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Abstract

In the United Kingdom, as with other European caast land-based emissions of Né&nd SQ have
fallen significantly over the last few decades.,®@issions fell from a peak of 3185 Gg S in 197844 Gg S
in 2005 and are forecast by business-as-usual mésscenarios to fall to 172 Gg by 2020. NE€missions
were at a maximum of 951 Gg N in 1970 and fell 718 By 2005 with a further decrease to 243 Gg Ndase
by 2020. These large changes in emissions havebeet matched by emissions changes for; MHich
decreased from 315 Gg N in 1990 to 259 in 2005ardorecast to fall to 222 by 2020. The Fine Retsmh
Atmospheric Multi-pollutant Exchange model (FRAMEas been applied to model the spatial distributibn
sulphur and nitrogen deposition over the United d€iom during a 15 year time period (1990-2005) and
compared with measured deposition of sulphateateitand ammonium from the national monitoring nekwo
Wet deposition of nitrogen and sulphur was foundiécrease more slowly than the emissions reducties
This is attributed to a number of factors includimgreases in emissions from international shippamgl
changing rates of atmospheric oxidation. The medeilime series was extended to a 50 year period 1970
to 2020. The modelled deposition of SQIO, and NH to the UK was found to fall by 87%, 52% and 25%
during this period. The percentage of the Unitedg€iom surface area for which critical loads arecexed is
estimated to fall from 85% in 1970 to 37% in 2020 &cidic deposition and from 73% to 49% for nuttie
nitrogen deposition. The significant reduction amd emissions of SQand NQ focuses further attention in
controlling emissions from international shippinfguture policies to control emissions of ammonianfro

agriculture will be required to effect further sifigant reductions in nitrogen deposition.
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1. Introduction

Acid deposition, originating mainly from man madaissions of S@ NO, and NH
has had significant ecological and economic corsecgs, especially during the last two
decades of the 20th century, affecting forests,asa freshwater ecosystems in large areas of
Europe (Posch et al., 1997; EEA, 1998; Berge etl8P9; Davies et al., 2004; Vuorenmaa,
2004; Bta et al., 2008; Fagerli et al., 2008). The totalaaedfected by exceedance of
acidifying sulphur and nitrogen on a European seoeds about 20% in the mid eighties
(Posch et al., 1997; Berge et al., 1999; Mill et2003).

In many countries depositions and concentrationa farge extent originate from
sources outside the countries themselves anch#dsssary to assess the changes on a larger
scale, taking into account the trans-boundary 8u@wler et al., 2007). Hence the problems
of acidification have been addressed internatigrafithe 1979 Geneva Convention on Long
Range Trans-boundary Air Pollution (CLRTAP) and fgrotocols targeting sulphur emission
reductions have been signed in Europe (Berge et1889). As a result of international
pollutant abatement policy and structural changesdustrial sector, substantial reductions in
gaseous emissions have been observed, with f&idg reduced most significantly. Land
based sulphur emissions from 1970 to 2005 declinedetween 90 and 70% depending on
the region of Europe (Fowler et al., 2007). Largaductions were found in the area of the
former Soviet Union and western Europe than inre¢mastern Europe (Berge et al., 1999;
Mitosek et al., 2004). For oxidized and reducedbgien the overall European reductions from
1980 to 2003 were between 20 and 50%. Both oxidaretireduced nitrogen emissions fell
more in eastern Europe than in western Europe @rostlal., 2005; Fagerli et al., 2008).

Air pollution emissions of S&and NQ have decreased in the UK significantly during réce
decades due to active control measures and ecorahranges. There were large changes in

the power industry sector where coal was changedyds and abatement facilities were
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installed. The deposition of sulphur and nitrogerthe UK has declined since the peak in
emission in 1970 by 50% and 16%, respectively (NEBB,T2001; Fowler et al., 2005).
Emissions of NH have changed little since the peak emissions éenntid 1980’s, but a
decline of 12% relative to 1990 is expected by 2EMEP, 2006).

Here attention is focused on non-linearities in ihl@tionship between the emission
and deposition changes. The national reduction eposition is clearly smaller than the
reduction in emission and it also leads to slovestuctions in critical loads exceedance in
remote areas than may be expected (NEGTAP, 200iy &t al, 2002; Fournier et al., 2004).
Non-linearities for sulphur emission-deposition tpats in the UK can be explained by
increases in emissions from international shipptitanges in atmospheric oxidation rates
and complex interactions between the different ytaiits which can influence deposition
rates (i.e. the co-deposition of Midnd SQ ; Fowler et al., 2007). Mayerhofer et al. (2002)
concluded that for regional air pollution the deyghent of the air pollutant emissions is
more important than the effect of climate change tbe dispersion and chemical
transformation of air pollutants. Fagerli and Aa6(8) investigated the role of sulphur in the
emission-deposition relationship of oxidized anduaed nitrogen and to what extent the
reductions of S@emissions have influenced the trends of the nimogpmpounds.

The UK Lagrangian trajectory models such as HARMe{d4lfe et al., 2001), TRACK (Lee
et al.,, 2000) and FRAME (the Fine Resolution Atmwsp Multi-pollutants Exchange
model; Singles et al., 1998) have been developexstses acid deposition to sensitive areas.
These models use a spatial emissions inventorgeddeposition at grid squares throughout
the UK at a 5km x 5 km resolution.

In this paper we consider recent trends in emissioh SQ, NO, and NH and
compare the model with measurements from the Ukomalt monitoring network for wet

deposition of sulphate, nitrate and ammonium duthg period 1990-2005. A longer time
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series covering a 50 year period from 1970, théesaryear for which a detailed emissions
inventory for the UK is available, to year 2020sbd on detailed emissions projections, is
considered and an assessment of the associatedeshemnitrogen and sulphur deposition
and exceedance of acid and nitrogen critical Idadscid deposition and nutrient nitrogen
deposition.

2. Data & methods

2.1 FRAME model description

A detailed description of the Fine Resolution Atiplosric Multi-pollutant Exchange
model is provided by Singles et al. (1998), Fourrt al. (2005) and Dore et al. (2007).
FRAME is a statistical atmospheric transport matiat can be used to estimate the spatial
distribution of sulphur and nitrogen depositedite United Kingdom. FRAME simulates the
main atmospheric processes (emission, diffusioemital transformations and deposition)
taking place in a column of air moving along sthaitine trajectories following specified
wind directions. The column is divided into 33 segpa layers of varying thickness ranging
from 1 m at the surface and increasing to 100 rihettop of the domain (ApSimon et al.,
1994). Vertical mixing is described using K-theagdy diffusivity and solved with a finite
volume method (Vieno, 2005).

The FRAME domain covers the UK and the Republir@iind with a grid resolution
of 5 km x 5 km and grid dimension of 172 x 244.dhgas and aerosol concentrations at the
edge of the model domain are calculated with FRABAEepe, a large scale European
version of FRAME-UK which runs on the EMEP gridaab0 km resolution. Trajectories are
advected across the domain, with different starangles at a 1 degree resolution, using
directionally dependent wind speed and wind fregyenses. The wind speed rose employed

in FRAME uses radiosonde data (Dore et 2006) but the wind frequency rose is based on



the Jenkinson objective classification of circudatitype which has superseded the Lamb
weather classification (Lamb, 1972; www.cru.uealicru/data/lwt.htm).

As the air column moves along the trajectory, clvamiinteractions between
ammonia, sulphur dioxide and nitrogen oxides tdkeg The chemical scheme applied in the
model includes gas and aqueous phase reactions amilar to that applied in the EMEP
Lagrangian model (Barret and Seland, 1995). Dryodigjon is calculated by determining a
vegetation-dependent deposition velocity)(¥o each chemical species derived from a dry
deposition model (Smith et al., 2000). The follogvitand classes are considered: forest,
grassland, moorland, arable, urban and water. ¥abtfid/y are calculated for each land use
category using a canopy resistance model (Singlak,e998). Wet deposition is determined
with scavenging coefficients and a constant drizgproach. An increased washout rate is
assumed over hill areas due to the seeder-feefdet.df is assumed that the washout rate for
the orographic component of rainfall is twice thiaed for the non-orographic components
(Dore et al., 1992).

To take into account changes in chemical climdie,cdoncentration ratio SH3 is
used to calculate the canopy resistance for deposit SQ. Long term measurements of the
deposition velocity of S@at Auchencorth Moss in Scotland and Speulder Eareshe
Netherlands show a generally increasing trend asdtidity of the environment has declined
due to reductions in S&@missions during the last decade (Fowler et &720
A simple linear correlation is assumed in the FRAM

Re =50 * ([SQJ/[NH3])

Where [SQ] and [NH] are the concentrations of $@nd NH in air by mass respectively

The deposition velocity of SQvas calculated according to the equation:

Vy(SO) = (Ra+ Ro+ R)™



Ra — aerodynamic resistance, due to turbulent diffusif material to the roughness elements

of the surface

Ry, — laminar boundary layer resistance, describestrdmesfer due to molecular diffusion

through the quasi-laminar layer around the rougheésments

R — surface resistance, describes the ability ofstivéace itself to capture airborne material
and is dependant on the nature of the surface

The decrease of the [SJO[NH3] ratio is responsible for the increase of the, $@position
velocity. Due to emissions reductions, the deptetbatmospheric oxidants became less of a
controlling factor in determining the rate of corsien of pre-cursor gases to sulphate and

nitrate aerosol (which make a major contributionved deposition).

2.2 Meteorological model inputs (1990-2005)

Precipitation data used in the modelling is gemerdty interpolation of measurements
from the tipping bucket rain gauges gathered atMleéeorological Office national network
on approximately 5000 stations. The data are irfdha of annual rainfall fields for the UK
and Ireland on a 5km x 5km grid. The national maanual precipitation was 1130 mm for
the period 1990-2005 and ranged from 880 mm in 26830 mm in 2000. The years 1998,
2000 and 2002 were wet years while 1996 and 2008 gy, relative to the mean for the
period.

A higher precipitation amount is noticed at the t@as coastal and at higher altitude
sites. However, during the wet year (2000), ardakilly regions with precipitation above
2000 mm yeat are considerably larger. The substantial enhaneeimeainfall with altitude
can be partially explained with the seeder—feeddrarcement mechanism, whereby rain

falling from a higher level cloud (seeder cloudjdapasses through an orographically formed



“cap cloud” (feeder cloud) over high terrain (Cdhners and Choularton 1983, Btat al.,
1999). As it passes through the cap cloud, the setvenges cloud droplets, adding to the
rainfall amount and ion content. The concentraisoenhanced since cloud droplets are much
smaller than rain drops and are thus far more curated for a given aerosol loading (e.g.
Choularton et al. 1988, Dore et al. 1992, Inglid @tmoularton 2000).

Wind direction frequency information was taken frdahe classification of Lamb-
Jenkinson weather types (Lamb, 1972; Hulme & Bayrt®97). The classification consists of
two parts: wind direction (N, NE, E, SE, S, SW, MV, N and unclassified) and circulation
type (cyclonic, anti-cyclonic & unclassified). Inig- 1, three wind frequency roses are

plotted: average for the period 1990-2005, andviddal for 1996 and 2004.

SE

— 19902005 = = 1996 essrerer 2004

Fig. 1. The 1990-2005 average wind frequency rose comgar2€96 and 2004 wind frequency roses. Radial

units are percent per 18irection band (%)

The years 1996 and 2004 were selected for pregamtdiecause they are
representative for low and high wind frequency frdeASE+S directions within the

considered period, respectively. The average wosgk rillustrates that predominant wind
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directions are from the SW-W. The individual windses show a greater incidence of
easterlies in 1996 and westerlies in 2004.

To prepare the wind speed rose radiosonde datéders used. In order to sample
data from different geographical locations, fouatisins were selected in the British Isles. The
selection criteria for data were based upon: thstexce of a complete ten year data set,
Geographical representation of the northern, sontheestern and eastern limits of the
British Isles. These were: Camborne (south-westidfnl); Hemsby (east coast of England);
Stornoway (north-west Scotland) and Valentia (a@nvlest coast of the Republic of Ireland).
As suggested by Dore et al., 2006, one wind spesel+ a harmonic mean for the period has
been used in the model.

2.3 Emission inventory used in modelling

In order to calculate past and future depositiosutphur and nitrogen to the UK, it is
necessary to generate historical and forecast mmgsmaps. Although some historical
emissions maps are available (i.e. for the yea0)l9%uch of these data are incompatible
with more recent emissions data as they are griddledcoarser resolution (10 km for 1990
and 1 km for 2005) and are lacking in separatermé&ion on point source emissions. In
estimating the temporal trends in deposition toldke it is important for input emissions data
for different years to be identically formatted etwise artificial changes in modelled
deposition may be generated. The background antt pource emissions files for the year
2002 were taken to be the baseline year. The dat#ofal emissions were used to scale
emissions backwards in time and generate new emséies for the years 1970, 1980, 1990-
2001. Emissions from the National Atmospheric Eioiss Inventory (NAEI, www.naei.org)
were used for 2003, 2004 and 2005. Future emisdmmshe years 2010 and 2020 were
obtained by scaling the 2005 emissions data forwatuine. The future emissions projections

for the UK for the years 2010 and 2020 were basethose from the Air Quality Strategy
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(Grice et al 2005). Area emissions data were divided into teijfferent SNAP codes
(Selected Nomenclature for Air Pollution). Year-dedent scaling factors were assigned to
each SNAP emission sector. The UK Neinissions for the years 1970 and 1980 were set at
the 1990 level. Emissions from the Republic ofdnel are also included explicitly in the
FRAME domain and these were scaled backwards ie tima similar manner to the UK
emissions. Future emissions for the years 201880 for the Republic of Ireland were set
at the levels defined by the National Emissiondi@giDirective (NECD). Emissions of SO
and NQ from international shipping were also includedtie domain. These were scaled
forwards and backwards in time from the baselirer #900 according to estimates from the
NAEI. Globally, shipping emissions of $S@re estimated to be increasing at a rate of betwee
2.5% and 1.5% per year (Endressen et al., 200%eftoet al, 2003). Here we have adopted
the figure of 2.5%. Considerable uncertainty howeeenains both in the spatial distribution
of shipping emissions and in their magnitude argloreal rate of change. The emissions
(ENTEC 2002) were gridded on the EMEP 50 km gridituFe work will focus on
implementation of higher resolution shipping enussi data at a 5 km resolution in the
model. The relative contribution of shipping emiss within the FRAME-UK domain to
total sulphur and nitrogen deposition in the UK haseased from 5% to 23% and from 11%
to 21% respectively over the period 1990-2005. Hmwehe imposition of Annex VI of the
MARPOL convention will restrict the sulphur conteftbunker fuel to 0.1% in the North Sea
resulting in major reductions in S@missions by the year 2020.

Future emissions were generated assuming thatisgigpnissions in the UK waters
are compliant with the IMO directive to reduce gugphur content of bunker fuel to 0.5% in
the North Sea by the year 2020 as well as the gtadtroduction of low NOx emitting
engines. The contribution of shipping emissionsulphur deposition in the UK is discussed

in detail in Dore et al(2007).



2.4 Model evaluation

As the aim of the paper is related with the depmsitrends, the model results are
evaluated in two ways. First, the results are coegbawith the available measurements.
Second, FRAME modelled data are compared agairesstOBBED (Concentration Based
Estimated Deposition; Smith et 000, 2001)) wet deposition data which is gemerftom
measurements from the national monitoring netwarkgas concentrations in air and ion
concentrations in precipitation. CBED dry and wepaisition forms the official UK data set
for estimation of exceedance of critical loads &mid deposition and nitrogen deposition.
Unfortunately, long term dry deposition is only reeeed directly at a very few sites in the
UK, which means a direct model-measurement compaié dry deposition is not feasible.
Modelled gas concentrations (S§ONO,, NHz;, HNO;) have been compared with
measurements in Dore et. g2006) and were shown to give satisfactory agregme
Continuous monitoring of these compounds was stan¢he late 1990s and forms a shorter
data series than that for wet deposition. In thégpgp we focus on comparison with
measurements of wet deposition during the periof04805. For this period, the wet
deposition network contains 32 stations, whichlacated away from major local sources of
contamination and are in rural locations.

Two error measures are used for the evaluationhef ERAME modelled wet
deposition: mean bias (MB) and mean absolute givtAE). MB is commonly used to
describe the general over or underestimation byrtbdel, while MAE gives information on
average error (Chang and Hanna, 2004; Yu et a06)20rhe MB and MAE statistics are
supported by the correlation coefficient (R) andression analysis between modelled and
measured wet deposition, which are performed foh gaar of the 1990 — 2005 period.

3. Results and discussion
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Modelled wet deposition results were compared resjameasured values. All the
correlations are statistically significant (p-vaki€.05) as well as slopes and intercept value
for linear regression are reasonable. The resoitS®?>, give a correlation coefficient in the
range of 0.60 to 0.83. Similar correlation coeéfitis are obtained for NfHand NQ™ but with
better results for intercept values.

For SQ* and NQ Mean Bias and Mean Absolute Error are higher athginning of
the analyzed period and after these values clgariyjown. MB goes down from 4.16 in 1990
to 0.70 in 2004 for S§3, from 1.08 to (-0.43) for N©, and MAE from 5.20 to 1.8, 1.62 to
1.54, respectively. The improvement of these diesigluring the second part of the period
can be attributed to the improvement in emissionsntory. In case of Nf, the downward
trend is not clear, despite the fact that MB is sheallest for year 2005. MAE amounts to
about 1.80 — 2.00 and MB is close to 1.

Fig. 2(a)-(c) illustrate the correlation with messments of modelled NA, NOs,
SO wet deposition for 2005. For SO the model performs particularly well against
measurements for low deposition and somewhat overaes higher values (which usually
occurs in hilly regions). For NQand NH," lower deposition is also represented better, with
the number of points above/below 2:1 and 1:2 refeeines being lower than for higher
deposition values, which appears both as overestinsaand underestimations.

Overestimation usually occurs in hilly regions amight be due to the simple
parameterization of the seeder-feeder effects, lwisccurrently based on the long term
precipitation data. For mountainous stations adeuestimates of precipitation amount are
especially crucial for determination of pollutargpdsition. Underestimations are especially
evident for stations situated close to coastal zohes could be a consequence of a limitation
of the FRAME-Europe model which is used to genecateditions at the edge of FRAME

domain by considering straight-line trajectoriedisl approach does not allow air from
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emission sources to be trapped in cyclonic conabtiand so to come back to the precipitation

part of the depression (Fournier et al., 2004).

15
|

Modelled SO4 wet deposition (kg S/ha)
10
|

Modelled NO3 wet deposition (kg N/ha)

o _]
— / <

Modelled NH4 wet deposition (kg N/ha)

Measured NH4 wet deposition (kg N/ha)

Fig. 2. Correlation of modelled wet deposition with measnents from the national monitoring network for
2005: a) S&F, b) NO; ¢) NH,", Solid line is the best fit line produced by a e=gion analysis, dashed lines are

for reference: 2:1, 1:2 and 1:1 division

Comparison of the model with measurements showsRRAME gives reasonable
agreement with measurements. The second part ofaldation is the country deposition
budget comparison. The FRAME wet deposition budfmtshe UK show reductions of 132

Gg S-SQ yr', 15 Gg N-NQ yr* and 19 Gg N-NKyr-1 over the period 1990-2005 (Fig. 3).
12



There is a very good fit between modelled and nreaslines, especially for the second part
of the period, for which emission data are morecisee FRAME tends to constantly give
higher values for SQdeposition, and lower for NOn comparison to measurements. There is
no general rule for Nk which can be over and underestimated in diffeyeats. The highest

differences between modelled and measured dafara,, and the lowest for NH

250

200 A

PR

150 4

Gg

100 4

50 -

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

Fig. 3. Modelled and measured UK national wet depositiodget for: S-SQ N-NG,, N-NH, (Gg)

3.1 Trends in emissions

UK emissions of S-S§ N-NO, and N-NH are presented in Fig. 4. There have been
significant reductions in S-S&missions since 1970, the emission in 2005 reptese89%
reduction on the 1970 value. These have been cduyskeel switching from coal to gas, and

the installation of abatement equipment (flue gesutphurisation) at power stations.
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Measures to abate emissions of,$@ve proved to be highly effective. Significarduetions
are also evident from other sources, most notafdlydtrial and Residential Combustion .
This is caused by the increased use of gas in placeal.

Emission projections are available for selecteds/éa 2020, and are expected to be
driven by the extent to which coal is used in puldiectricity generation. The current
projection for 2010 shows that the UK is expectedcthieve the ceiling of 293 Gg S-50
required by the European Commissions National HomnissCeilings Directive (NECD).
Estimates for 2020 indicate a 50% reduction on2®@5 emission total. Emission estimates
of SO, are considered to be relatively low in uncertai(#$%). This is because the most
important datasets for making the emissions eséisn@hass of fuel, and the corresponding

sulphur content) are considered to be well charigeid

3500 350

3000 - - 300

2500 A 250

X X
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9, 2000 - F 200
= o
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»
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A
¢ . $
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Fig. 4. Trend in UK emissions of S-SON-NG,, N-NH; (Gg)

There have been significant reductions in emissaifi$-NOy (as N-NQ) from a number of

sources, the decrease from 1970 to 2005 repregeatineduction of 48%. The largest
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emission reduction has been from Passenger Cais.isTkdue to the introduction of three-
way-catalysts in the late 1990’s and subsequentiyraber of increasingly stringent emission
standards. More recently emission standards hase laken introduced for heavy duty
vehicles. Emissions from power generation have @ddaced, primarily due to the increased
use of gas over coal fired stations. Gas fired pcstations emit less NQand are typically
more efficient. Recent years have shown a slighte@se in NQ emissions from power
generation. This is because coal has been used/auif of gas, driven by a more attractive
fuel price.

Until recently emission projections had indicatedttthe UK was on target to meet
the NECD of 346 Gg N-NQ However, current emission projections for 2016vslthat this
is not the case. This change has been caused lbg-thaluation of emissions from new cars
entering the vehicle fleet which complied with atjgalar emissions standard. Originally
emission estimates were based on studies under@kemlling roads in the laboratory.
However more recent real world testing has shovat these vehicles do not provide the
reductions previously thought. As a result the srois estimate for 2010 was revised and
increased, taking it above the NECD target for 2@fission estimates for 2020 indicate a
51% reduction on the 2005 UK emissions total.

Emissions are presented as, N@s NQ equivalent), and as such do not provide a true
indication of the N@ emissions. It is known that the MQO, ratio of emissions has
increased in recent years for a number of readdres most important reasons in recent years
that could affect the N&NO, emissions ratio have been the programme of fittresel
particulate filters (DPSs) to buses. It was repgbtteat emission of N NOy increased from
5% without a CDPF to 15-20% (DRSTA, 2002). Anotfeator is the increased use of diesel
cars. It is known that diesel vehicles tend to havdnigher NQNO, emission ratio,

particularly under low engine load conditions (Tans 2005; AQEG, 2004). This has meant
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that measures taken to reduce yN€nissions have not resulted in the reduction i, NO
concentrations which were anticipated. Levels ofyMOM combustion sources are heavily
dependent on a range of combustion parameters.résust uncertainties are higher. The UK
NOy emission totals are quoted with an uncertainty1di%.

Emission estimates of N-Nt&re only presented for 1990 onwards as data @viptete prior

to this. Emissions of NHare dominated by agricultural activities, and leatthanure
management in particular. There are numerous radtfmolicies in place to manage nitrogen
emissions from the agricultural sector. Howevehais proved difficult to have any significant
impact on NH emissions from this politically sensitive soureeter. Whilst the reduction in
emissions of N-NKlobserved in Fig. 4, is not as large as that f&%-or N-NQ,, there was
an 18% reduction from 1990 to 2006. This has piigwdreen driven by a decrease in
livestock numbers, changes to animal diet and ingare@ents to manure management.
Emissions of NH are high in uncertainty, the UK emissions totaheguoted as +20%. So,
whilst the current best estimate for 2010 (242 Gdli) does give a total which is lower
than the 2010 NECD target (245 Gg N-NHthe uncertainty range does extend above the
ceiling.

The FRAME model was run for the year 2005 firstlithwall emissions sources, secondly
with European emissions removed, and thirdly witlpging emissions removed (in both the
European and UK simulations). These simulationewatl assessment of the relative
contribution of UK emissions, shipping emissionsl &uropean emissions to deposition of
sulphur and nitrogen in the UK. The FRAME resultesén been compared with the EMEP
source-receptor matrices for the year 2005.

These calculations showed that with FRAME 22% dplsur deposition was attributed to
European sources and 19% to international shippligs showed good agreement with

EMEP figures of 25% and 19% respectively. ForyNt@position FRAME attributed 15% of
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deposition to shipping and 27% to European soUieBEP 18% and 40% respectively). For
NHx, FRAME attributed 30% of deposition to Europeamirses compared with 27% for
EMEP.

3.2 Recent trends in deposition of sulphur and niwgen (1990-2005)

Over the period 1990-2005 modelled total (wet 4 digposition in the UK decreased
from 413 to 157 Gg S-SOr™. For nitrogen, annual total deposition decreasech f176 to
148 Gg for N-NQ and from 193 to 169 Gg if reduced nitrogen is adgred. These figures
account for 62%, 16% and 12% decreases in totabgign of SQ, NO, and NH
respectively. Dry deposition declined more than Wt SQ, but for NG, and NH, the
percentage changes of wet and dry deposition weraesathe same. During the early nineties
wet deposition comprised 57%, 54%, 63% of total odépn of SQ, NO,, and NH,
respectively, in 2005 the value increased by so®@& Xor SQ and has not changed
significantly for NG and NH.

Fig. 5, 6, 7 show percentage change in UK averagmia precipitation, national
emissions and wet deposition of ,SMG,, NHy normalised against a 1990 baseline. The
results suggest that wet deposition has decreassdjuickly than emissions. Wet deposition
decreased between 1990 and 2005 by 55% faor @ by about 16% for NOand NH
whereas the reduction in emission for,SDd NQ was significantly higher (by 77%, 47%,
respectively) and by 18% for NHThe changes in emission and deposition are mseb)
correlated. There are some years, especially foy, B@ NH, where emissions have
decreased but wet deposition increases. Compédnmgyedars 1993-1997, emissions of NO
decreased by about 15 to 30% relative to 1990,emkédt deposition is higher on average by
10% than in 1990. A similar situation is observed NlH,. If the two driest years (1996 and
2003) are compared, there is a good agreement &eteraission and deposition for 2003 but

not for 1996. This can be explained by inter-anrnuzalation of meteorology conditions. As
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discussed above, the period 1993-1997 was charaatdyy a high frequency of E-SE-S wind

directions (the most polluted sector). The lackliokarity in changing of emission and

deposition has been explained by other authorsr(letval., 2002; Fournier et al., 2004; Hall

et al., 2006). This was attributed to a numberactdrs including increases in emissions from
international shipping, changing in European emissand changing rates of atmospheric
oxidation. During the years 1990-2005, when thgdarchanges of emission occurred, when
UK emission of SQ NO,, NHy decreased by 77%, 47% and 18% respectively, Earope
emissions showed similar trends, with decrease&6%6, 30% and 21%, respectively. These
changes influence the ratio of pollutants impotiaational emissions but indicate that the
relative contribution of imported pollutants fronurepe to the UK has not been subject to

large changes.
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Fig. 5. Percentage change in average network precipitatational S@emissions and SQvet deposition

normalised against 1990 baseline
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3.3. Long term trends in deposition and exceedances critical loads of sulphur and
nitrogen (1970-2020
The deposition of sulphur, oxidised and reducetbgén calculated by FRAME for

the year 1970 is illustrated in Fig. 8(a) — (f).€Bk can be compared with deposition maps for
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a future year (2020, Fig. 9 (a) — (f)). A strikingange in deposition is apparent during the 50
year time period. For sulphur, both dry and wetadéfon in 1970 exceeded 20 kg S'ha™*

in much of the country. By the year 2005, dry déjmsexceeds 5 kg S Ha/r* only in some
industrial areas of northern England and in thettseast although many areas have wet
deposition of sulphur in excess of 5 kg S'lya*. By 2020, only a restricted region receives
annual deposition in excess of 5 kg S'lya®, corresponding to the high rainfall areas of the
Pennines and the some coastal regions which amegsgrinfluenced by shipping emissions.
A similar pattern is apparent for NQ@eposition. Upland regions and areas influenced by
vehicle emissions are subject to deposition (bathand dry) in excess of 10 kg N*hgr™.

By 2020 the regions where deposition exceeds 5 kigaNyr' are restricted to a small
number of coastal sites, urban regions and sonendites. For Nkdeposition, the changes
are generally smaller during the 50 year time perle to much smaller reductions in

emissions.
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Fig. 8. FRAME 1970 deposition: a) S@ry; b) SQ wet; c) NQ dry; d) NG, wet; e) NH dry f) NH, wet (kg S
or N ha' yr)
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Fig. 9. FRAME 2020 deposition: a) S@ry; b) SQ wet; c) NQ dry; d) NG, wet; e) NH dry f) NH, wet (kg S
or N ha' yr)
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A description of the methods used to derive andutale critical loads is given in Hall et al.
(2003). The exceedances of critical loads of agiditd nutrient nitrogen across the UK were
calculated using the FRAME data for 1970, 2005 20200. The significant reduction in the
areas with exceedance is mapped in Fig. 10 (a@nd he larges changes are noticed close
to the emission sources, whereas in hilly regibiese are large exceedances also in 2020. For
acidity, the habitat areas with deposition excegdiritical loads are seen to fall significantly
between 1970 and 2020 (from 94% to 22% for dwartistheath). However, for nutrient
nitrogen, the percentage area of unmanaged foxeseded falls only marginally, from 99%
to 95% between 1970 and 2020 (Fig. 11). This istdubke dominant role of dry deposition of
ammonia to tall vegetation. The total area of sereslUK habitats exceeded fell from 85% to
37% for acidity and from 73% to 49% for nutrientragen.

Reductions in acid deposition and total nitrogepad&ion may provide the conditions
in which chemical and biological recovery of semsithabitats can begin, but the timescales
of these processes are often very long relatiihedatimescales for reductions in emissions.
The study demonstrates the increasing relative itapoe of ammonia emissions in
contributing to eutrophication and acidificationffdets to further reduce deposition of
sulphur and nitrogen to the natural environmenttnmugude measures to control emissions

of ammonia.
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4. Conclusion

An atmospheric transport model has been appliedsess the influence of reductions
in emissions of pollutant gases (@O, NH3) on sulphur and nitrogen deposition in the UK
during a 50 year time period (1970-2020). The tesaf the model were compared with
measurements of wet deposition (SONOs, NH,") from the UK national monitoring
network covering the period 1990 to 2005. Bothrtialel and the measurements showed that
reductions in deposition during this 15 year pemade less significant than the reductions in
emissions. For the period 1990-2005 emissions deetkby 77% for SO47% for NQ and
18% for NH,, whereas the reduction in modelled wet deposiimounted to 55%, 16% and
12%, respectively. This was attributed partly te #ifect of import of pollutants to the UK

from international shipping emissions which haveréased significantly during recent years.
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The large decrease in $Concentrations in the UK during recent decadesrésdted in an
increase in the oxidising capacity of the atmosgpiveth the result that precursor gases {SO
and NQ) can be more rapidly oxidised and converted tplsate and nitrate aerosol. These
particulates play an important role in the longgaransport of pollutants and deposition of
sulphur and nitrogen, particularly in high rainfagland areas.

Analysis of meteorological data showed that intemtaal variation of circulation
patterns and precipitation played a significanerol causing year to year fluctuations in
deposition, such that deposition could increasgdars with high annual precipitation or
enhanced circulation from the polluted south-efstsector. Such inter-annual variation in
meteorology can confound attempts to detect trendsposition through measurement. Long
term data series of wet deposition of approximately decades are required to measure
deposition trends. One advantage with a modellpw@ach is that it is possible to separate
the influence of emissions and meteorology on dépasby running simulations either with
fixed meteorology and inter-annual variation in ssions or with inter-annual variation in
both emissions and meteorology. Future applicatddncomplex Eulerian atmospheric
transport models using detailed meteorological etgvand sophisticated photo-oxidation
schemes is recommended for further studies in déposrends.

Long term trends in deposition modelled from 19602020 show that the large
decrease (95%) in emissions of S@om the UK during this period have resulted in
significant decreases (87%) in total sulphur depmsiand corresponding decreases to
exceedance of critical loads (from 85% to 37% ebato many vegetation types. Reductions
in nitrogen deposition are smaller during this tiperiod, in part due to relatively small
reductions of ammonia emissions. Whilst the areaeggtation in the UK with exceedance of
critical loads for deposition to acid grassland,adwshrub heath and bog has shown

improvement, exceedance of deposition to unmanageddland remains high. Future
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reductions in exceedance of critical loads foragiem deposition will require application of

focused policy to abate emissions of ammonia frgncaltural sources.
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