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Abstract

Aerosols have in recent years been given increased attehi®to their effects on
climate and health. Drastic reductions in sulphur emissiarEurope during the
last two decades have led to a larger relative importancérate aerosols. How-
ever, large uncertainties still exist in the representatibnitrate in atmospheric
models.

In this thesis heterogeneous reactions of HN@ dust and sea-salt, represent-
ing a major pathway of nitrate formation, have been imple@eim the Unified
EMEP model. A kinetic approach has been used assuming a¢aizion in the
direction towards nitrate. The aim of this thesis has beanuestigate whether
reactions of HNQ on dust and sea-salt can improve the Unified EMEP model’s
performance in terms of nitrate compounds. A stepwise ambrbas been chosen
to implement the different processes and reaction sitesfteeanother.

In June 2006 and January 2007 two intensive measuremenaagmspvhere con-
ducted, which separated coarse and fine nitrate. In thissthibe results of the
new nitrate implementation have been evaluated in detaihagthese and other
measurements within the EMEP network, showing that the teadorrelation
of coarse nitrate has clearly improved. However, it has b&sn found that the
implementation yields too small values of coarse nitrater ¢eand. This negative
bias will be an important issue for future work.



Acknowledgement

First of all I would like to thank my supervisor Hilde Fageftir all help and
guidance throughout this thesis. Thanks for being so pa#ied giving me an
introduction to the Unified EMEP model. | am very grateful teeBana Tsyro
for helping me to understand sea-salt and dust emissionpaathetrizations in
the Unified EMEP model. Their assistance and feedback argyhégpreciated.
Thanks go to Frode Stordal for being my co-supervisor.

The participating partners to the EMEP intensive measunéperiods are greatly
acknowledged for sharing their data. Thanks to Wenche AdsAame Gunn
Hjellbrekke at NILU for answering all my questions about theasurements data.
Thanks to Heiko Klein who has made the plotting tools of thattecplot and
timeseries used in this thesis. | would also like to thankakivM. Valdebenito,
Seemena Valiyaveetil and Agnes Nyiri. | am also gratefulllofnatlab help Silje
Sgrland has given me. Thank to Gunnar Wollan for helping atlt somputer
problems.

And last but not least | want to thank the girls at the study fwailkeeping my
spirit up and all their support through the study. | am vergteiul to Anne Sol-
veig for proof reading.



Contents

Abstract i
Acknowledgement il
1 Introduction 1
2 Background 4
2.1 Atmosphericprocesses . . . . . . . . . . i 4
2.2 Atmospheric chemistry of nitrate . . . . . . . ... ... ... .. 5
221 TheNQcycle . .. ... . ... . ... ... ... ... 6
2.2.2 Nitrateaerosols . . . . . . . . .. .. ... ... ... 7
2.3 Sources of nitrate precursors . . . . . . .. ... 9
3 Methodology 13
3.1 TheUnifedEMEP Model . .. ... ... ... ......... 13
3.2 Experimentalsetup . ... .. ... ... ... ... .. ... 16
3.2.1 Coarsenitrateondust. . .. ... ... ... ....... 20
3.2.2 Coarsenitrateonsea-salt . . . . ... ........... 23
3.2.3 Finenitrateonsea-saltanddust . .. ... ........ 25
3.3 Measurementdata . . . . . ... ... ... . ... .. ... ... 26
4 Results and evaluation 30
4.1 Evaluation of the standard Unified EMEP model . . . . . . .. 31
4.1.1 Gas-to-particle distribution . . . . . . ... ... ... .. 31
4.1.2 Amount of fine and coarse nitrate aerosols . . . . . . . .. 35
4.1.3 Day-to-day correlation of coarse nitrate . . . . . . . .. 38
414 C&indust. ..... ... .. ... ... 39

415 Sea-salt . . ... . . ... 41



\Y Contents
4.2 Coarsenitrateonmineraldust . . . .. ... ... ... ..... 42
4.2.1 Day-to-day correlation of coarse nitrate . . . . . .. .. 43

4.2.2 Amount of fine and coarse nitrate aerosol . . . . ... .. 44
4.2.3 Sensitivitytests . . . . ... 45
4.2.4 Comparisontootherwork . . ... ... ... ...... 48
4.3 Coarsenitrateonsea-salt . . . ... ... ... ... ....... 50
4.3.1 Day-to-daycorrelation . . . . .. ... ... .. ..... 50
4.3.2 Amount of fine and coarse nitrate . . . . ... ... ... 51
4.3.3 Sensitivitytests . . . ... ... o 51
4.3.4 Comparisontootherwork . ... ... .......... 54
4.4 Coarse nitrateondustandsea-salt . .. ... .......... 5. 5
4.4.1 Day-to-daycorrelation . . . . .. ... ... .. ..... 55
4.4.2 Amountof fine and coarsenitrate . . . . ... ... ... 57
4.5 Coarse and fine nitrate ondustandsea-salt. . . . .. .. .. . 58
4.5.1 Day-to-daycorrelation . . . . ... ... ......... 58
4.5.2 Amountof fine and coarse nitrate . . . . ... ... ... 60
45.3 Comparisontootherwork . .. ... ... ........ 61
4.6 Gas-to-particle distribution in the new implementaso. . . . . . 61
4.7 Spatialcorrelation . . . ... ... L 65
5 Summary and conclusion 67

Bibliography 76



Chapter 1

Introduction

Due to extensive control measures, sulphur emissions heare teduced drastic-
ally in large parts of Europe and North America after the X978lso emissions
of nitrogen oxides and ammonia have decreased, albeit mauak. Due to the
chemical interaction between sulphur and nitrogen comgsunthe atmosphere,
the large reduction of sulphur emissions has offset theedeerin nitrate aerosols
and in some cases even led to a slight increase. The relatp@riance of nitrate
aerosols with respect to other aeorsols has thus incre@sed Europe nitrate aer-
osols now account for 10-20% of the total dry aerosol mastg(Rlet al., 2004)
and affect the ecosystem through acidification and eutoapioin. They also have
adverse effects on human health and contribute to climategs

Inorganic aerosols such as sulphate, nitrate and ammonigintheir precursor
gases sulphur dioxide, nitrogen oxides and ammonia caigié@ation when de-
posited to the Earth’s surface. Nitrogen species can alsasanutrients. Spe-
cies adapted to nitrogen deficiency may, when nutrient loaci®ase, be out-
competed by species with higher nitrogen demand, resuiiragloss of biod-
iversity (Krupa, 2003).

Aerosols play a role in the degradation of air quality. Healffects related to
particulate matter (PM) include asthma, lung cancer, oasdicular deseases, and
premature death. Current exposure to PM from anthropogenissions leads to
the loss of 8.6 months on average of life expectancy in Euf@dfi¢O,2006).

Nitrate aerosols affect the climate both directly and iedily. Bauer et al. (2007)
studied nitrate aerosols and estimated the present rioratag to be -0.11 W/

1



2 Chapter 1 Introduction

while Myhre et al. (2006) estimated the radiative forcingnibfate aerosols to be -
0.02 W/nt. In IPCC (2007) the direct radiative forcing of aerosols walsulated
to -0.9 W/n¥ £ 0.4 W/n¥. Martin et al. (2004) found that radiative forcing of ni-
trate was about 10-15% of the sulphate forcing. Indirechate effects of nitrate
aerosols occur through their influence on the chemistry ohez an important
climate gas, as heterogeneous chemistry involving nitatestitutes a sink for
nitrogen oxides.

Given the importance of nitrate aerosols, observationdlmadelling tools have
been applied to follow their evolution and to study the cheahand physical pro-
cesses involved in their formation. The main objective ef HMEP programme
(Co-operative programme for monitoring and evaluatiorheflong-range trans-
mission of air pollutants in Europe) is to provide governtsemd subsidiary bod-
ies under the Convention on Long-Range Transboundary Alatitan (LRTAP),
signed in 1979, with qualified scientific research to supgevielopment and fur-
ther evaluation of the international protocols on emisseduction negotiated
within the Convention. Measurements from the EMEP netwaoidk @alculations
performed with the Unified EMEP model have been important &mss for
a number of emission control protocols (e.g the Gothenbuogppol in 1999).
The Unified EMEP model has been developed at the Meteor@b8imthesizing
Centre - West (MSC-W) at the Norwegian Meteorological bus#, one of the five
centres under the EMEP programme.

Nitrate has a relatively complicated chemistry, as it isiseofatile and enters into

a complex chemical equilibrium with sulphuric acid, ammonj ammonia, nitric

acid, sea-salt and mineral dust. In addition, nitrate adsoare size-distributed,
with large aerosols having different physical propertlet small aerosols (e.g.
large aerosols are subject to faster dry deposition). Tdeedistribution of nitrate

can thus be decisive for the model results.

In recent years there have been several model studies afecodrate formation
on dust and sea-salt (Hodzic et al., 2006; Myhre et al., 26@6g and Penner,
2007; Liao et al., 2003; Bauer et al., 2007; Capaldo et aD020In this thesis
a new parameterization of coarse nitrate formation on dugtsaa-salt is imple-
mented. The parametrization follows the same method asitletlal. (2006),
where a total heterogeneous reaction in the forward doedietween HN@and
mineral dust is assumed.



Model results, however, have to be evaluated continuowgdinat measurements
in order to remain trustworthy. Up to now only limited obs&tiens separating
HNO; and particulate nitrate (ND exist for Europe, in particular measurements
that separates coarse and fine particles. This is abouthgetzs a result of meas-
urements in the EU-project NitroEurope and campaigns ifcti&P network. In
this thesis measurements from the intensive periods in MEREMonitoring net-
work and standard measurements from the EMEP monitoringanktare used
to evaluate Unified EMEP model results and the new paranagétsiz of coarse
nitrate.

The thesis will start by describing in chapter 2 the undedyiheory with fo-
cus on nitrogen compounds and their precursors. Chaptell 8ewiew some of
the main features of the Unified EMEP model, followed by a itkdladescrip-
tion of all the new implementations and sensitivity test$grened for this thesis.
In chapter 4 the new parametrization will be discussed amatuated in detail.
Finally, summary and conclusions are given in chapter 5.



Chapter 2

Background

In this chapter, atmospheric processes and chemistry efarte for nitrogen
oxides (NQ=NO + NO,) are described, followed by a description of the form-
ation of nitrate aerosols. Different sources of nitrateoaer precursors will be
presented.

2.1 Atmospheric processes

The theoretical description given in this section is basedPandis and Seinfeld
(1998) and Jacob (1999). The atmosphere’s chemical cotigros mainly con-
trolled by four types of processes:

e Emissions.Chemical species are emitted to the atmosphere by anthropo-
genic and natural emissions. Natural emissions can beadbdiinto bio-
genic and non-biogenic emissions.

e Chemistry.Chemical reactions lead to the production and loss of chemic
species.

e Transport. The gases and aerosols in the atmosphere are transpomed fro
their sources by advection, turbulence and convection.

e Deposition. There are two types of deposition; dry deposition (i.e. aire
reaction or absorption on the ground) and wet depositioavetging by
precipitation).
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Numerical models are used to simulate these processes gutenst Models that
divide the atmosphere into grid boxes are called Euleriadeiso In this kind of

models, the rate of change of the abundance of a species Xioemside one
grid box must equal the sum of all sources and sinks of theep@athin the grid

box. This rate of change in concentration c of species X cagxpeessed as:

d

d_i = Z sources— Z sinks=F, +E+P-F_,—L-D (2.1)
where F, and F; are the transport into and out of the grid box, respectively,
is the emission of species X, P is the chemical productios,the chemical loss
and D is the deposition of species X within the grid box.

The atmospheric lifetime is a measure of how long it takes for a species to
diminish by a factor 1/e, thus called e-folding lifetime. idta useful measure
of the time it takes for a system to reach steady state, andbeaalculated as

follows:
¢ ¢ 1

" Ssinks F,,+L+D k
where Kk is the overall rate coefficient of the loss proces&gsecies with short
lifetimes will be present in high concentrations aroundrtgeurces, and in low
concentrations far away from their sources. Species with kg lifetimes on

the other hand will be more uniformly distributed.

(2.2)

T

2.2 Atmospheric chemistry of nitrate

The oxidizing capacity of the atmosphere is of key imporéafar atmospheric
chemistry, a major oxidant being the OH radical. The OH raldie produced
when solar UV radiation decomposes ozong)(@to molecular oxygen (§ and
energetically excited oxygen atom {()):

O, +hv — O, + O*(D) (2.3)
0'(D) + H,0 — 20H (2.4)

The main sinks of OH are carbon monoxide (CO) and methang)(Gifd the
resulting lifetime of OH is on the order of one second. Thisrshfetime causes
highly variable OH concentrations, with OH responding dipito changes in
sources and sinks. As the formation of OH requires sunligéxists only dur-
ing daytime. For tropospheric chemistry all the cycles imng CO, CH,, O,
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and NQ, are of key importance. However, only the N@ycle will be described
here since this is the most important cycle for the undedstgof aerosol nitrate
formation.

2.2.1 The NQ cycle

NO, is mainly emitted as NO, but during daytime NO rapidly egtdids (on a
timescale of minutes) an equilibrium with N@ the null cycle:

NO + 0, — NO, + O, (2.5)
NO, + hv 22 NO + O, (2.6)

This rapid cycling makes it most appropriate to considerhigget of NQ as a
whole. At night NQ is present as NQas there is no photolysis at night. The
principal sink of NQ during daytime is oxidation to HNO

NO, + OH + M — HNO, + M (2.7)

were M represents an inert molecule that absorbs excessufeienergies. How-
ever, as OH requires sunlight, reaction 2.7 does not ocaumglnight time. At
night time the sink of NQis oxidation of NQ by O;:

NO, + Oy — NO, + O, (2.8)
NO, + NO, + M — N,O, + M (2.9)
N,O. + H,0 22 2 HNO, (2.10)

This sink is not efficient during daytime as the N@dical is rapidly photo-
dissociated back into NO

NO; + hv — NO + O, (2.12)

Overall NQ, has a lifetime of approximately one day. HR@ highly soluble
in water and thus scavenged by precipitation, an additiemdd for HNO, are
reactions with sea-salt and dust. The lifetime of HN®on the order of a few
days in the lower troposphere due to wet and dry depositidus Jhort lifetime
makes HNQ an insufficient reservoir for NOHowever, PAN (peroxyacetyl ni-
trate) which is formed from carbonyl compounds, can act &sarvoir for NQ.
Especially at low temperatures PAN is rather stable and eaimamsported over
long distances.
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2.2.2 Nitrate aerosols

The atmosphere contains significant concentrations ofsakparticles, both in
urban and remote areas. Aerosols stem from direct emis§oinsary aerosols)
and from gas-to-particle conversion (secondary aerasAklosols are generally
considered to be particles in the size range from a few natesmém) to tens
of micrometers gm) in diameter. They are divided into fine and coarse aerpsols
where fine aerosols here are defined to have a diameter (d3®tHan 2.5:m
(PM, ) and the coarse fraction has a diameter larger thané5 In the fine
fraction the aerosols are mostly from condensation of psera gases. The fine
mode is often further divided into a nucleation mode, ragdgiom ~ 0.005to 0.1
pm in diameter and an accumulation mode from 0.1 to2rb From mechanical
action of the wind at the Earth’s surface sea-salt, soil,carsd vegetation debris
are emitted into the atmosphere. These aerosols existynaitihe size range
from 1 to 10um. Finer aerosols are difficult to generate mechanicallyabse of
their large area-to-volume ratios and hence high surfatgde per unit aerosol
volume, while coarser aerosols are not easily lifted by tivedvand they have
short atmospheric lifetimes due to efficient sedimentatidrere are two removal
processes of atmospheric aerosols: deposition at the’&atitiace (dry depos-
ition) and incorporation into cloud droplets during thenf@tion of precipitation
(wet deposition). The bulk of atmospheric aerosols aredaarthe lower tropo-
sphere and their lifetimes are on the order of 1-2 weeks.

Nitrate aerosol is one of the major compounds of the suspkpaieiculate matter
in the atmosphere. It represents between 5-15% of the tetakal particulate
mass smaller than 10m diameter (PM,) (Hodzic et al., 2006). Most of the
nitrate mass is found in the fine aerosol fraction.

Fine nitrate formation

Fine nitrate consists mainly of ammonium nitrate (W) which is formed
through reactions between ammonia and nitric acid. Foomadf ammonium
nitrate proceeds in areas of high ammonia and nitric acic¢deainations, when
sulphuric acid (HSQ,) concentrations are low. Nitric acid competes with sulph-
ate to react with the available ammonium. First, sulphucid @and ammonium
react through reaction 2.13, and the excess ammonium thetsith nitric acid
through reaction 2.14.

2NH,(g) + H,S0,(a) — (NH,),S0,(s) (2.13)



8 Chapter 2 Background

NH;(g) + HNO3(g) = NH,NOs(a, s) (2.14)

where g indicates the gaseous phase of the species, a truaqiese and s the
solid phase. Ammonium nitrate can exist as a solid or in agsisolution of NH
and NG, depending on the ambient relative humidity (RH). If RH isslésan the
deliquescence relative humidity (DRH) ammonium nitrate solid. The DRH is
dependent on temperature (Pandis and Seinfeld, 1998):

723.7
In(DRH) = =~ +1.6954 (2.15)

were T is the temperature in kelvin. Higher formation of d@mmonium nitrate
thus occurs at low temperatures, which gives rise to a saasanation with
higher ammonium nitrate formation in winter.

Coarse nitrate formation

Coarse nitrate is associated with sea-salt and crustaleelisnin dust (Wu and
Okada, 1994). In marine areas with high sodium concentratitNOG, produces
sodium nitrate (NaNg) and in areas with crustal material from local soil or
desert dust HN@produces calcium nitrate (Ca(NJ) and magnesium nitrate
(Mg(NO;),) (Mamane and Gottlieb, 1992; Krueger et al., 2004) throunghfol-
lowing reactions:

HNO,(g) + NaCl(s,a) — NaNO,(a) + HCl(g) (2.16)

2HNO4(g) + CaCO4(s) — Ca(NO;),(s) + CO4(g) + HyO(1) (2.17)

where | indicates the liquid phase. Calcite (Cagénd dolomite (MgCa(Cg),)
constitute the most reactive part of dust towards H@sher et al., 2003; Krueger
et al., 2004; Vlasenko et al., 2006).

Reaction 2.14 will reach equilibrium within a few secondsy@ldo et al., 2000)
while the timescale for coarse nitrate to reach equilibrision the order of hours
(Meng and Seinfeld, 1996). Ammonium sulphate forms firsthés teaction is
faster than the formation of ammonium nitrate. If there ig arcess NH am-
monium nitrate forms. Any excess of HN@resent after this equilibrium has
been reached, will react with dust and/or sea-salt to foransmnitrate.
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2.3 Sources of nitrate precursors

The most abundant precursors of aerosol nitrate are amraadiaitric acid. In
this section the sources of NHand HNQ,, their geographical distribution and
lifetimes will be described. In addition a short descriptmf sources of dust and
sea-salt and their geographical variation will be given.

NH3 emissions in 2006

25000

10000

— 5000

— 2500

1000

500

—— 100

|\\\|\\T|\\"\

Figure 2.1:Emissions of NElused for 2006 in the Unified EMEP model in Mg.
NH; reflects the largest agricultural areas in Europe. Data fr@&IP (Centre on
Emission Inventories and Projections).

Agricultural emissions in the form of animal waste repréghe main source of
ammonia to the atmosphere. Fertilizing, soil processesrahustrial activity also
contribute to NH emissions. The primary removal mechanism of Ni{/olves
the conversion to ammonium-covered aerosols as ammonilphata and am-
monium nitrate, which are deposited to the ground by wet aydddposition.
This gives an atmospheric lifetime of Ntéf 1 - 5 days, and NEwill only be
transported over short distances from its sources. Theaspattribution of NH,
emissions used in this study for the year 2006 is shown inrEiguL.
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NOx emissions in 2006
NOXx Mg
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Figure 2.2:Emissions of NQused for 2006 in the Unified EMEP model in Mg.
NO, clearly reflect ship tracks. Data from CEIP (Centre on Enusdinventories
and Projections).

HNO, forms from NQ, as described in the previous section. Anthropogeni¢ NO
emissions in Europe are dominated by fossil fuel combustiooad traffic, with

a 40% share in 2005, followed by power plants (22%), indugtt6#6), off-road
transport (15%) and the residential sector (7%) (Vestrerg.e2009, and ref-
erenes therein). Other minor sources of Ni@the troposphere are natural sources
such as lightning, soil, oxidation of NHemitted from the biosphere and down-
ward transport of nitrogen from the stratosphere. X@s a lifetime of only about
one day in the lower troposphere and thus is transported emer shorter dis-
tances than NE In Figure 2.2 the NQemissions used in this study for the year
2006 are shown.

One of the main sources of atmospheric aerosols is the oclaremissions of
~ 1000 to 5000 Tg per year (Wallace and Hobbs, 2006). The maathamesm of
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Surface Air )
of bubble Film

(@) (b)

awk
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Figure 2.3: Schematics of the formation of film- and jet-droplets wheragn
bubble burst at the surface of water. From Wallace and Ho2096).

ejecting sea material into air is bubble bursting. An addil source is material
that is torn from windblown sea spray and foam (giant sebasabsols). These
giant sea-salt aerosols are large and their lifetime igivelst short. Film- and
jet-droplets are produced from bubble bursting. Film-dgtgpare made when an
air bubble’s film breaks at the sea surface (Figure 2.3b). iAbubble > 2 ym

in diameter can give- 100 to 200 film-droplets. After evaporation these film-
droplets will become sea-salt aerosols with diameter leas 0.3um. Up to
five jet-droplets break away from each jet that forms afteulabbe burst (Figure
2.3d). These jet-droplets are thrown into the air and sonikesh evaporate and
give sea-salt aerosols with diameters larger tham2 Estimates of sea-salt emis-
sions per year are given in Table 2.1.

Dust emissions originate predominantly from arid and sedhianvironments,
which account for~ 33% of the global land area. They provide2000 Tg per
year of mineral particles (Wallace and Hobbs, 2006). Most dtorms occur in
the region starting at the west coast of Northern Africa edileg east through the
Middle East into Central Asia. This dust can be transportest targe distances
through long-range global transport. This transport ofieaurs in horizontally
layered plumes and can persist for days to a week over thdssdrkilometers.
Saharan dust has been transported in westerly, northadyasterly direction to
South America, Northern Europe and the Middle East, resmdgt(Usher et al.
(2003); Husar (2004)). The transfer of dust particles fréva Earth’s surface
to the atmosphere, called sandblasting, is caused by widdaamospheric tur-
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Northern Southern
hemisphere hemisphere

Sea-salt
<1lpm 23 31
1-16 m 1420 1870
Total 1440 1901

Mineral (soil) dust

<1pum 90 17
1-2 um 240 50
2-20pum 1470 282
Total 1800 349

Table 2.1:Estimates (in Tg per year) for the year 2000 of emissions afssdt
and dust into the atmosphere, values from IPCC,2001, taBBle 5

bulence. To start the motion of particles at the Earth’'sasigfthe surface wind
(friction velocity) must exceed a certain threshold valvbjch is dependent on
the surface type and the particle size. For a patrticle in iterange 50 to 200
wm and for soils containing 50% clay or tilled soil a frictiorlacity of ~ 0.2 m
s! is required, translating into a wind speed of several mgtersecond a few
meters above the surface. A major source of smaller past{elel0 to 100xm
in diameter) is saltation. Larger sand grains are throwmtp the air, fly a few
meters and when they hit the ground they make a burst of dustlpa.



Chapter 3

Methodology

In this thesis a special version of the eulerian Unified EMERIBI is used, which
includes dust (version rv3_1 hereafter referred to as 'EMieidel’). The follow-
ing section will briefly describe the EMEP model as it was befihe modifica-
tions of this master thesis were implemented. The focushgilbn model features
and routines that are relevant for the formation of nitralbe model runs per-
formed in this thesis are described in section 3.2. Finabtisn 3.3 will describe
the measurement data used in this thesis.

3.1 The Unified EMEP Model

The EMEP model is a further development from earlier EMEP et®described
in Berge and Jakobsen (1998), Jonson et al. (1999) and Sm(p885). For a full
documentation see Simpson et al. (2003) and Fagerli etGD4{(2 Version rv3_1
Is, at the time of writing, the same code as the one that idadlaiat the EMEP
web site as open source.

The EMEP model grid is defined in a polar stereographic ptaeavith a hori-
zontal resolution of 5850 kn¥ in 20 sigma layers from the surface up to approx-
imately 100 hPa. The official EMEP area and the model grid laogvs in Figure
3.1. The emission input consists of gridded national emnssof sulphur diox-
ide (SQ), nitrogen oxides, ammonia, non-methane volatile organimpounds
(NMVOC), carbon monoxide and particulate matter (RIMPM, ), which are of-
ficially reported to the LRTAP Convention. The emissions amevided for ten
anthropogenic sectors and one additional sector that ynaonisists of natural

13
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Figure 3.1:The EMEP model domain, the large area shows the full modehdgm
the inner area shows the official EMEP grid, from Simpson etZ4103)

emissions (Simpson et al., 2003). The emissions are digiditemporally using
monthly and daily factors which are specified for each patititemission sector
and country. In addition, simple day-night factors are egapfor the sectors. The
meteorological input is taken from PARLAM-PS (PARallel Lited Area Model
with Polar Stereographic map projection), which is a deadidaversion of the
HIRLAM (HIgh Resolution Limited Area Model) Numerical Wewadr Prediction
Model maintained and verified at the Norwegian Meteorolalginstitute. The
numerical advection scheme is based on Bott (1989a,b) gritta@ time step of
20 minutes.

The chemical scheme in the EMEP model includes 140 reacimwadving 56
long-lived and 15 short-lived species. The EMEP model cesigulphur and
nitrogen chemistry to the photochemistry (Simpson et &03. The model dis-
tinguishes between fine (d < 2:8n) and coarse (2.pm < d < 10um) aerosol.
The EQuilibrium Simplified Aerosol Model (EQSAM) of Metzget al. (2002)
is used to describe the equilibrium between the differesegas and inorganic
fine aerosol components. EQSAM assumes that the aerosotgereally mixed
and that they obey thermodynamical gas/aerosol equitinrilhese assumptions
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are sufficiently accurate under most atmospheric conditammsidering the 20-
minute chemical time step used in the EMEP model. The venssad in this
thesis calculates a thermodynamic equilibrium of the’ SENO;, -NH;, -Na',
-Cl~, -H,0 system. EQSAM thus accounts for the formation of fine;N&3soci-
ated with ammonium nitrate (NJMO;) and allows for the formation of NDon
sea-salt aerosol. The input of Nand CI is set to zero, and the EQSAM module
is used only for the formation of nitrate associated with ammam. Coarse ni-
trate is calculated as the HN@oncentration multiplied by a reaction coefficient
kg (in s71) that depends on the relative humidity, RH:

kpg=1.0 x 107*  for RH > 90%
kpg= 5.0 x 107°  for RH <90% (3.1)

This calculation is assumed to represent reactions of fidiCboth dust and sea-
salt.

Dry deposition depends on the aerodynamic resistance bataveeference height
and the canopy, the quasi-laminar layer resistance to thawa the surface res-
istance to the gas. Under normal conditions the surfaceteegie of HNQ is
effectively zero, but for numerical reasons it is given aiminm value of 1s m'.
For sub-zero temperatures it follows the formulation of @$1989). This gives
HNO; its high dry deposition velocity (2 to 5 cnt¥). Dry deposition of aerosols
depends on their size. All the resistances are integratedtbe aerosol sizes as-
suming a log-normal size distribution, which is presentigigned the maximum
diameters of 0.3:im and 4;m and geometric standard deviations of 2.0 and 2.2
pm for fine and coarse aerosols, respectively. The dry deposielocities of
aerosols range from a few millimeters to a few centimeterspeond.

Sea-salt is present in two size modes, fine and coarse, asawtwsols in the
EMEP model. The formation of sea-salt aerosols larger tham24s paramet-
rized with the empirical expression of Monahan et al. (1986)

dF
== 1373038 73(1 + 0.057r,,1%5) x 10119e2p(-5%) (3.2)
I‘W

in m—2s~!um~! where dF/d[, is the rate of sea-salt droplets generated per unit
area of sea surface per increment of droplet radiys gy is the wet radius, |},
is the wind speed at 10 m above sea level and B=(0.38Q;Jn650. For sea-salt



16 Chapter 3 Methodology

smaller than &m the parametrization of Martensson et al. (2003) is used:

dF

dlogD,
where dF/dlogl) is the rate of sea-salt droplets generated per unit area i¢ wh
cap cover and per increment of droplet diggD,, is the dry diameter, Aand B
are the empirical coefficients describing the dependenéeanf the aerosol size,
T,, Is the temperature of seawater ang is the wind speed at 10 m above sea
level. The production of sea-salt spray is calculated ieBesize bins, which are
then aggregated to fine and coarse aerosol fractions.

=3.84 x 107%(A, T, + B, )U M (3.3)

Both natural dust (desert and soil erosion) and anthropoghrst are accoun-
ted for in the EMEP model. Dust from the Saharan desert beyoadEMEP
domain is accounted for through the boundary conditionsntklly dust concen-
trations are taken from the global chemical transport mdégkloped and used
at the University of Oslo (Grini et al., 2005). The paraneztion from erodible
soils within the model domain describes both saltation ariBlasting effects.
If the friction velocity exceeds a critical friction veldgi(u,.>u.,) the mobilisa-
tion of particles from the soil surface will occur. The ardl friction velocity is
calculated using the partitioning scheme of wind shearsstbetween erodible
and non-erodible surface elements (Marticorena and Bextjar©i995). The ho-
rizontal saltation flux of larger soil particles,(kgm~!s~!) is calculated by:

Kpair 3 U‘*th U‘*th ?

where K is the parameter describing soil erodibility, itee &iccessibility of erosive
soil elements. Sandblasting releases smaller particléseirsize fraction j in a
vertical flux E (kgm—>s™') and is calculated as:

B, = A,a3;Q, (3.5)

where A is the area fraction of erodible soil is the sandblasting efficiency
(m~1), andg; is the fraction of dust flux in the size fraction j (Tsyro, 20@&d
references therein).

3.2 Experimental setup

The implementation of nitrate formation on sea-salt and ilhesnumerical model
is not straightforward and necessitates a number of differeodel experiments
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as well as careful testing. The model simulations run fas thesis include the
main experiments reflecting the stepwise implementatianitcdte formation, and
the different sensitivity studies performed for each stejhe implementation. In
Table 3.1 all model experiments and their main featuresisiedl together with
the acronyms to be used hereafter. First the EMEP model iwithrthe original
setup (E_std). Secondly, the formation of coarse nitratelwst is implemen-
ted (E_d). Thereafter the formation of coarse nitrate onssdtais implemented
(E_ss), before both formations are accounted for simuttasig (E_d_ss). This
stepwise approach is chosen to see how the two parameaingadifect coarse
nitrate production in the EMEP model individually. For bgérametrizations ad-
ditional sensitivity tests are performed, as will be expéal in more detail below.
Finally fine nitrate formation on dust and sea-salt is actediffor together with
the formation of coarse nitrate on dust and sea-salt (E. fine)

E_std Standard run with the original EMEP model
E d Coarse nitrate formation on dust
E_d_min | Sensitivity test withy=2.5e-3 and 2% C4 content in dust
E_d_max | Sensitivity test withy=0.2 and 12% C# content in dust
E_d_ca60| Sensitivity test with 62.5% Ca content in dust
E ss Coarse nitrate formation on sea-salt
E_ss | Test of Jaenicke (1988) size distribution for sea-salt
E_ss_splitf Test with coarse sea-salt separated into 5 size bins
E d ss Coarse nitrate formation on dust and sea-salt
E_fine Coarse nitrate formation on dust and sea-salt;

fine nitrate formation on dust, sea-salt and ammonia

Table 3.1:List of the different model experiments done in this theElge main
model experiments following each step of implementatierliared in bold font,
while regular font is used for the sensitivity tests.

Different approaches

The same method is used for reactions on both dust and dedaséd on the
approach in Hodzic et al. (2006). Reactions 2.17 and 2.1&eated through a
heterogeneous pathway (Goodman et al., 2000; Hanisch awde&yy 2001) with
a kinetic approach assuming a total reaction in the forwaettion.
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The uptake coefficients for HNQOon dust and sea-salt have been measured in
laboratory studies and in field campaigns and the values aaigng the differ-
ent publications (Saul et al., 2006; Tolocka et al., 2004in@hard et al., 2002;
Stemmler et al., 2008; Fenter et al., 1995; Hanisch and @ww&0D01; Goodman
et al., 2000; Liu et al., 2008; Umann et al., 2005). Theoattiydthe heterogeneous
pathway can be described in four steps. The first step camnelspto gas phase
diffusion of nitric acid towards the particle surface. Tleesnd step accounts for
the nitric acid molecule being transferred to the particigace. This transfer de-
pends ony, the accommodation coefficient, which is a measure of thiegidity

of the nitric acid being absorbed to the surface during astoit. Thirdly the reac-
tion occurs in bulk phase with rate coefficient k. Finally gaseous product, such
as CQ or HCI, desorb. The uptake coefficientonsidered hereafter accounts for
steps 2 and 3 combined. The different uptake coefficientsenéor HNQ reac-
tions with calcite, dolomite an sea-salt will be discussethe following sections.

An alternative approach is to assume an equilibrium betwd¢@®, and dust or
sea-salt. Myhre et al. (2006) used this approach to modaitaiand ammonium
aerosols in the presence of sea-salt. First the chemistdulacalculates the
concentration of HNQdue to photochemical reactions. The equilibrium model
EQSAM then calculates the equilibrium betweenNtid HNGQ, through reaction
2.14 and the final concentration of HN@fter reactions 2.16 and 2.17 (occurring
on sea-salt and dust, respectively) have reached equiiibrThe time step in the
EMEP model equals 20 minutes, which is sufficient time for fiiteate to reach
equilibrium. Coarse nitrate, on the other hand, may needshtmureach equilib-
rium, which is why this approach was not chosen in this thesis

An additional way of modelling coarse nitrate formation isdfull dynamical
mass transfer calculation applied to each aerosol sizeGapaldo et al. (2000)
used a hybrid method with an equilibrium assumption for the fierosol mode
and a dynamic approach for the coarse aerosol mode. Thi®ohets not chosen
or studied here because of its high computational requinéme
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Reaction coefficient

In the parametrization implemented in this thesis the uptdkING, on dust and
sea-salt is defined by a pseudo first-order reaction coeftidie

_ <i + i>_ A (3.6)

where d is the particle diameter (m), Dis the gas phase diffusion coefficient
(m*s™!) (D4=0.1cnts™' from Dentener (1993)), is the mean molecular velocity,
A is the aerosol surface area, ands the uptake coefficient of reactive species.
The first part (d/2[)) describes the gas-phase diffusion to the aerosol, whele th
second part (44) is the collision rate term describing the uptake of the gas o
the surface.

Aerosol surface

The aerosol surface used in the pseudo first-order reactiefiident k, is the
surface of the reactive part in the dust and sea-salt aerbselaerosol surface is
calculated by using the dimensionless volume fractioy) ¢¥the reactive part in

dust and sea-salt:
SM

Aop
where S is the concentration of the reactive part (calcakrdite or sodium chlor-
ide), M is the molecular weight of the reactive part,i& Avogadro’s number and
p is the density of the aerosol (2.6 g/¢rfor dust and 2.2 g/cinfor sea-salt).
With this volume fraction the reactive aerosol surface candiculated. The ratio
between total surface and total volume must be known for eaobsol type (dust
and sea-salt). In the EMEP model only fine and coarse aeresisis The coarse
fraction will be used in the formation of coarse nitrate. Timospheric aero-
sol size distribution can be expressed as a trimodal logiabdistribution from

Jaenicke (1988):
N(r) N~ (log %)’
Wog(®Y) ~ 2 Variage, " {_W} 38)

where r is the aerosol radius (itm), N(r) is the cumulative aerosol number dis-
tribution (in cn3) for aerosols larger than r,, B the mean aerosol radius (in
©m), ny is the number concentration anglis the standard deviation of th8 log-
normal mode. The trimodal log-normal distribution is a silzgtribution for the

v (3.7)
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whole spectrum of aerosols, both fine and coarse, wherertbe thodes represent
the nucleation mode, accumulation mode and coarse modesurfeece area of
coarse aerosols can then be calculated by solving equadoyadusing the third

mode;:
foo A2 @) e

A=V,2 dr 3.9
It o7
Solving the integral yields:
A=V, capd ~2(inoy)? (3.10)
= fRz exp 5 no; .

This way of calculating the aerosol surface gives a stropgddence on the mean
radius and standard deviation given in the trimodal logradrsize distribution.
The size distributions of dust and sea-salt depend on thesawea and the dis-
tance from the sources. For example the size distributiaduef changes as the
gravitational settling increases with distance and trartsjime. The size distri-
bution of dust also depends on the mineralogy of the soue® @nd the extent
of particle erosion leading to particle entrainment in th@@sphere. The mor-
phology of dust changes with increasing wind erosion. Ergrocesses may
change the size distribution of different dust events frosndame source region.
This dependence on the choice of size distribution repteserather high uncer-
tainty in this implementation, which is why sensitivity tegare performed for the
implementation of coarse nitrate formation on sea-salt.

3.2.1 Coarse nitrate on dust

In this thesis only reactions involving calcite (Cag@nd dolomite (CaMg(CQ,)
on dust are considered, as these are the most reactive centpai dust (Usher
et al., 2003; Krueger et al., 2004; Vlasenko et al., 2006).efetogeneous path-
way of reactions on dust is assumed. In laboratory studiesstbeen suggested
that reactions on dust such as reaction 2.17 are not surfaited and continue
irreversibly until full consumption of reactants has ocedr Kelly and Wexler
(2005) showed that reaction 2.17 is a simplified scheme offrtbiee realistic re-
action 3.11:

2HNO,4(g) + CaCO4(g) + nH,O = Ca(NO;),(nH,0)(s) + Hy,O + CO,(g)
(3.11)

where the forward direction is thermodynamically prefdrie low-RH condi-

tions, which often occur in the troposphere. Vlasenko e28l06) measured an
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increase in the uptake coefficient with increasing RH. Nititzas been recorded

in calcium containing anthropogenic dust in Beijing, (Deom et al., 2005). The
same reactions between HhN@nd dust components are assumed for both anthro-
pogenic dust and natural dust. The same uptake coefficieRiN&, and size
distribution of dust are used for anthropogenic dust as &unal dust, as there
are no suggestions for the uptake coefficient of HN@nd in the literature.

Uptake coefficient of HNG,

HNO; uptake on solid surfaces) has been studied in several laboratory stud-
ies with the Knudsen cell technique to measure the reactte iin these stud-
ies a wide range of values for has been found, from 2:5.0~* to 0.2 (Fenter

et al., 1995; Hanisch and Crowley, 2001; Goodman et al., 2Q00 et al. (2008)
studied the heterogeneous reaction kinetics of M@h calcite over a range
of RH with a particle-on-substrate stagnation flow reacamd they found that

~ increased with RH, from 0.0032 at RH = 10% to 0.21 at RH = 80%thin
MINATROC (Mineral Dust and tropospheric Chemistry) prdjéémann et al.
(2005) estimated from field measurements at the mountain plateau station Iz-
afa in Tenerife, and they found a mean value/af 0.033+0.017 based on six
different dust events. According to the authors this vagpresents a lower limit
for ~ as there might be an underestimation of the effective r@adttine of mineral
dust-HNQ,. Umann et al. (2005) did not find any dependence on Ri{ bbut RH
rarely exceeded 40% in the six dust events. 7Heom measurements is thus in
the same range as the values from the laboratory studies.

In this thesis the uptake coefficiept= 0.1 has been used. This is the same value
as Hodzic et al. (2006) used for calcite and dolomite, and well within the
measured, range from laboratory studies.

Size distribution

In the EMEP model version used in this thesis coarse and fiseata present,
which again are separated in natural dust (dust from ther8atesert and wind-
blown dust) and anthropogenic dust, as mentioned in se8tinThe size distri-
bution for dust chosen here is mode 2 of the trimodal log-rabsize distribution
of background dust from Zender et al. (2003, (their Tablewi}) a mean diameter
d = 3.19um and standard deviatian= 1.9. Mode 2 is the mode that dominates
long-range transport. The main contributor of natural dushe EMEP model is
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dust from long-range transport from the Saharan desert.sideedistribution of
dust will, in reality, depend on the type of soil in the souacea and on the kind
of pollutants the dust-containing air masses have beespoated through. The
assumption of one single size distribution of dust over thele EMEP area is
thus a simplification.

Chemical composition

There is no chemical speciation of dust in the EMEP model. r&fbe a fixed
chemical composition of dust had to be assumed in this thélss is a very
simplified assumption, as the chemical composition of dusather complex in
reality and depends on its source and on the other pollutaritee transported
air masses containing the dust. Loye-Pilot et al. (1986¢ntesl calcite contents
from Saharan dust in the range 5-30%. This corresponds 292Q&" content
by mass. For natural dust a content of 5% Clay weight is assumed as proposed
in Dentener et al. (1996) and Liao et al. (2003). This valuegber than the value
of 4.2% C&* content used by Feng and Penner (2007) and the global avefage
3.6% suggested in Jaenicke (1988). For anthropogenic dé%i €&* content

is assumed. This average value of°Caver Europe is taken from Loon et al.
(2005).

Sensitivity tests

Arange of values has been obtained from measurements asrdtaty studies for
the uptake coefficient of HNQon dust, from 2.51073 to 0.2 (Goodman et al.
(2000); Fenter et al. (1995), respectively). The*?Ceontent in Saharan dust is
measured to range from 2-12% (Loye-Pilot et al., 1986). Tidyhow sensitive
model results of the parametrization of coarse nitrate &ion on dust is to these
parameters two model runs were performed. First, a modetitimthe minimum
values of the uptake coefficient and Laontent in dust, called E_d_min, has
been done. A second model run, called E_d_max, has beenmpedowith the
maximum values. The dependence on each of the parametensthea determ-
ined separately here as both parameters have been chamgdtseously in each
of the first two sensitivity runs. The changes in the reactioefficient k due to
these changes are not linear. The main task of these testgiget a range of
coarse nitrate formation due to the different values preddesr the uptake coef-
ficient of HNO, and C&* content in dust.
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A third model run, E_d_ca60, was devised after the evaloatiothe first two
sensitivity studies, where a clear negative bias in coaitsat& was found. In
E_d_ca60 the C4 content in dust was adjusted to 62.5% to match some of the
Ca?* concentrations measured in air at EMEP stations duringrifemsive cam-
paigns. The aim was to test if the negative bias in coarsataitould possibly be
connected with the assumption onaontent in dust.

3.2.2 Coarse nitrate on sea-salt

The implementation of the formation of coarse nitrate onsa#his equivalent to
the implementation of coarse nitrate on dust. The ratetilngistep for reaction
2.16 is suggested to be the formation or release of HCI anthedtiNO, uptake
on the sea-salt surface (Tolocka et al., 2004). When HCllgased in clean air

it is stable, but in polluted air it might undergo reactiortwiOH and generate
reactive Ct. The generation of Clatoms in the lower atmosphere can result in
either ozon depletion or ozon formation (Pandis and Sainf998).

Uptake coefficient of HNO,

The uptake coefficient of HNQon sea-salt has been investigated in several stud-
ies (Stemmler et al., 2008; Liu et al., 2007; Saul et al., 200&cka et al., 2004;
Guimbard et al., 2002)). The range piaries from 4.% 10734+ 2.7x10°2 (To-
locka et al., 2004) to 0.5 0.2 (Guimbard et al. 2002; Stemmler et al. 2008).
Several factors contribute to the large range of measuneaues.y depends on
RH and the chemical composition and size of the sea-salsakrdhe nitrate
containing salt produced by reaction 2.16 is more hygrascyan pure NacCl
and does not readily crystallize. The presence of nitratisesNaCl to attain a
liquid phase near or at its defects (steps and edges on tp&ethsurface), and
the reaction of the liquid phase of NaCl is known to be fagt@ntthe reaction
involving the solid phase (Liu et al., 2007). Liu et al. (20@&stedy for aerosol
sizes in the range from d = 1/4m to d = 3.4um and for RH from 20-80%, and
found a peak at @-0.9 um and RH = 55% for three different types of salt (pure
NaCl, a mixture of NaCl and MgGJland real sea-salt particles) wittbeing well
above 0.2. In this thesis we use= 0.2.
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Size distribution

Sea-salt in the EMEP model is separated in two size bins, fidecaarse. To
calculate the aerosol surface in the coarse sea-salt omks ne&know the size
distribution of sea-salt. In this thesis a trimodal logmat size distribution is
assumed, where the second mode with number mean dry radipsrahdo = 2
from O’Dowd et al. (1997) has been used for coarse sea-salileM is the mode
for jet droplets, which represent the main source of coagaesalt in the EMEP
model. Mode 1 is the mode for film droplets, which represeattfain source of
fine sea-salt in the EMEP model. Mode 3, which is not implemen the EMEP
model, is the mode for spume droplets. As long as RH > 80% ak:&as a wet
radius, while in a dryer environment sea-salt will dry outldrave a dry radius.
The wet radius for a droplet with dry radius ofuin is 2 m. In this thesis the wet
radius of mode 2 is used.

Sensitivity tests

The choice of size distribution from O’Dowd et al. (1997) rg@able. The val-
ues from that article are from measurements done in the Ngattern Atlantic
Ocean, and values in the Mediterranean Sea may be diffd@reataerosol surface
calculation depends strongly on the number mean radiushendtandard devi-
ation. A model run with a different trimodal log-normal sidestribution is done
to see how much this affects coarse nitrate formation orsaa-In this model
run, E_ss_j, mode number 3 with number mean radius of gQrdi%ndo = 2.5
is used in the trimodal log-normal size distribution suggésy (Jaenicke, 1988)
for marine aerosols. This is the mode for large or accunargiarticles. Mode
3 from the size distribution of Jaenicke (1988) has a smadldius than coarse
sea-salt in the EMEP model, which is in the range from;aybto 10um.

The size distribution from Jaenicke (1988) is not a realishioice because of its
low number mean radius. Therefor a second model run, called Eplit, is done
where coarse sea-salt is divided into five different size hiather than the three
different size bins in the usual model setup. While in thesothodel runs three
sea-salt bins are aggregated to coarse sea-salt, here &lldldifferent bins are
kept to get a smoother size distribution. The different bins and corresponding
mean dry and wet radii are listed in Table 3.2, together vighdry deposition ve-
locities used in each bin. The dry deposition velocitiestaken from Pryor et al.
(2008, their figure 1). As for E_ss the largest part of sehesasts in areas with
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Bin number Binrange r(dry) r(wet) v
in zm ingm ingm incms!

1 05-09 071 14 0.7
2 09-12 106 21 1.5
3 1.2-19 141 238 2.0
4 19-28 229 45 2.8
5 28-50 316 6.3 3.0

Table 3.2:The different sizes, mean dry and wet radii, and dry depmssti(y,)
for the 5 different bins coarse sea-salt has been divideal ifihe bin ranges are
based on the dry radius.

RH >80%, and the dry deposition velocity for each size birhissen based on the
wet radius. The wet radius is also used in the calculatiomefaerosol surface.
The aerosol surface is calculated with the same method asiloles in section
3.2, but here one has five different size bins instead of iheottal log-normal
size distribution of sea-salt. The aerosol surface in eatlidssuming internally
mixed aerosols in each bin) will be:

s =Vi= (3.12)

where V is volume fraction as in equation 3.7 anasrthe radius in each bin. The
sticking coefficient is assumed to be equal for all size€)(2, as in E_ss).

3.2.3 Fine nitrate on sea-salt and dust

Particulate nitrate can form on fine sea-salt and dust aeet da coarse sea-salt
and dust. Fine nitrate can be treated as being in equilibaisithe reactions form-
ing fine nitrate are fast enough to reach equilibrium wittia 20-minute time
step of the EMEP model. The EQSAM model is used for calcutatibthese
equilibrium reactions. EQSAM is dealing with cations andbas, and a chem-
ical fixed composition is assumed for both sea-salt and @est-salt is separated
into Na" and CI". The values for Naand CI" used are 31% and 55% by mass,
respectively, as in Loon et al. (2005). Dust is separatexidalcium (C&"), mag-
nesium (Mg) and potassium (K. For natural dust 5% Ca and Md are used as
for coarse dust, and 2% "Krom Krueger et al. (2004, 2005). For anthropogenic
dust 8.81% C&", 1.05% Mg and 1.91% K from Loon et al. (2005) are used.
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EQSAM calculates the new equilibrium system betweerf SGNO;, -NH;, -
Na', -Cl~, -Ca?*, -Mg"*, K*, -H,0, and -HCI. This model run is called E_fine and
contains the formation of coarse nitrate on sea-salt ant] @itk the same values
as used in E_ss and E_d together with formation of fine nivatsea-salt and
dust and formation of ammonium nitrate.

HCI has been added to the EMEP model in this run. The producddiCl is
from the coarse nitrate formation on coarse and fine seald@tsame deposition
velocities as used in the EMEP model for HNBave been used for HCI. Both
HNO, and HCI are thought to be perfectly absorbed by plant casahie to their
reactivity and high water-solubility. Their canopy reaiste R = 0. This hypo-
thesis has been supported by several measurements (HaadeRobert, 1985;
Dollard et al., 1987; Meyers et al., 1989; Muller et al., 1293

3.3 Measurement data

Measurements of aerosols have traditionally been sampiditriation methods
and afterwards been analysed for the chemical composifitus is a straight-
forward method, but the volatility of ammonium nitrate areggtivity to nitric
acid makes this method sensitive to artefacts. Ammoniunateittan evaporate
from the filter, which may lead to underestimation of ammaninitrate in the
measurement. Nitric acid may adsorb to other aerosols diltbes leading to
underestimation of HNO A method to stabilise the semi-volatile nitrate is to im-
pregnate the filters with a reagent or to use a reactive tyfigef In the standard
EMEP network filter methods are used to measure aerosolsstihdard EMEP
network does not separate different sizes of aerosols. @bk Force on Meas-
urement and Modelling (TFMM) recommended to conduct cowtdid intensive
measurements between the EMEP super sites to measure ttegmticle dis-
tribution. The first sampling periods were set to June 20@bJamuary 2007.

The measurement data used in this thesis are from the EMERsine meas-
urement campaigns in June 2006 and January 2007, togetiemeasurements
from the standard EMEP network. The stations that took pattése campaigns
and their measured components are listed in Table 3.3. fierdae stations will
be referred to with their station ID (Table 3.3). The locatf the campaign
stations are visualized in Figure 3.2.
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Figure 3.2:Measurement stations from the campaigns in June 2006 anghdan
2007

The hourly PM data are measured by Aerodyne Mass Spectrometers (AMS).
This instrument does not determine the size fraction frotrofuof the intake.

It measures non-refractory aerosols that vaporize atb80) which essentially
translates into NFNO;. The hourly data for size fractions other than Pike
on-line ion detectors in combination with wet denuders. t&ystical biases in
the gas/aerosol partitioning in the hourly data (Fageui Aas (2008)) are highly
unlikely.

Only ITO1 has data from daily measurements that are artéfeet Measurements
of PM,, and aerosol are using a filter and denuder method and arecitede.
Other measurement sites apply either low/high volume sarsplr filter-packs in
the daily measurements.

The model distinguishes only between PMand coarse nitrate. Both BMind

PM, ; in the measurements have been compared tg AMthe EMEP model.
In the hourly measurements that use AMS this is the same asifiia¢e in the
EMEP model. Coarse nitrate in the EMEP model is compared asored nitrate
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Station name (ID) PM, PM,5 PMcse PM;o, aerosol HNQ@ NHj
Bush (GB33) 06
Harwell (GB36) 06 06 06 06 06
Auchencorth Moss (GB48) 06,07 06,07 06,07 06,07
Payerne (CHO02) 06 06,07
06,07 06,07
Melpitz (DE44) 07
06,07 06,07 06,07
Ispra (IT04) 06,07 06,07 06,07 06,07
Cabauw (NL11) 06,07 06,07 06,07 06,07
Montseny (ES17) 06" 06*
Virolhti Il (FI17) 06,07 06,07 06,07
Montelibretti (ITO1) 06,07 07 06,07 07 07 07
Birkenes (NOO1) 06 06,07 06,07 07
lllmitz (AT02) 06,07 06,07 06,07
Mace Head (IE31) 06

Table 3.3:EMEP stations used in the intensive measurement periodie 2006
and January 2007. PM and aerosol are measurements of panitlate.

2 from the standard EMEP network.

'06’: the station measured this component in June 2006.

'07’: the station measured this component in January 20@nyaneasurement in
bold letters, otherwise hourly measurement.

PM,.ar<e OF t0 the difference between measured nitrate, Padhd PM or PM, ..

At GB48 the measurement of nitrate BMs higher than for nitrate Pl both

in June 2006 and in January 2007. Therefor measurementgrfaterPM,, and
PM, ; from GB48 are not used, neither for 2006 nor 2007. At CHOzaretPM
exceeds nitrate P)jin the daily measurement. This can be caused by evaporation
of NH,NO; on the filter. At this station there were only a few time stepewe
nitrate PM exceeds nitrate P)j and these were discarded in the evaluation. At
NL11 the differences between measurements of nitratg,Rd PM are used
when comparing measurements to modelled values. iPMsed instead of P)}
because there are few observations of,2M

In the evaluation of the seasonal performance and the gpartle distribu-
tion of nitrogen compounds in the EMEP model, measuremeois the stand-
ard EMEP network are used. In these measurements of pateauitrate, filter
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packs are mainly used with no clearly defined cut-off, butegelly around PN,
NH,NO; evaporated from the aerosol front filter can be absorbed dynipreg-
nated filter causing enhanced HN@nd NH, values (Fagerli and Aas (2008)).
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Results and evaluation

This chapter contains an evaluation of the standard EMEPeiriotlowed by

evaluations of the different parametrizations implemeéniethis thesis. Meas-
urements from the EMEP intensive campaigns in June 2006 amaady 2007
together with measurements from the standard EMEP netwdrb& used to

judge how well the EMEP model performs during summer andewvint

The performance of E_std will be evaluated with respect timgen compounds,
sea-salt and dust. The gas/aerosol distribution of amrfanimonium and nitric
acid/nitrate aerosol will be discussed. The dependeneeieetthe different nitro-
gen compounds, described in chapter 2, makes it importaastdiow the model
manages to reproduce the gas/aerosol distribution. Famat aerosol nitrate
depends among other things on 1) the production of EINXpthe availability of
NH,/NHj, 3) the temperature, 4) the relative humidity and 5) the ditjom velo-
cities of the nitrogen compounds. The distribution of fine abarse nitrate and
the correlation of coarse nitrate are evaluated. The @iroel between observa-
tions and modelled values of coarse nitrate gives an uraieistg of how well the
EMEP model reproduces the physics of the chemical reactiims correlation of
coarse nitrate in the new parametrization depends on thelatons of both dust
and sea-salt, and also on the amount of dust and sea-saltefdhehe sea-salt
and dust performance of the EMEP model is evaluated in thedewion of the
evaluation of E_std.

The evaluation of the implementations will focus on how teevmodel performs

compared to the standard model run in terms of nitrogen comg® Both fine
and coarse nitrate in the new implementation are evaluatedl the results are

30
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compared to the results from E_std. The daily correlaticof {garticular interest
in this context, since this is where an improvement can be&egd when the de-
pendence of coarse nitrate on dust and sea-salt is takercaniiaic Finally the
gas-to-particle distribution in the new parametrizatiati e evaluated together
with the spatial correlation of coarse nitrate. The spataielation is a measure
of how well the model reproduces the spatial distributiooadrse nitrate.

Temporal correlation, spatial correlation and bias arel useéhe evaluations of
the model runs. The temporal correlation (hereafter refeto as 'correlation’)
between measurementsand modelled values »f a species is calculated as

Txy — Zi:l(zi - x) (y’l - y) (41)
(n—1)s,8,
wherez andy are the means of x and y, and g are the standard deviations of

x; and y, and n is the number of measurements. In the calculationroéletions,
daily measurements are used unless stated otherwise.

The spatial correlations are calculated in the same wayeagethporal correla-
tions, but here xand y are the means of measurement and modelled values at
station i, n is the number of stations andndy are the means of x and y over the
stations.

The bias is the difference between the arithmetic meanseofribdel and meas-
urements in the period used. Here the percent differenceeid as a measure of
the bias:

10030 2 — v
100 2 iz i = i (4.2)

n 21'21 Yi

4.1 Evaluation of the standard Unified EMEP model

Bias =

This section presents the evaluation of the standard EME&ehran (E_std),
which was necessary in order to provide a benchmark againgshwater im-
provements related to the new parametrization can be judged

4.1.1 Gas-to-particle distribution

In this section measurements from the entire standard EMEERonk are used.
This is done in order to get a broader picture of the gas/akdistribution as
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there are only few stations in the intensive measuremenpamns. Measure-
ments of total particulate nitrate in June 2006 and in Jan2@07 are compared
to the sum of coarse and fine nitrate in the EMEP model. Wherpaadmg model

results with measurements it should, however, be kept irdrthiat the average
height of the lowermost sigma layer in the EMEP model amotm&0 meters.

The task of deriving the vertical gradient within this laygnot a straightforward
one, which will add to the uncertainty in the comparisonsragaground meas-
urements.

NH; is underestimated by E_std both in June and January at thweegelian
stations (NOO1, NO39, NO15), see Figures 4.1 and 4.2. Hawéwe of the
Norwegian stations NO15 and NO39 are known to be situatedivivaments
which experience a strong influence from local ammonia ssufpers. comm.
Wenche Aas). This results in a poor spatial correlation meJ{Table 4.1). Local
sources close to the station give higher values in measutsrtiean the average
grid value. Apart from that, the modelled Nlgrees with the observations within
a factor of 2 at most sites.

There are no systematic differences between the modellédbbserved NE
neither in June nor in January. The stations are evenly dpaeaund the 1:1
line. However the measurements here are from filter packsavitossible negat-
ive bias of NH, (section 3.3).

Nitric acid is underestimated by E_std at some stations &ackstimated at oth-
ers. There seems to be a geographical pattern, e.g. witfoghl8an sites being
overestimated and all German sites being underestimategneral HNQis dif-
ficult to model, as is has a short lifetime in the lower troguese and is involved in
a complex equilibrium with NE, emissions of NQand photochemistry. In these
measurements filter packs are used, which are subject esbidke adsorption of
HNO; on filters depends on the choice of filter, and the evaporafiammonium
nitrate increases with temperature causing enhanced H#llDes (Schaap et al.,
2004).

Modelled particulate nitrate is lower than measuremengmost all stations in
June. This can be caused by several factors, for exampligiamsat production of
particulate nitrate in the model, too high evaporation ofreoanium nitrate during
daytime, or too high dry deposition of the aerosols. In Janabnost all stations
are within a factor 2 when comparing model and measurements.
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Figure 4.1: Comparison of modelled NfANH;, HNO; and particulate nitrate
in E_std and measurements from the standard EMEP netwonkna 2006. For

numbers of the average measurements, modelled averagehavetations and
correlation see Table 4.1.
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Figure 4.2:Comparison of modelled NHNH;, HNO; and particulate nitrate in
E_std and measurements from the standard EMEP network unadgr2007. For

numbers of the average measurements over the stationsaiibsorrelation see
Table 4.1.
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E_std E d ss E_fine
Component | Obs Ns Bias (%) Corr Bias (%) Corr Bias (%) Corr
June 2006
NH; in air 1.21 16 -15  0.07 -17  0.07 -15  0.06
NH in air 0.62 23 -13  0.68 -7 0.68 -14  0.69
HNO; inair | 0.19 18 -18  0.54 7 0.52 7 052
Nitrate inair | 0.32 28 -63  0.71 -75 0.70 -74  0.70
January 2007
NHj in air 0.98 17 -220.93 -25  0.93 -22 093
NHj in air 0.33 31 -1 0.62 16 0.64 -3 0.60
HNO; inair | 0.11 16 -55  -0.22 -23  -0.29 -27 -0.29
Nitrate inair | 0.26 27 -23  0.68 -12 0.66 -3 0.67

Table 4.1:Result from E_std, E_d_ss and E_fine in June 2006 and Jan0&rg;, 2
from the EMEP monitoring network. Ns is the number of stathere measure-
ments are available. Obs is the measured monthly averageNssstations given
in ng(N) n3. Corr is the spatial correlation between observations anotel
for station monthly averages. See the introduction to Céraptfor a definition of
bias.

4.1.2 Amount of fine and coarse nitrate aerosols

In this section only the intensive campaign data are usetiesetare the only
measurements separating fine and coarse nitrate.

Fine nitrate is somewhat underestimated by E_std, botme dod January (Table
4.2). At CHO2 there are two parallel methods to measurg RO, one is based
on hourly data (AMS) and the other one on daily data (graviciet These two
methods give different results, especially in June. Thiy dita are much lower
than the corresponding AMS measurements. This is probal@yta evaporation
of NH,NO; on the filter in the daily data. The hourly measurements awvbably
more correct due to artefact-free measurements by usingtt& method (sec-
tion 3.3). The only other stations with positive biases di@ll (+84%) and ES17
(+9%) in January.

Coarse nitrate is somewhat underestimated at most statyoBsstd both in June
and in January, see Figure 4.3 and Table 4.3. At NL11 the EM&gReirproduces
more coarse nitrate than is observed in June (bias of 83%ofmhhdata). NL11
also measures NFHHHNO; and fine nitrate. NEland fine nitrate are lower in E_std
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Figure 4.3:Coarse nitrate in E_std in June 2006, upper panel, and Jaypaan7,
lower panel. The bullets are observations of coarse niteatie stations from the
intensive measurement campaigns. Both measured and exdekrse nitrate is

shown inug(N)m3.



4.1. Evaluation of the standard Unified EMEP model 37

Station Bias (%) Correlation
ID E std E d ss E fine E std E d ss E fine
June 2006
CHO02 1000 1100 1100 0.55 0.49 0.49
DE44 -84 -69 -69 0.28 0.37 0.37
FI17 -100 -100  -100 -0.14  -0.26 -0.28
ITO1 -100 -98 -98 -0.22  -0.23 -0.23
ITO4 -34 -20 -20 0.54 0.53 0.53
NOO1 -99 -86 -71 0.17 0.36 0.31
ES17 -33 0 0 0.71 0.66 0.69
CHO02 -50 -27 -32 0.30 0.31 0.30
GB33 -91 -82 -76 0.66 0.66 0.63
GB36 -78 -67 -63 0.45 0.44  0.43
IE31 -89 -50 400 0.13 0.20 -0.02
NL11 -79 -72 -70 0.67 0.69 0.69
January 2007
CHO02 -47 -23 -19 0.69 0.68 0.67
DE44 -32 0 5 0.51 0.62 0.63
FI17 -20 0 40 0.13 0.20 0.34
ITO1 84 200 211 0.04 0.17 0.17
NOO1 -93 -70 377 -0.10 -0.10 0.23
ES17 9 43 35 -0.91 -0.88 -0.88
CHO02 -70 -58 -55 0.58 0.54 0.53
NL11 -44 -24 -15 0.71 0.71 0.70
DE44 -24 2 7 0.67 0.69 0.69

Table 4.2: Bias and correlation between measurements and model rusglfE
E_d_ssand E_fine for fine nitrate. Bold numbers are based oriyhdata, others
on daily data. Either PMor PM, 5 from measurements are compared tof2Nh
the model depending on availability.
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Station Bias (%) Correlation
ID E std Ess Ed E_dss E std Ess Ed E dss
June 2006
CHO02 -40 -100 -97 -96 -0.26 -0.03 0.56 0.53
GB36* -59 -96 -100 -94 0.05 0.39 -0.18 0.39
NL11* 133 -63 -98 -61 0.18 -0.15 0.32 -0.12
FI17 -3 92 -99 -92 0.44 0.66 0.00 0.66
ITO1 -64 -97 -94 91 0.17 -0.06 0.36 0.22
NOO1 -35 91 -100 -91 0.49 0.62 0.13 0.62
DE44 5 -96 -99 -96 0.11 0.56 -0.13 0.54
ES17 -30 95 -85 -79 0.14 -0.46 0.84 0.75
January 2007
CHO02 -79 -97 -100 -98 0.39 052 0.30 0.53
NL11* -64 -89 -100 -89 0.11 0.06 0.13 0.06
FI17 -27  -96 -100 -95 -0.03 0.05 0.07 0.05
ITO1 -30 -87 -99 -85 0.06 0.22 0.00 0.21
NOO1 16 -74 -95 -74 0.06 0.33 0.14 0.33
DE44 -50 -90 -100 -95 0.24 039 0.15 0.39

Table 4.3: Bias and correlation between measurements and model rusglE__
E_d, E_ss and E_d_ss for coarse nitrate. At the stations edawkth an aster-

isk have hourly measurements, here the daily averages & toscalculate the
correlations.

than what is observed, while HN®ave higher values in E_std in June. Low val-
ues of NH, cause less fine nitrate and hence excess gHftd@rm coarse nitrate.
Lower modelled NH values can be caused by, for instance, 1) an overestimation
of dry deposition, 2) local sources, and 3) chemistry.

In general E_std tends to produce low values of fine (and teesaxtent coarse)
nitrate, compared to observations.

4.1.3 Day-to-day correlation of coarse nitrate

The measurements from the intensive campaigns in June 2@D&aamuary 2007
are used here. The correlations are relatively low in bothrear and winter. The
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highest correlation is 0.49 at NOO1 in June (see Table 4.8daelation at the
other stations in June and January). In general, the moeésl| ot reproduce the
peaks of coarse nitrate. This is probably due to higher eoaitsate formation
during dust events and days with high sea-salt emissioreality, while in E_std
coarse nitrate formation depends only on HNDd RH.

4.1.4 C&"in dust

To evaluate the Cé content in dust, measurements of?Care compared to the
sum of 5% of the natural dust, 4.6% of coarse anthropogerst dnd 8.8% of
fine anthropogenic dust in the EMEP model (Figure 4.4), ap#rametrization
of coarse nitrate formation on dust assumes a fixed chenoogbaosition (section
3.2.1). This s a considerably simplified assumption siheechemical compos-

Figure 4.4:Monthly mean of assumed &acontent in dust in the EMEP model
in June 2006 inug M3, see text for details. The white dots mark the location of
the 13 stations from the intensive measurement campaigns.

ition of dust changes from region to region as discusseddtige3.2.1. With
this assumption on the Gacontent in dust, C4 is considerably underestimated
by E_std, as can be seen from comparisons at 24 stations stahdard EMEP
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Figure 4.5: Scatterplot of the model performance on dust compared waasm

urement of C&*. The total PM amount of C& in 2006 from the standard EMEP
network is compared to 5% of natural dust, 4.6% of coarse r@pthgenic dust

and 8.8% of fine anthropogenic dust in the EMEP model.

network during the whole year of 2006 (see Figure 4.5). Tlas laind spatial
correlation over the 24 stations are -51% and 0.46 resmdgtilin the year 2006
these 24 stations have highest underestimation from Ap@ugust, a negative
bias is also seen in autumn. In June 2006 and January 20G¥ itharmegative
bias of -73% in both months at the 24 stations (not shown). |[dWwer values of
Ca?* in the model compared to measurements can be caused byldaveses,
for example the assumed €aontent in natural and/or anthropogenic dust might
be too small. Anthropogenic dust emissions are also vergnsio. Few meas-
urements exist of total dust. In the intensive measurememnbgs there are two
stations that measure all the components in mineral dusilugtron of PV, of
dust at ES17 and ITO1 reveals an overestimation at ES17 mrhohths and an
overestimation in June at ITO1 and underestimation in Jgn{dasyro and Aas,
2008). In general, total dust seems to be reproduced rehativell. For more
data of dust in the EMEP model see Tsyro and Aas (2008). As #ié @ntent
is underestimated by the EMEP model, the assumption of 58 i@aatural dust
is probably too low.
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Measurements of Cé in both PM,, and PM exist for 5 stations (IT01, ES17,
DE44, FI17 and NOO1) in the intensive measurement periodse difference
between measured Bjyland PM is compared to 5% of the coarse natural dust
and 4.6% of coarse anthropogenic dust in E_std. This cosgrareveals a neg-
ative bias both in June and January (-92% and -95%, respg0tiVAt ITO1 and
ES17 total dust is overestimated in June, the assumptiof€&" content in
natural dust is probably too low, at least at these statidegative biases of coarse
nitrate are therefor expected at these 5 stations.

4.1.5 Sea-salt

Measurements of Naconcentration in air are compared to modelled K&1% of
the sea-salt in E_std) to evaluate sea-salt (Figure 4.68),dm®mical fixed com-
position of sea-salt is assumed (section 3.2). Measurenfierh 22 stations in
the standard EMEP network are compared with E_std duringvtitde year of
2006 (see Figure 4.7). This comparison shows that E_stestigrates Nacon-
centrations by 25% on average. The average spatial cooreiat0.78. Seasonal
verification of Nd gives a bias of 27% in winter, 14% in spring, -13% in summer,
and 18% in autumn (pers. comm. Svetlana Tsyro, EMEP stapastr4/2009 to
be submitted).

In the intensive measurement periods there are measuremehta in PM,,
(Na_PM_) and in PM ; (Na_PM, ;). Modelled coarse Nais compared to the
difference between measured Na_f&nd Na_PM.. In June there is a negative
bias of -75% and a spatial correlation of 0.49 at the 5 stat{fiiL7, NOO1, ITO1,
DE44 and CHO02) with measurements. In January the bias is &#%he mean
correlation is 0.77 at the same 5 stations as in June. A céosenination of the
intensive measurements data shows that E_std underessibath Na_PIy}, and
Na_PM, s. The differences between measurements from the monitoehgork
and the intensive measurement periods are probably nobdii#fdrent artefacts,
as daily measurements are used. The differences are melg dike to the us-
age of a different set of stations in the intensive campaighss can explain the
different biases in the E_std compared to measurements.1N&i@e only sta-
tion that measures air concentration of'Nlathe EMEP monitoring network and
Na_PM,and Na_PM.. This station has a negative bias of less than 30% for the
whole year of 2006 and less than 50% in June and January forcbatparisons
with the intensive periods and the EMEP standard network.
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Figure 4.6:Monthly mean of 31% of coarse sea-salt in the EMEP model ie Jun
2006 inpg M3, see text for details. The white dots mark the location oflfBe
stations from the intensive measurement campaigns.

In general Na is reproduced well over the whole year compared to measure-
ments of total Ng and enough coarse nitrate formation could be expected on
sea-salt. However, at the stations used in the intensiveuneaent periods there

is a negative bias of coarse Nand hence a too small formation of coarse nitrate
is expected here.

4.2 Coarse nitrate on mineral dust

In this section the parametrization of coarse nitrate fdioneon dust is evaluated.
The results from E_d will be compared to measurements and $6dE From
Figure 4.4 where the assumed®aontent in dust in the EMEP model in June is
visualized it is clear that improvements can only be expbict¢he Mediterranean
area.
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Figure 4.7:Scatterplot comparing modelled Navith measurements of NaThe
air concentration of Na from the EMEP monitoring network for 2006 is com-
pared to 31% of total sea-salt in the EMEP model.

4.2.1 Day-to-day correlation of coarse nitrate

The implementation of coarse nitrate formation on dust oups the correlation
at some stations and worsens it at others, see Table 4.3e Thenprovement
at the stations relatively close to the Mediterranean S8 TEITO1 and CHO02)
in June, while at stations further north (e.g. NOO1, FI17,36Bnd DE44) the
correlation worsens. ITO1 is one of the stations with imgaeorrelation (from
0.17 to 0.36). At this station there are also measuremer@&6t In Figure 4.8
the measurements of €aare shown together with modelled €ameasurements
of coarse nitrate and modelled coarse nitrate in E_std amd B correlation
between observed Gaand coarse nitrate can be seen, with a delay of one day
for coarse nitrate. Formation on dust is probably the maime®of coarse nitrate
at ITO1 in June 2006. The correlation of €aand modelled C# is 0.81, but
modelled C&" is lower than the measurements. The correlation of coatsaai
at this station is probably affected by the small amount of'Ga the first two
weeks of June.

The correlation at the stations that get affected by dustongs. At the sta-
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Figure 4.8:Black lines, left y-axis: Observations of €aat Montelibretti (IT01)
and model performance of 5% of natural dust, 4.6% of coardbrapogenic
dust and 8.81% of fine anthropogenic dust (the assumed amb@at* in dust).
Colored lines, right y-axis: Observation and model perfarce of coarse nitrate
in June 2006. The correlation between observed'Gand observed coarse nitrate
is 0.86, the correlation taking into account a time lag of Yy d&0.89.

tions without or with small amounts of dust there is eitherimtuence of this
implementation or the correlation seems to worsen.

4.2.2 Amount of fine and coarse nitrate aerosol

In E_std, fine nitrate is somewhat underestimated and to sxieat also coarse
nitrate. In E_d there is less coarse nitrate than in E_stdnamck fine nitrate.
However, there are still, to some extent, smaller values id than in measure-
ments of fine nitrate. The reason for more fine nitrate in E pdobably that there
is less formation of coarse nitrate and therefor more HBiilable to react with
NH; forming fine nitrate. There can be several reasons for thativegbias of
coarse nitrate in E_d. At ITO1, ES17, DE44, FI17 and NOO1 atewvestimation
of coarse nitrate on dust is expected, as the evaluationastedC&" content in
dust revealed too small modelled values at these statiohs. parametrization
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depends on the aerosol surface, which is uncertain. Thengsgun of 5% C&"
content in natural dust might be too low. There is also a rarigifferent uptake
coefficients of HNQ on dust from measurements in laboratory studies. Some
of these uncertainties have been tested in the sensitastyrtns E_d_min and
E_d_max, which are discussed in next section.

4.2.3 Sensitivity tests

To explore the sensitivity of the parameters in the paramaton, two additional
runs are performed, as described in section 3.2.1. In theseuns the effects of
the uptake coefficient of HNQand the content of Cd in dust are tested, by using
the lowest and highest values found in the literature fof*@antent in dust and
for the HNGQ, uptake coefficient.

Figure 4.9:The percent difference of coarse nitrate between E_d and fGad in
June 2006.

The change of coarse nitrate from E_d to E_d_max and E_d_smoti linear,
which is caused by the non-linearity in the change of thetr@acoefficient k.
In Figure 4.9 the percent change in coarse nitrate betwedrakd E_d_max is
shown. As expected, the change in coarse nitrate is higheiseiareas over the
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Mediterranean, which is the area with most dust and EINO

In Table 4.4 the differences between the sensitivity run Bnd are shown. At
ITO1, the station near Rome, and at the Spanish coastalista817 the effect of
the sensitivity test (Figure 4.10) is clearly seen.

June 2006

Station Bias (%) Correlation

ID E d E d min E d max E_d ca60 E d E d min E d max E_d ca60
CHO02 -97 -100 -94 -88 0.56 0.07 0.54 0.48
GB36* -100 -100 -99 -98 -0.18 -0.17 -0.19 -0.05
NL11* -98 -99 -97 -89 0.32 0.34 0.30 0.31
Fl17 -99 -100 -99 -97 -0.30 -0.42 -0.26 0.18
ITO1 -94 -100 -89 -81 0.36 0.39 0.37 0.39
NOO1 -100 -100 -99 -99 0.13 -0.17 0.11 0.18
DE44 -99 -100 -99 -97 -0.13 -0.19 -0.09 -0.06
ES17 -85 -99 -70 -45 0.84 0.82 0.85 0.86

Table 4.4: Bias and correlation between measurements and model ruds E_
E d min, E_d max and E_d_ca60 for coarse nitrate in Juneé20Che sta-
tions marked with an asterisk have hourly measurements,therdaily averages
are used to calculate the correlations.

The differences between monthly means of coarse nitratedn Bax and E_d_min
in June 2006, are a maximum in the Mediterranean Sea wherdiffeesnce
reaches 0.34,g(N) m~—3. The influence of these sensitivity tests changes over
Europe as can be seen from Table 4.4. At ITO1 the changes &etive E_d_max
and E_d_min are 0.039g(N) m—3, while the difference at NOO1 is 0.0Qh(N)

m~—3. Measured values at ITO1 and NOO1 are O:@§N) m—3 and 0.11.g(N)
m~3, respectively.

As the assumed Ca content of 5% natural dust revealed a severe underestim-
ation in the EMEP model compared to measurements an adalitiest of the
dust parametrization was done. The results of E_d_ca60 #hmamwthere is still
a negative bias at the stations where dust plays a signifioEtAt ITO1 coarse
nitrate in this model run is of the same magnitude as in thepaldmetrization
during a dust event, where there should be enough @agive more coarse ni-
trate (see Figure 4.11). This indicates that at some pdirgsot only the amount
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sensitivity model runs E_d_min and E_d_max are shown tegetith the stand-
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Figure 4.11Black lines, left y-axis: Observations of coarse®Cat Montelibretti
(ITO1) and model performance of 62.5% of total coarse duténEMEP model.
Colored lines, right y-axis: Observation and model perfarce of coarse nitrate
in June 2006.

of available C&*, which affects coarse nitrate formation on dust. In thigipalar
time and place (Figure 4.11) there is probably not enough Hai@ilable as the
peak in coarse nitrate in the old parametrization is the sadwer the Mediter-
ranean Sea there is up to 0.6§(N) m—3 in E_d_ca60. In comparison the value
of E_d over the same area is 0,A§(N) m=3.

4.2.4 Comparison to other work

Hodzic et al. (2006) implemented coarse nitrate formationlast in the regional
chemistry-transport model CHIMERE. The same method has beed in this
thesis as in Hodzic et al. (2006). A fixed chemical compositibdust is assumed
both in this thesis and in Hodzic et al. (2006). Hodzic et2006) assumed 17%
Ca’* content in dust which is high compared to the assumption of2%#6 con-
tent in natural dust and 4.6% in anthropogenic dust as is insis thesis. More
coarse nitrate is expected in their results as theff*@antent in dust is higher.
In Hodzic et al. (2006) there is only formation on naturaltddghe total dust in
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(a) Average coarse nitrate:/g m—2) in E_d in June 2006 plus January 2007
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(b) 2001 yearly average of concentration in coarse nitrgig (m?>)
from the study of Hodzic et al. (2006)

Figure 4.12:Coarse nitrate from this thesis in a) and figure 4a from Hodial.

(2006) in b)
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the EMEP model and natural dust in Hodzic et al. (2006) ar&énsame range
in southern Europe, but in northern Europe there are smallaes of dust in the
EMEP model. In Figure 4.12 modelled coarse nitrate from Hodgzal. (2006)
is shown together with modelled coarse nitrate in E_d. In#ioét al. (2006)
they calculate the annual mean of coarse nitrate, wheredssithesis monthly
means are calculated for June 2006 and January 2007 for Ehelavierage of
these two months is used for comparison with Hodzic et aD§20In E_d there
is less coarse nitrate than in the result of Hodzic et al. §200he higher Cacon-
tent assumed in Hodzic et al. (2006) can explain some of tifereinces. There
are also differences in the calculation of the aerosol sarfaetween this work
and Hodzic et al. (2006). In CHIMERE the aerosol distribnti® represented by
6 geometrically spaced size bins from 10 nm to;40 diameter with internally
mixed aerosols in each size bin. In the EMEP model aeroselsepresented in
two size bins, coarse and fine, and a log-normal size disioibis assumed here
to calculate the aerosol surface of the coarse aerosol.

In the sensitivity tests E_d_max has the same values as ¢tietzl. (2006)
between Spain and northern Africa, while in all other aréas model run has
lower values. E_d_ca60 gives higher values than Hodzic.€2806) between
Spain and northern Africa, but smaller values elsewheree Fdrametrization
of coarse nitrate on dust in this thesis does not produceseaatrate over large
enough areas.

4.3 Coarse nitrate on sea-salt

This section contains an evaluation of the implementatfaroarse nitrate form-
ation on sea-salt. The results from this implementatioh lvdglcompared to the
results from E_d and E_std.

4.3.1 Day-to-day correlation

In E_ss an improvement is expected at the coastal statiadsingparticular the
northern stations, as FI17 and NOO1, as these stations araatérized by high
amounts of sea-salt (Figure 4.6). The correlation impr@gesost of the stations
in the intensive measurement campaigns compared to E_#tdrbdune 2006
and January 2007. NL11, ITO1 and ES17 are not improving ie. JAhthese sta-
tions the correlation improved in E_d compared to E_std. $vemments of Na
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atITO1 are compared to 31% of sea-salt in E_ss and do notla@rreell in June,

which can explain the lack of improvement in coarse nitratgedation at this

station. Both ES17 and ITO1 are stations that are affectetliby; see Figure 4.4.
As ES17 is close to the sea an improvement from this impleatient of coarse

nitrate on sea-salt could be expected. In January 2007 thelaion improves at
all stations except NL11.

In the implementation of coarse nitrate formation on ségtisa daily correlation
improves compared to the correlation in E_std. In partictiiare is an improve-
ment at the northern stations near the coast.

4.3.2 Amount of fine and coarse nitrate

Both coarse and fine nitrate in E_ss are underestimated cedhfzathe intensive
measurements in June 2006 and January 2007. The biasesn@angd 00% to
-75% for coarse nitrate (see Table 4.3). It should be notatdahFI17, NOO1,
ITO1, DE44 and CHO2 there are negative biases of modelledcdmpared to
measurements. Fine nitrate is underestimated at all ssitioJune except ES17.
In January there are higher values in E_ss than in measutg@iesome stations
and smaller values at others. There is somewhat more fireenitr E_ss during
winter than in summer. For coarse nitrate there are no ciéferehces between
summer and winter. The formation of coarse nitrate on ska@isas more coarse
nitrate than the implementation of coarse nitrate on dusé. vialues of fine nitrate
in E_ss and E_d are comparable at the measurement statitmsklune 2006
and in January 2007.

The distribution between fine and coarse nitrate revealsralerestimation of

both coarse and fine nitrate in E_ss compared to the intem@asurements. The
biases for coarse nitrate are higher than for fine nitratear&onitrate in E_ss
is, as expected, mainly formed in the coastal region. Thetess coarse nitrate
in E_ss than in E_std but more than in E_d. The formation ofsmaitrate on

sea-salt is higher than the formation of coarse nitrate @t du

4.3.3 Sensitivity tests

The choice of one single log-normal size distribution foa-salt in the imple-
mentation of coarse nitrate formation on sea-salt is a siieghlassumption. Two
sensitivity runs of the EMEP model are done where the sizelligion of coarse
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sea-salt and hence the formation of coarse nitrate on $eig-shanged, as dis-
cussed in section 3.2.1. The choice of mode 3 of the trimamghlormal size
distribution for marine aerosol from Jaenicke (1988) gaeserosol surface that
is 2.81 times larger than mode 2 from O’Dowd et al. (1997). Tdwction rate
also depends non-linearly on the radius, see equation Bécfioice of a smaller
radius will give an even higher reaction coefficient. Theosesensitivity test is
to separate coarse sea-salt into 5 bins instead of choodoggreormal size dis-
tribution, and to let coarse nitrate form in each bin. In ggstion the results of
these sensitivity tests will be discussed.

June 2006

Station Bias (%) Correlation

ID E_ ss E_ss | E_ss split E_ss E_ss | E_ss split
CHO02 -99 -97 -99 -0.03 -0.08 -0.07
GB36* -96 -88 -95 0.39 043 0.42
NL11* -63 5 -56 -0.15 -0.19 -0.18
FI17 -89 -66 -87 0.78 0.81 0.80
ITO1 -97 -91 -91 -0.06 -0.10 -0.08
NOO1 -91 -78 -90 0.62 0.65 0.62
DE44 -96 -89 -95 0.56 0.65 0.62
ES17 -94 -80 -92 -0.46 -0.50 -0.48

Table 4.5: Bias and correlation between measurements and model russ,E_
E_ss jand E_ss_split for coarse nitrate in June 2006. Taeosts marked with

an asterisk have hourly measurements, here the daily aesrage used to calcu-
late the correlations.

More coarse nitrate is found in E_ss_jthan in E_ss whichpeeted. Also in this
simulation a negative bias is seen at all the measuremedrdrstan June 2006
(Table 4.5), and there is less coarse nitrate in E_ss_j th&n $td. The different
resultof E_ss, E_ss_jand E_ss_splitat FI17 and NOO1 arersimoFigure 4.13.
The monthly mean of coarse nitrate over the whole field in 2006 is for E_ss_|

0.08:g(N) m=3, while the monthly mean of coarse nitrate in E_ss is Q.0@\)
m—3.

E_ss_split does not give any large differences in coarsataicompared to E_ss
at the measurement stations. There is a tendence of morgecodrate at the
measurement stations in E_ss_split. This can be seen ime~gL4 where the



4.3. Coarse nitrate on sea-salt 53

pm10-pm25 Nitrate in air

0to | | | | | |

ugN/m3
|

0.00 —

156 161 166 171 176 181
Mean Obs: 0.08

Mean E_std: 0.08 FI17 Virolahti Il

Mean E_ss: 0.01

Mean E_ss_j: 0.02

Mean E_ss_split: 0.01
Corr.: 0.43, 0.66, 0.64, 0.65

pm10-pm25 Nitrate in air

05 | | | | | |

— E_ss_split
a E ss j
E_ss
0.40 — E_std
] Obs
™ ]
0.30 —
= ]
= ]
B om ]
= 020 —
0.10 —
1 —
0.00
I I | I I I
156 161 166 171 176 181
Mean Obs: 0.11 .
Mean E_std: 0.07 NOO1 Birkenes

Mean E_ss: 0.01

Mean E_ss_j: 0.02

Mean E_ss_split: 0.01
Corr.: 0.49, 0.62, 0.65, 0.62
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and E_ss_split are shown together with the standard rundeast E_ss.
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Figure 4.14The percent difference of coarse nitrate between E_ss$ asgliE_ss
in June 2006.

percent change between coarse nitrate in E_ss_split arsicthee whole EMEP
area is shown. The monthly mean of coarse nitrate in June @@86the whole
field is 0.04ug(N) m—3 in E_ss_split. By using coarse sea-salt in 5 separate bins
instead of assuming one coarse bin with one log-normal s&tellition, there

will be a switch towards smaller sizes of sea-salt in the sd#raction. Separat-
ing coarse sea-salt in 5 different size bins does not enhamogutational time
significantly (5% increase in CPU time).

The sensitivity tests show that there are quite large diffees in the amount of
coarse nitrate with the different approaches of deterrgittie size of coarse sea-
salt. The effect on the correlation at the intensive measeant campaign stations
is relatively low. The amount of coarse nitrate in the areastmaffected is up to
400% percent higher in E_ss_jthan in E_ss. In E_ss_spditupito 49% higher.

4.3.4 Comparison to other work

Myhre et al. (2006) studied coarse nitrate formation onssdtfor the year 2000
in a global chemistry-transport model, the Oslo CTM2. Irt 8tady the coarse ni-



4.4. Coarse nitrate on dust and sea-salt 55

trate formation on sea-salt follows a different approasisuaning an equilibrium
between HNQand NaCl and other ions. This method of assuming equilibofim
coarse aerosols probably causes an overestimation ofecoi@rste (Myhre et al.,
2006). In Myhre et al. (2006) they calculate the annual mdatoarse nitrate,
whereas in this thesis monthly means are calculated for 2066 and January
2007 for E_ss. The average of these two months is used for aagop with
Myhre et al. (2006) (Figure 4.15). This comparison reveads Ilcoarse nitrate in
E_ss than in the study of Myhre et al. (2006). It should als&dy in mind that
the Myhre et al. (2006) study is done for a different year ttasithesis, and that
the annual mean is calculated in their study. The coarse mnatie Myhre et al.
(2006) study starts at/m in diameter while in the EMEP model the coarse mode
starts from 2.5:m, which will give less nitrate in this thesis. In E_ss_j whigses
a size distribution for smaller aerosol there is still lesarse nitrate over land
than in the study of Myhre et al. (2006), but the amount of seauitrate over the
Mediterranean Sea is at some places up ig@NO;) m—3.

4.4 Coarse nitrate on dust and sea-salt

In this section the model run accounting for coarse nitratsation on both dust
and sea-salt is evaluated. In E_d_ss the same parameté¢he fize distribution
and uptake coefficient of HNObon dust and sea-salt are used as in E_d and E_ss.
The parameters from E_ss_j have not been used here evey @itleanore coarse
nitrate than E_ss, as with this choice the aerosols are reaange closer to fine
nitrate than coarse nitrate.

4.4.1 Day-to-day correlation

The correlation of coarse nitrate in E_d_ss is better thda istd at all stations
but NL11 in both June 2006 and January 2007, see Table 4.3unk the cor-

relation at most stations is mostly affected by the seaisgitementation, the

exceptions being ES17, CHO2 and ITO1, where dust also afteetcorrelation.

In January 2007 the sea-salt implementation has a stromigigemce than the dust
implementation at all stations. At ES17, in June 2006, tieeome peak of coarse
nitrate that origins from the coarse nitrate formation oa-sealt, and one peak in
the second half of June that origins form coarse nitrate &bion on dust, as can
be seen in Figure 4.16. The lack of continuous observatialemit uncertain if

E_d_ss has the maxima of coarse nitrate at the right times.
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Figure 4.15:Coarse nitrate from this thesis in a) and figure 2 from Myhralet
(2006) in b), both inug(NG; ) m=3
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Figure 4.16:Coarse nitrate at ES17 in June 2006, from the intensive neasnt
campaign. The difference between measured AMrate and PM ; nitrate is
compared to coarse nitrate in the EMEP model.

It is encouraging to see that the correlation improves imge parametrization
with formation of coarse nitrate on both dust and sea-satipaoed to the ref-
erence run at all stations in June 2006 and January 2007ptekitd 1 in June
2006).

4.4.2 Amount of fine and coarse nitrate

Coarse nitrate in E_d_ss is lower than in the measurements tine intensive
campaigns, both in June 2006 and in January 2007 (Table €8rse nitrate
forms almost exclusively over the ocean in E_d_ss and thereexry low con-

centrations over land. Figure 4.17 shows the spatial vanaif coarse nitrate in
E_d_ss together with the observations of coarse nitratee arhount of coarse
nitrate is in the same range as in E_ss at the intensive nesasat campaign
stations. There are differences over the MediterranearaS@aorthern Africa,

the areas where formation of coarse nitrate on dust coméstio coarse nitrate in
E_d_ss. There is less coarse nitrate in E_d_ss than in Es stdnabe see from
Figures 4.3 and 4.17, which are plotted with the same colaledor coarse ni-

trate.

57
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Fine nitrate in E_d_ss is considerably lower than in the messents from the
intensive campaigns in June 2006. There is more fine nitrake d_ss than in
E_std both in June 2006 and in January 2007. This is probahlged by less
formation of coarse nitrate in E_d_ss, and hence more Hi@act with NH to
form fine nitrate. In January 2007 there is more fine nitraté id_ss than in the
measurement at some stations and less at other stations.

There is, in general, not enough coarse nitrate in E_d_spad to the intens-
ive measurement stations, neither in June nor in January. t¢h ss there is less
coarse nitrate than in E_std, whereas more fine nitrate eatesd in E_d_ss than
in E_std. Compared to measurements there is less fine nitr&ed ss in June
than in the measurements.

4.5 Coarse and fine nitrate on dust and sea-salt

In the evaluation of E_fine the focus will be on the differehbetween E_fine
and E_d_ss. This is done to see if the formation of fine nitbaténe dust and
sea-salt has any effect on the partitioning of fine and caztsae.

4.5.1 Day-to-day correlation

There are no significant changes in the correlation of finexteitby including
formation of fine nitrate on fine dust and sea-salt in June 20®8anuary there
are changes in the correlation at some stations. The chamgdsghest at the
northern coastal stations FI17 and NOO1. At these stationglation improves
(see Table 4.2 for numbers and Figure 4.18 showing E_finelat ial January
2007). FI17 and NOO1 are stations where there is a lot of akeaagich probably
explains the changes in the correlation.

The correlation of coarse nitrate is the same in E_fine as th & in June. In
January there are minor changes in the correlation of codtrs¢e between E_fine
and E_d_ss at all stations. At some stations the correlat@sens and at others
it improves. All the stations have a better correlation ifie than in E_std in
both June and January, except NL11.

The correlation of coarse nitrate does not change signtficam neither of the



4.5. Coarse and fine nitrate on dust and sea-salt 59

(b)

Figure 4.17:Monthly mean of coarse nitrate in the model run with coarseate

formation on dust and sea-salt (E_d_ss) and observationeafse nitrate at the
stations from the intensive measurement period in a) Ju@é 20id b) January
2007. The bullets depict observations with the same colalesas the modelled

field.
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Figure 4.18:Fine nitrate at FI17 in January 2007. E_fine is shown togethih
E_std and E_d_ss. E_fine improves the correlation at thisosta

two months studied here. While the correlation of fine n&ramproves at two
stations in January, no significant changes are seen in June.

4.5.2 Amount of fine and coarse nitrate

Coarse nitrate is severely underestimated compared to¢hsurements with bi-
ases from -74% to -98% in both June and January. The resutiksto the
resultin E_d_ss with slightly smaller values at some si&tio

Fine nitrate has lower values in E_fine than in the measureedune at almost
all stations. In January there is more fine nitrate in E_finegared to measure-
ments at some stations and less at others, see Table 4.2nfikwenst Compared to
E_d_ssthere is more fine nitrate in E_fine, especially at [B3line and at NOO1
in January. The difference at the Norwegian station can ped by less NH
in winter, and the inclusion of fine Nawill form fine nitrate as long as HNQO's
available.

Including the formation of fine nitrate on dust and sea-saltlg more fine nitrate,
especially in IE31 in June and NOO1 in January. These twastare stations
relatively close to the coastline. There are no significhaihges in coarse nitrate
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in neither of the months.

4.5.3 Comparison to other work

Feng and Penner (2007) modelled nitrate in a global aerdwrhistry-transport
model for the year 1997. They considered coarse and findenfivamation on
both dust and sea-salt in a dynamical mass transfer catmuldn their study they
assumed sea-salt to be 100% NaCl and an averageddatent of 4.2% in dust,
while in this thesis 5% C& content in dust is assumed. Their coarse mode nitrate
is comprised of aerosols with diameter larger than L25which is lower than in
the EMEP model where the coarse fraction are aerosols wathetier larger than
2.5pum. In addition to coarse nitrate formation on calcite andduote in mineral
dust, Feng and Penner (2007) considered coarse nitratatiomon K and N&
on mineral dust. Monthly means from June 2006 and January RO&_fine
have lower amounts of coarse nitrate than in Feng and Pe2@@r) (see Figure
4.19 to see the differences in January). One minor reasdhdédower amount of
coarse nitrate in E_fine is that smaller aerosols are indlirdéhe coarse fraction
in Feng and Penner (2007), and they account for more reactiordust. The
differences might also come from different dust and sebfsddls. In the fine
nitrate field E_fine has also smaller values than in Feng andd?g2007), but
here the differences are smaller.

4.6 Gas-to-particle distribution in the new implement-
ations

In this section measurements from the entire EMEP monigaratwork are used,
as in the evaluation of the gas-to-particle distributiofirstd. The periods eval-
uated are June 2006 and January 2007.

Modelled NH; is within a factor two at most stations, see Figures 4.20 a@d 4
where the result of E_fine are shown. At the Norwegian statibe new im-
plementation underestimates flds in E_std. These Norwegian stations are
probably affected by local sources as mentioned in the atialu of NH; in
E_std.There are hardly any changes in the model performainbiH, neither

in June nor January in the model runs with the new paramgtiza
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(a) Monthly average of coarse nitrate in January
2007 in E_fine
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(b) Monthly average coarse nitrate January 1997, figure
2 from Feng and Penner (2007)

Figure 4.19:Coarse nitrate in this study a) and from Feng and Penner (2007
b). Both Figures shows coarse nitrate in pptv NGCoarse nitrate in E_fine are
> 2.5 um in diameter, while in Feng and Penner (2007), coarse raeteae > 1.25

pm in diameter.
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Figure 4.20:Comparison of modelled NJANH;, HNO; and particulate nitrate in
E_std with measurements from the standard EMEP networkra 2006. Meas-
urement and model averages over the stations together wiithlations are given

in Table 4.1.
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Figure 4.21:Comparison of modelled NHNH;, HNQ, and particulate nitrate
in E_fine and measurements from the standard EMEP networ&nnaly 2007.
Numbers for the measurement average over the stationsahthsorrelation are
given in Table 4.1.
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In general, small changes are seen in modelled values g¢f &ilthe stations.
In E_std the monthly modelled mean in June was Q.8N) m—3, which has
changed to 0.5&g(N) m~3 and 0.54ug(N) m~2 in E_d_ss and E_fine, respect-
ively. In January there is a comparable change, except tfeastation in E_fine
disengages from the other model runs, with IE06 being sBvaralerestimated
(see Figure 4.21).

There is more nitric acid in E_d_ss and E_fine than in E_stdoihn Bune and
January (Table 4.1). The smaller coarse nitrate formatidghe new parametriza-
tion can probably explain the higher amount of HN®these model runs.

In June there is a mean value of 0.08(N) m~3 particulate nitrate in E_d_ss
and E_fine, while in E_std the mean value was Quy2N) m=3. In January the
modelled mean of particulate nitrate is 0.25, while in E sthrsd E_std the values
are 0.23:ug(N) m=3 and 0.20ug(N) m~3, respectively. When comparing particu-
late nitrate in Figure 4.2 and 4.21 the differences betweestideand E_fine seem
to be caused by more modelled nitrate at the Irish stations.

There are no significant changes between the different mmhal in the gas-
to-particle distribution. In the new parametrization thes more HNQ probably
due to less coarse nitrate formation. In the evaluation wat@ in this section
total nitrate aerosols are evaluated. This evaluation shbat the model has sim-
ilar results against measurements with the new paramednizas with the old
parametrization, even if the evaluation of coarse nitratealed a high underes-
timation of coarse nitrate against measurements. Thisshow important it is
to evaluate model results against measurements of fine amskcoitrate, in order
to see how the model performs in terms of nitrate.

4.7 Spatial correlation

Scatter plots of measured coarse nitrate and modelledecodrate in E_d, E_ss,
E_d_ss and E_std in June 2006 and January 2007 are shownuire Big?2. In

June the spatial correlation is the same in E_d_ss and E=€id'9); it is worse

in E_ss and E_d than in E_d_ss. The spatial correlationsighehin January
than in June in all model runs. In January the spatial cdroglas slightly worse

in the new implementation than in the standard run. The implgation with the
best spatial correlation in January is E_d.
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Figure 4.22:The spatial correlation of coarse nitrate in E_std, E_ssdE&nd
E_d_ssin a) June 2006 and b) January 2007.

The spatial correlation does not change significantly vighrtew parametrization.
Itis still relatively high even if the model forms too smathaunts of coarse nitrate
in both June and January. The spatial correlations of E_dEasd are worse than
for E_std and E_d_ss, which is expected as only one of thediom pathways
of coarse nitrate is implemented here. The fact that the saues of spatial
correlation are found in E_std and E_d_ss shows that bodmpatrizations are
driven by HNGQ,, and high values of HNQgive high values of coarse nitrate. That
the new parametrization does not give a better spatial ledige may imply that
the spatial correlation of dust and NaCl is not good enougjiv®an improvement
in the model. The day-to-day correlation, however, becdpedter.



Chapter 5

Summary and conclusion

In this thesis a new parametrization of coarse nitrate orerairdust and sea-salt is
implemented in the Unified EMEP model. The formation of ceansrate on dust
involves the reactions between Hij@nd calcite and dolomite, the most reactive
part of mineral dust towards HNO The formation of coarse nitrate on sea-salt
involves the reaction between HN@nd NaCl. A full heterogeneous reaction in
the forward direction is assumed for both mineral dust arsdssdt. The imple-
mentations of coarse nitrate formation on dust and seasaltested separately
and in combination to allow for an evaluation of their indival and total effects
on the model performance. Finally a model run including,ddiion, the forma-
tion of fine nitrate on sea-salt and dust is performed. Sétestruns are done to
assess the sensitivity of the implementations to variousmpeters.

The model results are compared to measurements of nitnaisade from the in-
tensive measurement campaigns in June 2006 and Januarya20®iése are the
only sets of measurements that separate fine and coarselaeise aim of this
thesis was to examine if the EMEP model gives a better regtamuof coarse
nitrate formation by explicitly including the uptake of HN®n coarse sea-salt
and dust.

The results from this thesis can be summarized as follows:

e The new parametrization of coarse nitrate on dust and $esrgaoves the
temporal correlation at all measurement stations from rikensive meas-
urement campaigns, except at the Dutch station NL11 in J0@6.2

e Coarse nitrate in the new parametrization is severely @wstienated at the

67
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measurement stations. However, it should be noted thateleetson of
stations can affect the results of the evaluation. In JurtkJamuary the
evaluation of coarse Caand N4 reveals a severe underestimation, while
the yearly evaluation against measurements of total akefosoincluding

all sizes) from the standard EMEP monitoring network shases Isevere
disagreement (-51% for total €5 and +25% for total N9. This suggests
that either the months of June 2006 and January 2007 are Hohodelled

or the selected stations are not sufficiently represetédivthe precursors
sea-salt and dust.

There are only two months of intensive measurements anarémygew ob-
servations separating coarse and fine nitrate. Indeednat stations there
are no continuous measurements even in the two months ohtiesive
campaigns. This is not sufficient for a thorough evaluation.

The sensitivity of the different parameters in the impletagon of coarse
nitrate on dust and sea-salt was tested. The uptake coeffai¢iNO; on
dust was tested, together with the Taontent in dust and the size dis-
tribution of sea-salt. Neither of these sensitivity stsdieuld explain the
severe underestimation of coarse nitrate in the modeltsesith the new
parametrization.

The inclusion of fine nitrate formation on fine dust and sdad@es not
change the model results of coarse nitrate significantlyer@tare some
changes in fine nitrate in the model, yielding more fine niti@tsome sta-
tions.

The comparison with other model studies of coarse nitratedtion on
dust and sea-salt reveals a relatively small formation afs®nitrate in this
study. Part of the differences is due to the different meshad in the other
studies. Another reason is the assumption of a highéf Gantent in dust,
and possibly more dust in the model. The model-measureremarisons
found in the other studies focus on total nitrate only, widoles not give a
direct measure of how the coarse nitrate parametrizatidonpes.

In the future an alternative method of implementing coars&ate on dust and
sea-salt could be tried in the EMEP Unified Model, as the priasethod yields
a severe underestimation. The equilibrium method is onsiplesapproach, and
the EQSAM module could be used for this purpose. Howevehdukl be taken
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into account that formation of coarse nitrate does not resghlibrium within
the 20-minute chemical time step in the EMEP model. It is dissirable to get
more measurements of coarse and fine nitrate to allow for @ ocumprehensive
evaluation of nitrate in the EMEP model. If possible one sti@lso attempt to
implement a chemical speciation of dust in the EMEP modeha<a* content
in dust represents a major uncertainty in the implememaifaoarse nitrate on
dust.

Given the rather high uncertainties regarding the fornmatibnitrate and its life
cycle in the Earth system, combined with the increasingiveamportance of
nitrate aerosols to the ecosystem, human health, and elintas clear that im-
provements in the modeling of nitrate in particular and tiiegen cycle in gen-
eral should be among the research priorities in the yearsreec
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