'fetIme for oxidation of NG and SQ to HNO; and HSO,

the whole of 2003. The model base run (including all national and!S upto a f_eW days and comparable to trans!’latlonal aw-mass
international emissions) is compared with the results from a sim-transport times. Hence the lifetime of formation plays anim-
ulation excluding UK emissions (*). The difference in magnitudes Portant role in determining the influence of non-UK emis-
between the pairs of adjacent bars indicates the PM derived fronsions on SIA concentrations in the UK.

emissions within the UK. As well as the SIA components, the total The highest modelled concentrations over this period are
modelled PM includes the contribution from emitted primary fine in 2003, particularly for PM NQ and Nl—[f, and to a lesser
PM (PMy.5) and primary PMoarse(i.e. PMp.5-10), and fine and - gytent for SG-, whilst lowest concentrations for each of
coarse sea salt. these components are in 2008—2010.The notably high PM
NO; concentrations in February to April 2003 were ob-
served at AGANet stations across the UK and could be well
reproduced by the model (Fig. 2, Table 1). Concentrations
of PM sof; were also elevated during this period, although
by a smaller amount, and were also well captured by the
model (Fig. 3, Table 1). The magnitude of this elevation in
annual average PM ND concentration in 2003 is greater

Inorganic particle components were simulated over the pe_than the decline in annual average concentration across the

riod 2001-2010. This is the first time that high spatial res:-WhOIe decade to 2010 of 0.1-0.2 ug N'#(Fig. 5). The Au-.
olution (5km) and temporal resolution (1 h) simulations of gust 2003 heatwave (Vieno et al., 2010) was not associated

inorganic atmospheric species have been undertaken acro¥dth high nitrate as the higher temperature limits the parti-
the whole UK for a multi-year period, and the first time that 10Ning to the condensed phase. However, a secondary peak

the EMEP(4UK) simulations have been compared with thell sulfate is noted during summer 2003, which is directly at-
UK-wide AGANet monitoring network. tributed to the 2003 August heatwave, whereby elevated tem-

Two inorganic aerosol schemes were available for thePeratures lead to faster S@xidation to sulfate (Dawson et

EMEP and EMEP4UK model: the EQSAM (used in this &l 2007; Jacob and Winner, 2009).

work) and the MARS scheme (Simpson et al., 2012). As dis- Although the magnitude of monthly/daily elevated JO
cussed in Sect. 2.1, both schemes use a bulk approach for pd. Similar for the three months of February, March and April
ticle formation. The EQSAM aerosol scheme was used her 003, each month has a different characteristic. A distinc-
as it has demonstrated good performance in the TM5 atmoUYe metgorological feature for the three months was a per-
spheric chemistry transport model (Karl et al., 2009; Huijnen SiStent high pressure over the UK and Europe (unusual for

et al., 2010). However, the bulk approach may lead to uncerthis season) with an associated relatively cool temperature

tainties in the simulated SIA, as shown in Hu et al. (2008), aSand little rainfall (not shown). The location and persistency

pgm
|

of the limit and guideline values, respectively, is provided by
non-UK emissions.

4 Discussion
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of the high pressure strongly influenced the production ancchange of S@ annual surface concentration especially af-
transport of N@. Although emissions of ND precursors  ter 2007 over the North Sea (Fig. 4b) is a direct response to
are controlled, the model analysis shows the substantial influthe introduction of a sulfur emission control area (SECA)
ence of meteorology underpinning the high concentrations ofn the North Sea, including the English Channel, by the
NOj observed in the UK during the first part of 2003. Wang 2007 MARPOL convention on marine pollution (Dore et al.,
et al. (2014) examined the drivers of PM concentrations in2007). Under the convention the sulfur content of bunker fuel
the Shanghai region. Similar to our results for the UK they was restricted to 1.5 % by mass in 2007 (and will be further
showed that meteorology determined whether the dominanteduced to 0.1 % in SECAs by 2020). This has resulted in a
contributor to PM concentrations was local emissions or re-substantial reduction of emissions of $ffom the shipping
gional transport. The authors suggest that particular attentiosector.

should be given to emissions controls in the upwind adjacent The results in Figs. 4 and 5 illustrate the non-linear rela-
provinces, as well as in local areas, for developing effectivetionship between changes over time in;shd NG surface
strategies to reduce R pollution in Shanghai, again con- concentrations over the 2001-2010 decade and changes in
sistent with our conclusions. Zhang et al. (2014) also foundthe respective PM Sﬁj and NG; concentrations. The sen-
that PM concentrations in central China have a clear link withsitivity of PM goi— to changes in its precursors is, how-

long-range transport. A recent study in the USA by Mwaniki ever, considerably greater than for §Orhe small decline in
et al. (2014) showed nitrate to have a large variation in wmterNog and low sensitivity to UK NQ emission found in this

time, contributing substantially to elevated PM events. work was supported by the results in Harrison et al. (2013).
_ The_ geogrgphlc origins of the PM eplsodes_ have beenrna formation of both NQ and Sci‘ requires NH as a
investigated in the model perturbation experiment. The., nter-ion and there appear to be sufficientNrhissions

monthly average surface concentrations for the zero UKyos 16 pe 4 limiting factor to SP formation. Conversely,
emissions experiment show that surface concentrations OLfJK NOy emissions are still relatively high, especially in ur-

SC and NG are mainly driven by UK emissions (Fig. 6) phan areas, so with an abundance ofN@ailable for forma-
anq by smﬂar proportions of UK emissions throughout the i3 of ammonium nitrate available Nfeventually may be
period of high surface concentrations of fiCHowever, the . jL<imed. Consequently, in areas of highNgissions,
proportions of the N@ that are derived from UK and non- NO; formation appears to be more sensitive to N¢nis-

UK emissions changes between months (Fig. 7). The mOdeéions than is the case for §Oformation. This is consistent

r(_asults show that f‘?r February 2003 trans-boundary emisi/vith Redington et al. (2009) whose modelling showed that
sions had a small influence on NOwhereas for March

i ) sof; formation in the UK was less sensitive to a 30 % NH
and April the trans-boundary transport of §liGand/or its emissions reduction than NClormation
precursors was substantial. Abdalmogith et al. (2006) sug- The modelled annual average ﬁll-shows a change be-
gest that the annual average import of N@erosol to the o :
: tween 2001 and 2010 over the UK which is intermediate
UK from Europe (as an average of 2002 and 2003) is be'between that of NQ and S(ﬁ_ (Fig. 5¢). By 2010 N'i

tween 35 and 65% of the UK total NOconcentration. irations d d by 0.3-0.4 ug N ¢ of
Our study has found that, for 2003 (Fig. 7), the import to concentrations decreased by U.o—U.% Ug N Tover most o
England, but, as was the case for N©Ooncentrations, an-

the UK from Europe was in the range 20-60 % of UK to- ) ’
tal NO; concentrations, with this proportion varying be- nual average N&I concentrations in 2003 were elevated by

tween the three episodes (labelled F, M and A in Fig. 8).0-2-0.3ugNm?® compared with preceding and subsequent
Abdalmogith et al. (2006) concluded that the 2003 NO Years. This confirms that the episodes of elevated; ND
spring event was not well represented by their model, anci2003 were driven by ammonium nitrate specifically. The
the low emissions resolution (10 km x 10 km grid) was Sug_modelled decrease in PM l\IHconcentrations as compared
gested as a possible cause. In the present study the elevat@éfh minimal decrease (and some increase) inghtdincen-
NO; concentrations are well represented by the EM Ep4Uktrations over the period 2001-2010 is consistent with the con-
model at 5 km x 5 km resolution. However, we find that sim- clusions of Bleeker et al. (2009) and Horvath et al. (2009)
ulation at 50 km x 50 km horizontal spatial resolution of the for other parts of Europe that reducing S@missions have
EMEP4UK model outer domain also represented these feacontributed to maintaining or even increasing gaseoug NH
tures (results not included here), indicating that transport angoncentrations.
dispersion were the main drivers of the pollution events. As Current EU legislation has established a limit value of
shown in Fig. 10, over the full 10-year period there was a25HgnT* for annual mean P for the protection of hu-
substantial variation (10 to 80 %) in the contribution of UK Man health; at the same time, the World Health Organiza-
emissions to SIA concentrations in the UK. tion (WHO) publishes a guideline value of 10 pg#rannual
The simulated changes in the gaseous precursors for 20010€an PM s for the protection of human health. As Fig. 11 il-
2010 follow the reductions in UK emissions over that period lustrates, determining the contribution of transboundary and

especially for NQ and SQ (MacCarthy et al., 2012). The regional transport to local PM concentrations is vital to in-
form policy development, as local measures can only address
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the local contribution. For the four sites analysed for 2003,aerosol, the EMEP4UK model was able to accurately repre-
Fig. 11 shows the share of non-UK contribution to modelled sent both the long-term decadal (2001-2010) surface concen-
PMz5 concentrations ranging from 63 % (Yarner Wood) to trations of particulate matter (PM) and specific episodes of
41% (Bush 1). Itis also clear that Rylat these locations is  elevated PM NQ in 2003. The latter was identified as con-
dominated by sea salt. As these stations are representative sisting of three separate episodes, each of less than 1 month
rural or background levels, it is likely that the relative long- duration, in February, March and April. The primary cause of
range contribution to Pl concentrations at urban hotspots the elevated nitrate levels across the UK was meteorological,
is smaller, but still substantial. related to a persistent high-pressure system, with the con-
Table 2 expresses the non-UK contribution to modelled an-ribution of imported pollution differing markedly between
nual mean PMs relative to the EC limit value and WHO these events.
guideline value for PMs (for the protection of human The findings emphasise the importance of employing mul-
health). The non-UK contribution ranges from 5 % at Strath-tiple year simulations in the assessment of emissions reduc-
vaich to 18 % at Rothamsted for the limit value at 25 ugPfm  tion scenarios on PM concentrations. The inter-annual vari-
(or 14 to 45 % for the same sites with respect to the guidelineability of surface concentrations of nitrate for the 2001—-2010
value of 10 pg m3). This indicates a clear gradient of non- decade as a response to changes in meteorological conditions
UK contribution from greatest in the southeast and least inis larger than the effect of changes in anthropogenic emis-
the north; this is likewise visible in Fig. 5. sions. For instance, up to 60% of Omay be imported
The results presented here clearly demonstrate the neddom outside the UK under specific conditions.
for international agreements to address the transboundary Our results highlight how inter-annual variability can pro-
component of air pollution. If, for instance, an overall limit foundly affect the sensitivity to the attainment of limit values
value of 10pugm?3 were to be established following the for ambient PM concentrations as a result of non-domestic
WHO guideline, a substantial number of UK monitoring sites contributions from transboundary air pollution transport.
(Fig. 2) in particular in the south and southeast of the coun-
try may be close to or exceed annual mean limit values due
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