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Abstract

Aerosols have in recent years been given increased attention due to their effects on
climate and health. Drastic reductions in sulphur emissions in Europe during the
last two decades have led to a larger relative importance of nitrate aerosols. How-
ever, large uncertainties still exist in the representation of nitrate in atmospheric
models.

In this thesis heterogeneous reactions of HNO3 on dust and sea-salt, represent-
ing a major pathway of nitrate formation, have been implemented in the Unified
EMEP model. A kinetic approach has been used assuming a totalreaction in the
direction towards nitrate. The aim of this thesis has been toinvestigate whether
reactions of HNO3 on dust and sea-salt can improve the Unified EMEP model’s
performance in terms of nitrate compounds. A stepwise approach has been chosen
to implement the different processes and reaction sites oneafter another.

In June 2006 and January 2007 two intensive measurement campaigns where con-
ducted, which separated coarse and fine nitrate. In this thesis, the results of the
new nitrate implementation have been evaluated in detail against these and other
measurements within the EMEP network, showing that the temporal correlation
of coarse nitrate has clearly improved. However, it has alsobeen found that the
implementation yields too small values of coarse nitrate over land. This negative
bias will be an important issue for future work.
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Chapter 1

Introduction

Due to extensive control measures, sulphur emissions have been reduced drastic-
ally in large parts of Europe and North America after the 1970s. Also emissions
of nitrogen oxides and ammonia have decreased, albeit not asmuch. Due to the
chemical interaction between sulphur and nitrogen compounds in the atmosphere,
the large reduction of sulphur emissions has offset the decrease in nitrate aerosols
and in some cases even led to a slight increase. The relative importance of nitrate
aerosols with respect to other aeorsols has thus increased.Over Europe nitrate aer-
osols now account for 10-20% of the total dry aerosol mass (Putaud et al., 2004)
and affect the ecosystem through acidification and eutrophication. They also have
adverse effects on human health and contribute to climate change.

Inorganic aerosols such as sulphate, nitrate and ammonium and their precursor
gases sulphur dioxide, nitrogen oxides and ammonia cause acidification when de-
posited to the Earth’s surface. Nitrogen species can also act as nutrients. Spe-
cies adapted to nitrogen deficiency may, when nutrient loadsincrease, be out-
competed by species with higher nitrogen demand, resultingin a loss of biod-
iversity (Krupa, 2003).

Aerosols play a role in the degradation of air quality. Health effects related to
particulate matter (PM) include asthma, lung cancer, cardiovascular deseases, and
premature death. Current exposure to PM from anthropogenicemissions leads to
the loss of 8.6 months on average of life expectancy in Europe(WHO,2006).

Nitrate aerosols affect the climate both directly and indirectly. Bauer et al. (2007)
studied nitrate aerosols and estimated the present nitrateforcing to be -0.11 W/m2,

1



2 Chapter 1 Introduction

while Myhre et al. (2006) estimated the radiative forcing ofnitrate aerosols to be -
0.02 W/m2. In IPCC (2007) the direct radiative forcing of aerosols wascalculated
to -0.9 W/m2 ± 0.4 W/m2. Martin et al. (2004) found that radiative forcing of ni-
trate was about 10-15% of the sulphate forcing. Indirect climate effects of nitrate
aerosols occur through their influence on the chemistry of ozone, an important
climate gas, as heterogeneous chemistry involving nitrateconstitutes a sink for
nitrogen oxides.

Given the importance of nitrate aerosols, observational and modelling tools have
been applied to follow their evolution and to study the chemical and physical pro-
cesses involved in their formation. The main objective of the EMEP programme
(Co-operative programme for monitoring and evaluation of the long-range trans-
mission of air pollutants in Europe) is to provide governments and subsidiary bod-
ies under the Convention on Long-Range Transboundary Air Pollution (LRTAP),
signed in 1979, with qualified scientific research to supportdevelopment and fur-
ther evaluation of the international protocols on emissionreduction negotiated
within the Convention. Measurements from the EMEP network and calculations
performed with the Unified EMEP model have been important as abasis for
a number of emission control protocols (e.g the Gothenburg protocol in 1999).
The Unified EMEP model has been developed at the Meteorological Synthesizing
Centre - West (MSC-W) at the Norwegian Meteorological Institute, one of the five
centres under the EMEP programme.

Nitrate has a relatively complicated chemistry, as it is semi-volatile and enters into
a complex chemical equilibrium with sulphuric acid, ammonium, ammonia, nitric
acid, sea-salt and mineral dust. In addition, nitrate aerosols are size-distributed,
with large aerosols having different physical properties than small aerosols (e.g.
large aerosols are subject to faster dry deposition). The size distribution of nitrate
can thus be decisive for the model results.

In recent years there have been several model studies of coarse nitrate formation
on dust and sea-salt (Hodzic et al., 2006; Myhre et al., 2006;Feng and Penner,
2007; Liao et al., 2003; Bauer et al., 2007; Capaldo et al., 2000). In this thesis
a new parameterization of coarse nitrate formation on dust and sea-salt is imple-
mented. The parametrization follows the same method as Hodzic et al. (2006),
where a total heterogeneous reaction in the forward direction between HNO3 and
mineral dust is assumed.
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Model results, however, have to be evaluated continuously against measurements
in order to remain trustworthy. Up to now only limited observations separating
HNO3 and particulate nitrate (NO–3 ) exist for Europe, in particular measurements
that separates coarse and fine particles. This is about to change as a result of meas-
urements in the EU-project NitroEurope and campaigns in theEMEP network. In
this thesis measurements from the intensive periods in the EMEP monitoring net-
work and standard measurements from the EMEP monitoring network are used
to evaluate Unified EMEP model results and the new parametrization of coarse
nitrate.

The thesis will start by describing in chapter 2 the underlying theory with fo-
cus on nitrogen compounds and their precursors. Chapter 3 will review some of
the main features of the Unified EMEP model, followed by a detailed descrip-
tion of all the new implementations and sensitivity tests performed for this thesis.
In chapter 4 the new parametrization will be discussed and evaluated in detail.
Finally, summary and conclusions are given in chapter 5.



Chapter 2

Background

In this chapter, atmospheric processes and chemistry of relevance for nitrogen
oxides (NOx−−NO + NO2) are described, followed by a description of the form-
ation of nitrate aerosols. Different sources of nitrate aerosol precursors will be
presented.

2.1 Atmospheric processes

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

• Emissions.Chemical species are emitted to the atmosphere by anthropo-
genic and natural emissions. Natural emissions can be subdivided into bio-
genic and non-biogenic emissions.

• Chemistry.Chemical reactions lead to the production and loss of chemical
species.

• Transport.The gases and aerosols in the atmosphere are transported from
their sources by advection, turbulence and convection.

• Deposition.There are two types of deposition; dry deposition (i.e. direct
reaction or absorption on the ground) and wet deposition (scavenging by
precipitation).
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2.2. Atmospheric chemistry of nitrate 5

Numerical models are used to simulate these processes on computers. Models that
divide the atmosphere into grid boxes are called Eulerian models. In this kind of
models, the rate of change of the abundance of a species X overtime inside one
grid box must equal the sum of all sources and sinks of the species within the grid
box. This rate of change in concentration c of species X can beexpressed as:

dc

dt
=

∑

sources−
∑

sinks = Fin + E + P−Fout−L−D (2.1)

where Fin and Fout are the transport into and out of the grid box, respectively,E
is the emission of species X, P is the chemical production, L is the chemical loss
and D is the deposition of species X within the grid box.

The atmospheric lifetimeτ is a measure of how long it takes for a species to
diminish by a factor 1/e, thus called e-folding lifetime. Itis a useful measure
of the time it takes for a system to reach steady state, and canbe calculated as
follows:

τ =
c

∑

sinks
=

c

Fout + L + D
=

1

k
(2.2)

where k is the overall rate coefficient of the loss processes.Species with short
lifetimes will be present in high concentrations around their sources, and in low
concentrations far away from their sources. Species with very long lifetimes on
the other hand will be more uniformly distributed.

2.2 Atmospheric chemistry of nitrate

The oxidizing capacity of the atmosphere is of key importance for atmospheric
chemistry, a major oxidant being the OH radical. The OH radical is produced
when solar UV radiation decomposes ozone (O3) into molecular oxygen (O2) and
energetically excited oxygen atom (O1(D)):

O3 + hv −→ O2 + O 1(D) (2.3)

O 1(D) + H2O −→ 2OH (2.4)

The main sinks of OH are carbon monoxide (CO) and methane (CH4), and the
resulting lifetime of OH is on the order of one second. This short lifetime causes
highly variable OH concentrations, with OH responding rapidly to changes in
sources and sinks. As the formation of OH requires sunlight it exists only dur-
ing daytime. For tropospheric chemistry all the cycles involving CO, CH4, O3
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and NOx are of key importance. However, only the NOx cycle will be described
here since this is the most important cycle for the understanding of aerosol nitrate
formation.

2.2.1 The NOx cycle

NOx is mainly emitted as NO, but during daytime NO rapidly establishes (on a
timescale of minutes) an equilibrium with NO2 in the null cycle:

NO + O3 −→ NO2 + O2 (2.5)

NO2 + hv
O

2−→ NO + O3 (2.6)

This rapid cycling makes it most appropriate to consider thebudget of NOx as a
whole. At night NOx is present as NO2 as there is no photolysis at night. The
principal sink of NOx during daytime is oxidation to HNO3:

NO2 + OH + M −→ HNO3 + M (2.7)

were M represents an inert molecule that absorbs excess molecular energies. How-
ever, as OH requires sunlight, reaction 2.7 does not occur during night time. At
night time the sink of NOx is oxidation of NO2 by O3:

NO2 + O3 −→ NO3 + O2 (2.8)

NO3 + NO2 + M −→ N2O5 + M (2.9)

N2O5 + H2O
aerosol−−−→ 2 HNO3 (2.10)

This sink is not efficient during daytime as the NO3 radical is rapidly photo-
dissociated back into NOx:

NO3 + hv −→ NO2 + O (2.11)

NO3 + hv −→ NO + O2 (2.12)

Overall NOx has a lifetime of approximately one day. HNO3 is highly soluble
in water and thus scavenged by precipitation, an additionalsink for HNO3 are
reactions with sea-salt and dust. The lifetime of HNO3 is on the order of a few
days in the lower troposphere due to wet and dry deposition. This short lifetime
makes HNO3 an insufficient reservoir for NOx.However, PAN (peroxyacetyl ni-
trate) which is formed from carbonyl compounds, can act as a reservoir for NOx.
Especially at low temperatures PAN is rather stable and can be transported over
long distances.



2.2. Atmospheric chemistry of nitrate 7

2.2.2 Nitrate aerosols

The atmosphere contains significant concentrations of aerosol particles, both in
urban and remote areas. Aerosols stem from direct emissions(primary aerosols)
and from gas-to-particle conversion (secondary aerosols). Aerosols are generally
considered to be particles in the size range from a few nanometers (nm) to tens
of micrometers (µm) in diameter. They are divided into fine and coarse aerosols,
where fine aerosols here are defined to have a diameter (d) of less than 2.5µm
(PM2.5) and the coarse fraction has a diameter larger than 2.5µm. In the fine
fraction the aerosols are mostly from condensation of precursors gases. The fine
mode is often further divided into a nucleation mode, ranging from∼ 0.005 to 0.1
µm in diameter and an accumulation mode from 0.1 to 2.5µm. From mechanical
action of the wind at the Earth’s surface sea-salt, soil dust, and vegetation debris
are emitted into the atmosphere. These aerosols exist mainly in the size range
from 1 to 10µm. Finer aerosols are difficult to generate mechanically because of
their large area-to-volume ratios and hence high surface tension per unit aerosol
volume, while coarser aerosols are not easily lifted by the wind and they have
short atmospheric lifetimes due to efficient sedimentation. There are two removal
processes of atmospheric aerosols: deposition at the Earth’s surface (dry depos-
ition) and incorporation into cloud droplets during the formation of precipitation
(wet deposition). The bulk of atmospheric aerosols are found in the lower tropo-
sphere and their lifetimes are on the order of 1-2 weeks.

Nitrate aerosol is one of the major compounds of the suspended particulate matter
in the atmosphere. It represents between 5-15% of the total aerosol particulate
mass smaller than 10µm diameter (PM10) (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 (NH4NO3) which is formed
through reactions between ammonia and nitric acid. Formation of ammonium
nitrate proceeds in areas of high ammonia and nitric acid concentrations, when
sulphuric acid (H2SO4) concentrations are low. Nitric acid competes with sulph-
ate to react with the available ammonium. First, sulphuric acid and ammonium
react through reaction 2.13, and the excess ammonium then reacts with nitric acid
through reaction 2.14.

2NH3(g) + H2SO4(a) −→ (NH4)2SO4(s) (2.13)
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NH3(g) + HNO3(g) −−⇀↽−− NH4NO3(a, s) (2.14)

where g indicates the gaseous phase of the species, a the aqueous phase and s the
solid phase. Ammonium nitrate can exist as a solid or in aqueous solution of NH+

4

and NO–
3 depending on the ambient relative humidity (RH). If RH is less than the

deliquescence relative humidity (DRH) ammonium nitrate isa solid. The DRH is
dependent on temperature (Pandis and Seinfeld, 1998):

ln(DRH) =
723.7

T
+ 1 .6954 (2.15)

were T is the temperature in kelvin. Higher formation of solid ammonium nitrate
thus occurs at low temperatures, which gives rise to a seasonal variation with
higher ammonium nitrate formation in winter.

Coarse nitrate formation

Coarse nitrate is associated with sea-salt and crustal elements in dust (Wu and
Okada, 1994). In marine areas with high sodium concentrations HNO3 produces
sodium nitrate (NaNO3) and in areas with crustal material from local soil or
desert dust HNO3 produces calcium nitrate (Ca(NO3)2) and magnesium nitrate
(Mg(NO3)2) (Mamane and Gottlieb, 1992; Krueger et al., 2004) through the fol-
lowing reactions:

HNO3(g) + NaCl(s, a) −→ NaNO3(a) + HCl(g) (2.16)

2HNO3(g) + CaCO3(s) −→ Ca(NO3)2(s) + CO2(g) + H2O(l) (2.17)

where l indicates the liquid phase. Calcite (CaCO3) and dolomite (MgCa(CO3)2)
constitute the most reactive part of dust towards HNO3 (Usher et al., 2003; Krueger
et al., 2004; Vlasenko et al., 2006).

Reaction 2.14 will reach equilibrium within a few seconds (Capaldo et al., 2000)
while the timescale for coarse nitrate to reach equilibriumis on the order of hours
(Meng and Seinfeld, 1996). Ammonium sulphate forms first as this reaction is
faster than the formation of ammonium nitrate. If there is any excess NH3 am-
monium nitrate forms. Any excess of HNO3 present after this equilibrium has
been reached, will react with dust and/or sea-salt to form coarse nitrate.
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2.3 Sources of nitrate precursors

The most abundant precursors of aerosol nitrate are ammoniaand nitric acid. In
this section the sources of NH3 and HNO3, their geographical distribution and
lifetimes will be described. In addition a short description of sources of dust and
sea-salt and their geographical variation will be given.

Figure 2.1:Emissions of NH3 used for 2006 in the Unified EMEP model in Mg.
NH3 reflects the largest agricultural areas in Europe. Data fromCEIP (Centre on
Emission Inventories and Projections).

Agricultural emissions in the form of animal waste represent the main source of
ammonia to the atmosphere. Fertilizing, soil processes andindustrial activity also
contribute to NH3 emissions. The primary removal mechanism of NH3 involves
the conversion to ammonium-covered aerosols as ammonium sulphate and am-
monium nitrate, which are deposited to the ground by wet and dry deposition.
This gives an atmospheric lifetime of NH3 of 1 - 5 days, and NH3 will only be
transported over short distances from its sources. The spatial distribution of NH3

emissions used in this study for the year 2006 is shown in Figure 2.1.
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Figure 2.2:Emissions of NOx used for 2006 in the Unified EMEP model in Mg.
NOx clearly reflect ship tracks. Data from CEIP (Centre on Emission Inventories
and Projections).

HNO3 forms from NOx as described in the previous section. Anthropogenic NOx

emissions in Europe are dominated by fossil fuel combustionin road traffic, with
a 40% share in 2005, followed by power plants (22%), industry(16%), off-road
transport (15%) and the residential sector (7%) (Vestreng et al., 2009, and ref-
erenes therein). Other minor sources of NOx in the troposphere are natural sources
such as lightning, soil, oxidation of NH3 emitted from the biosphere and down-
ward transport of nitrogen from the stratosphere. NOx has a lifetime of only about
one day in the lower troposphere and thus is transported overeven shorter dis-
tances than NH3. In Figure 2.2 the NOx emissions used in this study for the year
2006 are shown.

One of the main sources of atmospheric aerosols is the ocean with emissions of
∼ 1000 to 5000 Tg per year (Wallace and Hobbs, 2006). The main mechanism of
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Figure 2.3: Schematics of the formation of film- and jet-droplets when anair
bubble burst at the surface of water. From Wallace and Hobbs (2006).

ejecting sea material into air is bubble bursting. An additional source is material
that is torn from windblown sea spray and foam (giant sea-salt aerosols). These
giant sea-salt aerosols are large and their lifetime is relatively short. Film- and
jet-droplets are produced from bubble bursting. Film-droplets are made when an
air bubble’s film breaks at the sea surface (Figure 2.3b). An air bubble≥ 2 µm
in diameter can give∼ 100 to 200 film-droplets. After evaporation these film-
droplets will become sea-salt aerosols with diameter less than 0.3µm. Up to
five jet-droplets break away from each jet that forms after a bubble burst (Figure
2.3d). These jet-droplets are thrown into the air and some ofthem evaporate and
give sea-salt aerosols with diameters larger than 2µm. Estimates of sea-salt emis-
sions per year are given in Table 2.1.

Dust emissions originate predominantly from arid and semiarid environments,
which account for∼ 33% of the global land area. They provide∼ 2000 Tg per
year of mineral particles (Wallace and Hobbs, 2006). Most dust storms occur in
the region starting at the west coast of Northern Africa extending east through the
Middle East into Central Asia. This dust can be transported over large distances
through long-range global transport. This transport oftenoccurs in horizontally
layered plumes and can persist for days to a week over thousands of kilometers.
Saharan dust has been transported in westerly, northerly, and easterly direction to
South America, Northern Europe and the Middle East, respectively (Usher et al.
(2003); Husar (2004)). The transfer of dust particles from the Earth’s surface
to the atmosphere, called sandblasting, is caused by wind and atmospheric tur-
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Northern Southern
hemisphere hemisphere

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

Mineral (soil) dust
< 1 µm 90 17
1-2µm 240 50
2-20µm 1470 282
Total 1800 349

Table 2.1:Estimates (in Tg per year) for the year 2000 of emissions of sea-salt
and dust into the atmosphere, values from IPCC,2001, table 5.3

bulence. To start the motion of particles at the Earth’s surface the surface wind
(friction velocity) must exceed a certain threshold value,which is dependent on
the surface type and the particle size. For a particle in the size range 50 to 200
µm and for soils containing 50% clay or tilled soil a friction velocity of∼ 0.2 m
s−1 is required, translating into a wind speed of several metersper second a few
meters above the surface. A major source of smaller particles (∼ 10 to 100µm
in diameter) is saltation. Larger sand grains are thrown up into the air, fly a few
meters and when they hit the ground they make a burst of dust particles.



Chapter 3

Methodology

In this thesis a special version of the eulerian Unified EMEP Model is used, which
includes dust (version rv3_1 hereafter referred to as ’EMEPmodel’). The follow-
ing section will briefly describe the EMEP model as it was before the modifica-
tions of this master thesis were implemented. The focus willbe on model features
and routines that are relevant for the formation of nitrate.The model runs per-
formed in this thesis are described in section 3.2. Finally section 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 models described
in Berge and Jakobsen (1998), Jonson et al. (1999) and Simpson (1995). For a full
documentation see Simpson et al. (2003) and Fagerli et al. (2004). Version rv3_1
is, at the time of writing, the same code as the one that is available at the EMEP
web site as open source.

The EMEP model grid is defined in a polar stereographic projection with a hori-
zontal resolution of 50×50 km2 in 20 sigma layers from the surface up to approx-
imately 100 hPa. The official EMEP area and the model grid are shown in Figure
3.1. The emission input consists of gridded national emissions of sulphur diox-
ide (SO2), nitrogen oxides, ammonia, non-methane volatile organiccompounds
(NMVOC), carbon monoxide and particulate matter (PM2.5, PM10), which are of-
ficially reported to the LRTAP Convention. The emissions areprovided for ten
anthropogenic sectors and one additional sector that mainly consists of natural

13



14 Chapter 3 Methodology

Figure 3.1:The EMEP model domain, the large area shows the full model domain,
the inner area shows the official EMEP grid, from Simpson et al. (2003)

emissions (Simpson et al., 2003). The emissions are distributed temporally using
monthly and daily factors which are specified for each pollutant, emission sector
and country. In addition, simple day-night factors are applied for the sectors. The
meteorological input is taken from PARLAM-PS (PARallel Limited Area Model
with Polar Stereographic map projection), which is a dedicated version of the
HIRLAM (HIgh Resolution Limited Area Model) Numerical Weather Prediction
Model maintained and verified at the Norwegian Meteorological Institute. The
numerical advection scheme is based on Bott (1989a,b) and applies a time step of
20 minutes.

The chemical scheme in the EMEP model includes 140 reactionsinvolving 56
long-lived and 15 short-lived species. The EMEP model couples sulphur and
nitrogen chemistry to the photochemistry (Simpson et al., 2003). The model dis-
tinguishes between fine (d < 2.5µm) and coarse (2.5µm < d < 10µm) aerosol.
The EQuilibrium Simplified Aerosol Model (EQSAM) of Metzgeret al. (2002)
is used to describe the equilibrium between the different gaseous and inorganic
fine aerosol components. EQSAM assumes that the aerosols areinternally mixed
and that they obey thermodynamical gas/aerosol equilibrium. These assumptions
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are sufficiently accurate under most atmospheric conditions considering the 20-
minute chemical time step used in the EMEP model. The versionused in this
thesis calculates a thermodynamic equilibrium of the SO2 –

4 ,-NO–
3 , -NH+

4, -Na+,
-Cl – , -H2O system. EQSAM thus accounts for the formation of fine NO–

3 associ-
ated with ammonium nitrate (NH4NO3) and allows for the formation of NO–3 on
sea-salt aerosol. The input of Na+ and Cl– is set to zero, and the EQSAM module
is used only for the formation of nitrate associated with ammonium. Coarse ni-
trate is calculated as the HNO3 concentration multiplied by a reaction coefficient
kRH (in s−1) that depends on the relative humidity, RH:

kRH= 1 .0 × 10−4 for RH > 90%

kRH= 5 .0 × 10−6 for RH < 90% (3.1)

This calculation is assumed to represent reactions of HNO3 on both dust and sea-
salt.

Dry deposition depends on the aerodynamic resistance between a reference height
and the canopy, the quasi-laminar layer resistance to the gas and the surface res-
istance to the gas. Under normal conditions the surface resistance of HNO3 is
effectively zero, but for numerical reasons it is given a minimum value of 1s m−1.
For sub-zero temperatures it follows the formulation of Wesely (1989). This gives
HNO3 its high dry deposition velocity (2 to 5 cm s−1). Dry deposition of aerosols
depends on their size. All the resistances are integrated over the aerosol sizes as-
suming a log-normal size distribution, which is presently assigned the maximum
diameters of 0.3µm and 4µm and geometric standard deviations of 2.0 and 2.2
µm for fine and coarse aerosols, respectively. The dry deposition velocities of
aerosols range from a few millimeters to a few centimeters per second.

Sea-salt is present in two size modes, fine and coarse, as other aerosols in the
EMEP model. The formation of sea-salt aerosols larger than 2µm is paramet-
rized with the empirical expression of Monahan et al. (1986):

dF
drw

= 1.373U3.41
10 rw

−3(1 + 0.057rw
1.05) × 101.19exp(−B2) (3.2)

in m−2s−1µm−1 where dF/drw is the rate of sea-salt droplets generated per unit
area of sea surface per increment of droplet radius drw. rw is the wet radius, U10

is the wind speed at 10 m above sea level and B=(0.380-logrw)/0.650. For sea-salt
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smaller than 1µm the parametrization of Mårtensson et al. (2003) is used:

dF

dlogDd

= 3.84 × 10−6(AkTw + Bk)U
3.41
10 (3.3)

where dF/dlogDd is the rate of sea-salt droplets generated per unit area of white
cap cover and per increment of droplet dlogDd. Dp is the dry diameter, Ak and Bk

are the empirical coefficients describing the dependence ofF on the aerosol size,
Tw is the temperature of seawater and U10 is the wind speed at 10 m above sea
level. The production of sea-salt spray is calculated in seven size bins, which are
then aggregated to fine and coarse aerosol fractions.

Both natural dust (desert and soil erosion) and anthropogenic dust are accoun-
ted for in the EMEP model. Dust from the Saharan desert beyondthe EMEP
domain is accounted for through the boundary conditions. Monthly dust concen-
trations are taken from the global chemical transport modeldeveloped and used
at the University of Oslo (Grini et al., 2005). The parametrization from erodible
soils within the model domain describes both saltation and sandblasting effects.
If the friction velocity exceeds a critical friction velocity (u∗>u*th) the mobilisa-
tion of particles from the soil surface will occur. The critical friction velocity is
calculated using the partitioning scheme of wind shear stress between erodible
and non-erodible surface elements (Marticorena and Bergametti, 1995). The ho-
rizontal saltation flux of larger soil particles Qs (kgm−1s−1) is calculated by:

Qs =
Kρair

g
u3
∗

(

1 −
u
∗th

u∗

) (

1 +
u
∗th

u∗

)2

(3.4)

where K is the parameter describing soil erodibility, i.e. the accessibility of erosive
soil elements. Sandblasting releases smaller particles inthe size fraction j in a
vertical flux Ej (kgm−2s−1) and is calculated as:

Ej = AsαβjQs (3.5)

where As is the area fraction of erodible soil,α is the sandblasting efficiency
(m−1), andβj is the fraction of dust flux in the size fraction j (Tsyro, 2008, and
references therein).

3.2 Experimental setup

The implementation of nitrate formation on sea-salt and dust in a numerical model
is not straightforward and necessitates a number of different model experiments
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as well as careful testing. The model simulations run for this thesis include the
main experiments reflecting the stepwise implementation ofnitrate formation, and
the different sensitivity studies performed for each step of the implementation. In
Table 3.1 all model experiments and their main features are listed together with
the acronyms to be used hereafter. First the EMEP model is runwith the original
setup (E_std). Secondly, the formation of coarse nitrate ondust is implemen-
ted (E_d). Thereafter the formation of coarse nitrate on sea-salt is implemented
(E_ss), before both formations are accounted for simultaneously (E_d_ss). This
stepwise approach is chosen to see how the two parametrizations affect coarse
nitrate production in the EMEP model individually. For bothparametrizations ad-
ditional sensitivity tests are performed, as will be explained in more detail below.
Finally fine nitrate formation on dust and sea-salt is accounted for 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 withγ=2.5e-3 and 2% Ca2+ content in dust
E_d_max Sensitivity test withγ=0.2 and 12% Ca2+ content in dust
E_d_ca60 Sensitivity test with 62.5% Ca2+ content in dust
E_ss Coarse nitrate formation on sea-salt
E_ss_j Test of Jaenicke (1988) size distribution for sea-salt
E_ss_split 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 thesis.The main
model experiments following each step of implementation are listed 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 sea-salt, based on the
approach in Hodzic et al. (2006). Reactions 2.17 and 2.16 aretreated through a
heterogeneous pathway (Goodman et al., 2000; Hanisch and Crowley, 2001) with
a kinetic approach assuming a total reaction in the forward direction.
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The uptake coefficients for HNO3 on dust and sea-salt have been measured in
laboratory studies and in field campaigns and the values varyamong the differ-
ent publications (Saul et al., 2006; Tolocka et al., 2004; Guimbard et al., 2002;
Stemmler et al., 2008; Fenter et al., 1995; Hanisch and Crowley, 2001; Goodman
et al., 2000; Liu et al., 2008; Umann et al., 2005). Theoretically the heterogeneous
pathway can be described in four steps. The first step corresponds to gas phase
diffusion of nitric acid towards the particle surface. The second step accounts for
the nitric acid molecule being transferred to the particle surface. This transfer de-
pends onα, the accommodation coefficient, which is a measure of the probability
of the nitric acid being absorbed to the surface during a collision. Thirdly the reac-
tion occurs in bulk phase with rate coefficient k. Finally thegaseous product, such
as CO2 or HCl, desorb. The uptake coefficientγ considered hereafter accounts for
steps 2 and 3 combined. The different uptake coefficients chosen for HNO3 reac-
tions with calcite, dolomite an sea-salt will be discussed in the following sections.

An alternative approach is to assume an equilibrium betweenHNO3 and dust or
sea-salt. Myhre et al. (2006) used this approach to model nitrate and ammonium
aerosols in the presence of sea-salt. First the chemistry module calculates the
concentration of HNO3 due to photochemical reactions. The equilibrium model
EQSAM then calculates the equilibrium between NH3 and HNO3 through reaction
2.14 and the final concentration of HNO3 after reactions 2.16 and 2.17 (occurring
on sea-salt and dust, respectively) have reached equilibrium. The time step in the
EMEP model equals 20 minutes, which is sufficient time for finenitrate to reach
equilibrium. Coarse nitrate, on the other hand, may need hours to reach equilib-
rium, which is why this approach was not chosen in this thesis.

An additional way of modelling coarse nitrate formation is by a full dynamical
mass transfer calculation applied to each aerosol size bin.Capaldo et al. (2000)
used a hybrid method with an equilibrium assumption for the fine aerosol mode
and a dynamic approach for the coarse aerosol mode. This method was not chosen
or studied here because of its high computational requirement.
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Reaction coefficient

In the parametrization implemented in this thesis the uptake of HNO3 on dust and
sea-salt is defined by a pseudo first-order reaction coefficient, k:

k =

(

d

2Dg

+
4

νγ

)

−1

A (3.6)

where dl is the particle diameter (m), Dg is the gas phase diffusion coefficient
(m2s−1) (Dg=0.1cm2s−1 from Dentener (1993)),ν is the mean molecular velocity,
A is the aerosol surface area, andγ is the uptake coefficient of reactive species.
The first part (d/2Dg) describes the gas-phase diffusion to the aerosol, while the
second part (4/νγ) is the collision rate term describing the uptake of the gas on
the surface.

Aerosol surface

The aerosol surface used in the pseudo first-order reaction coefficient k, is the
surface of the reactive part in the dust and sea-salt aerosol. The aerosol surface is
calculated by using the dimensionless volume fraction (Vf) of the reactive part in
dust and sea-salt:

Vf =
SM

A0ρ
(3.7)

where S is the concentration of the reactive part (calcite, dolomite or sodium chlor-
ide), M is the molecular weight of the reactive part, A0 is Avogadro’s number and
ρ is the density of the aerosol (2.6 g/cm3 for dust and 2.2 g/cm3 for sea-salt).
With this volume fraction the reactive aerosol surface can be calculated. The ratio
between total surface and total volume must be known for eachaerosol type (dust
and sea-salt). In the EMEP model only fine and coarse aerosolsexist. The coarse
fraction will be used in the formation of coarse nitrate. Theatmospheric aero-
sol size distribution can be expressed as a trimodal log-normal distribution from
Jaenicke (1988):

dN(r)

d(log(r))
=

3
∑

i=1

ni√
2πlogσi

exp

{

−
(log r

Ri

)2

2(logσi)2

}

(3.8)

where r is the aerosol radius (inµm), N(r) is the cumulative aerosol number dis-
tribution (in cm−3) for aerosols larger than r, Ri is the mean aerosol radius (in
µm), ni is the number concentration andσi is the standard deviation of the ith log-
normal mode. The trimodal log-normal distribution is a sizedistribution for the
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whole spectrum of aerosols, both fine and coarse, where the three modes represent
the nucleation mode, accumulation mode and coarse mode. Thesurface area of
coarse aerosols can then be calculated by solving equation 3.9 by using the third
mode:

A = Vf

∫

∞

0
4πr2 dN(r)

dr
dr

∫

∞

0
4
3
πr3 dN(r)

dr
dr

(3.9)

Solving the integral yields:

A = Vf

3

Ri

exp

{

−
5

2
(lnσi)

2

}

(3.10)

This way of calculating the aerosol surface gives a strong dependence on the mean
radius and standard deviation given in the trimodal log-normal size distribution.
The size distributions of dust and sea-salt depend on the source area and the dis-
tance from the sources. For example the size distribution ofdust changes as the
gravitational settling increases with distance and transport time. The size distri-
bution of dust also depends on the mineralogy of the source area and the extent
of particle erosion leading to particle entrainment in the atmosphere. The mor-
phology of dust changes with increasing wind erosion. Erosion processes may
change the size distribution of different dust events from the same source region.
This dependence on the choice of size distribution represents a rather high uncer-
tainty in this implementation, which is why sensitivity tests are 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 (CaCO3) and dolomite (CaMg(CO3)2)
on dust are considered, as these are the most reactive components of dust (Usher
et al., 2003; Krueger et al., 2004; Vlasenko et al., 2006). A heterogeneous path-
way of reactions on dust is assumed. In laboratory studies ithas been suggested
that reactions on dust such as reaction 2.17 are not surface-limited and continue
irreversibly until full consumption of reactants has occurred. Kelly and Wexler
(2005) showed that reaction 2.17 is a simplified scheme of themore realistic re-
action 3.11:

2 HNO3(g) + CaCO3(g) + nH2O −−⇀↽−− Ca(NO3)2(nH2O)(s) + H2O + CO2(g)
(3.11)

where the forward direction is thermodynamically preferred in low-RH condi-
tions, which often occur in the troposphere. Vlasenko et al.(2006) measured an
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increase in the uptake coefficient with increasing RH. Nitrate has been recorded
in calcium containing anthropogenic dust in Beijing, (Daizhou et al., 2005). The
same reactions between HNO3 and dust components are assumed for both anthro-
pogenic dust and natural dust. The same uptake coefficient ofHNO3 and size
distribution of dust are used for anthropogenic dust as for natural dust, as there
are no suggestions for the uptake coefficient of HNO3 found in the literature.

Uptake coefficient of HNO3

HNO3 uptake on solid surfaces (γ) has been studied in several laboratory stud-
ies with the Knudsen cell technique to measure the reaction rate. In these stud-
ies a wide range of values forγ has been found, from 2.5×10−4 to 0.2 (Fenter
et al., 1995; Hanisch and Crowley, 2001; Goodman et al., 2000). Liu et al. (2008)
studied the heterogeneous reaction kinetics of HNO3 with calcite over a range
of RH with a particle-on-substrate stagnation flow reactor,and they found that
γ increased with RH, from 0.0032 at RH = 10% to 0.21 at RH = 80%. Inthe
MINATROC (Mineral Dust and tropospheric Chemistry) project Umann et al.
(2005) estimatedγ from field measurements at the mountain plateau station Iz-
aña in Tenerife, and they found a mean value ofγ = 0.033±0.017 based on six
different dust events. According to the authors this value represents a lower limit
for γ as there might be an underestimation of the effective reaction time of mineral
dust-HNO3. Umann et al. (2005) did not find any dependence on RH inγ, but RH
rarely exceeded 40% in the six dust events. Theγ from measurements is thus in
the same range as the values from the laboratory studies.

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

Size distribution

In the EMEP model version used in this thesis coarse and fine dust are present,
which again are separated in natural dust (dust from the Sahara desert and wind-
blown dust) and anthropogenic dust, as mentioned in section3.1. The size distri-
bution for dust chosen here is mode 2 of the trimodal log-normal size distribution
of background dust from Zender et al. (2003, (their Table 1))with a mean diameter
d = 3.19µm and standard deviationσ = 1.9. Mode 2 is the mode that dominates
long-range transport. The main contributor of natural dustin the EMEP model is
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dust from long-range transport from the Saharan desert. Thesize distribution of
dust will, in reality, depend on the type of soil in the sourcearea and on the kind
of pollutants the dust-containing air masses have been transported through. The
assumption of one single size distribution of dust over the whole EMEP area is
thus a simplification.

Chemical composition

There is no chemical speciation of dust in the EMEP model. Therefor a fixed
chemical composition of dust had to be assumed in this thesis. This is a very
simplified assumption, as the chemical composition of dust is rather complex in
reality and depends on its source and on the other pollutantsin the transported
air masses containing the dust. Loÿe-Pilot et al. (1986) observed calcite contents
from Saharan dust in the range 5-30%. This corresponds to 2-12% Ca2+ content
by mass. For natural dust a content of 5% Ca2+ by weight is assumed as proposed
in Dentener et al. (1996) and Liao et al. (2003). This value ishigher than the value
of 4.2% Ca2+ content used by Feng and Penner (2007) and the global averageof
3.6% suggested in Jaenicke (1988). For anthropogenic dust 4.6% Ca2+ content
is assumed. This average value of Ca2+ over Europe is taken from Loon et al.
(2005).

Sensitivity tests

A range of values has been obtained from measurements and laboratory studies for
the uptake coefficient of HNO3 on dust, from 2.5×10−3 to 0.2 (Goodman et al.
(2000); Fenter et al. (1995), respectively). The Ca2+ content in Saharan dust is
measured to range from 2-12% (Loÿe-Pilot et al., 1986). To study how sensitive
model results of the parametrization of coarse nitrate formation on dust is to these
parameters two model runs were performed. First, a model runwith the minimum
values of the uptake coefficient and Ca2+ content in dust, called E_d_min, has
been done. A second model run, called E_d_max, has been performed with the
maximum values. The dependence on each of the parameters cannot be determ-
ined separately here as both parameters have been changed simultaneously in each
of the first two sensitivity runs. The changes in the reactioncoefficient k due to
these changes are not linear. The main task of these tests is to give a range of
coarse nitrate formation due to the different values proposed for the uptake coef-
ficient of HNO3 and Ca2+ content in dust.
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A third model run, E_d_ca60, was devised after the evaluation of the first two
sensitivity studies, where a clear negative bias in coarse nitrate was found. In
E_d_ca60 the Ca2+ content in dust was adjusted to 62.5% to match some of the
Ca2+ concentrations measured in air at EMEP stations during the intensive cam-
paigns. The aim was to test if the negative bias in coarse nitrate could possibly be
connected with the assumption on Ca2+ content in dust.

3.2.2 Coarse nitrate on sea-salt

The implementation of the formation of coarse nitrate on sea-salt is equivalent to
the implementation of coarse nitrate on dust. The rate-limiting step for reaction
2.16 is suggested to be the formation or release of HCl and notthe HNO3 uptake
on the sea-salt surface (Tolocka et al., 2004). When HCl is released in clean air
it is stable, but in polluted air it might undergo reaction with •OH and generate
reactive Cl•. The generation of Cl• atoms in the lower atmosphere can result in
either ozon depletion or ozon formation (Pandis and Seinfeld, 1998).

Uptake coefficient of HNO3

The uptake coefficient of HNO3 on sea-salt has been investigated in several stud-
ies (Stemmler et al., 2008; Liu et al., 2007; Saul et al., 2006; Tolocka et al., 2004;
Guimbard et al., 2002)). The range ofγ varies from 4.9×10−3± 2.7×10−3 (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 measuredγ values.γ depends on
RH and the chemical composition and size of the sea-salt aerosol. The nitrate
containing salt produced by reaction 2.16 is more hygroscopic than pure NaCl
and does not readily crystallize. The presence of nitrate causes NaCl to attain a
liquid phase near or at its defects (steps and edges on the droplets surface), and
the reaction of the liquid phase of NaCl is known to be faster than the reaction
involving the solid phase (Liu et al., 2007). Liu et al. (2007) testedγ for aerosol
sizes in the range from d = 1.1µm to d = 3.4µm and for RH from 20-80%, and
found a peak at d∼0.9 µm and RH = 55% for three different types of salt (pure
NaCl, a mixture of NaCl and MgCl2, and real sea-salt particles) withγ being well
above 0.2. In this thesis we useγ = 0.2.
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Size distribution

Sea-salt in the EMEP model is separated in two size bins, fine and coarse. To
calculate the aerosol surface in the coarse sea-salt one needs to know the size
distribution of sea-salt. In this thesis a trimodal log-normal size distribution is
assumed, where the second mode with number mean dry radius = 1µm andσ = 2
from O’Dowd et al. (1997) has been used for coarse sea-salt. Mode 2 is the mode
for jet droplets, which represent the main source of coarse sea-salt in the EMEP
model. Mode 1 is the mode for film droplets, which represent the main source of
fine sea-salt in the EMEP model. Mode 3, which is not implemented in the EMEP
model, is the mode for spume droplets. As long as RH > 80% sea-salt has a wet
radius, while in a dryer environment sea-salt will dry out and have a dry radius.
The wet radius for a droplet with dry radius of 1µm is 2µm. In this thesis the wet
radius of mode 2 is used.

Sensitivity tests

The choice of size distribution from O’Dowd et al. (1997) is arguable. The val-
ues from that article are from measurements done in the North-Eastern Atlantic
Ocean, and values in the Mediterranean Sea may be different.The aerosol surface
calculation depends strongly on the number mean radius and the standard devi-
ation. A model run with a different trimodal log-normal sizedistribution is done
to see how much this affects coarse nitrate formation on sea-salt. In this model
run, E_ss_j, mode number 3 with number mean radius of 0.29µm andσ = 2.5
is used in the trimodal log-normal size distribution suggested by (Jaenicke, 1988)
for marine aerosols. This is the mode for large or accumulation particles. Mode
3 from the size distribution of Jaenicke (1988) has a smallerradius than coarse
sea-salt in the EMEP model, which is in the range from 2.5µm to 10µm.

The size distribution from Jaenicke (1988) is not a realistic choice because of its
low number mean radius. Therefor a second model run, called E_ss_split, is done
where coarse sea-salt is divided into five different size bins, rather than the three
different size bins in the usual model setup. While in the other model runs three
sea-salt bins are aggregated to coarse sea-salt, here all the five different bins are
kept to get a smoother size distribution. The different sizebins and corresponding
mean dry and wet radii are listed in Table 3.2, together with the dry deposition ve-
locities used in each bin. The dry deposition velocities aretaken from Pryor et al.
(2008, their figure 1). As for E_ss the largest part of sea-salt exists in areas with
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Bin number Bin range r(dry) r(wet) vd

in µm in µm in µm in cms−1

1 0.5 - 0.9 0.71 1.4 0.7
2 0.9 - 1.2 1.06 2.1 1.5
3 1.2 - 1.9 1.41 2.8 2.0
4 1.9 - 2.8 2.29 4.5 2.8
5 2.8 - 5.0 3.16 6.3 3.0

Table 3.2:The different sizes, mean dry and wet radii, and dry depositions (vd)
for the 5 different bins coarse sea-salt has been divided into. The bin ranges are
based on the dry radius.

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

Ai = Vf

4πr2
i

4
3
πr3

i

= Vf

3

ri

(3.12)

where Vf is volume fraction as in equation 3.7 and ri is the radius in each bin. The
sticking coefficient is assumed to be equal for all sizes (γ=0.2, as in E_ss).

3.2.3 Fine nitrate on sea-salt and dust

Particulate nitrate can form on fine sea-salt and dust as it does on coarse sea-salt
and dust. Fine nitrate can be treated as being in equilibriumas the reactions form-
ing fine nitrate are fast enough to reach equilibrium within the 20-minute time
step of the EMEP model. The EQSAM model is used for calculation of these
equilibrium reactions. EQSAM is dealing with cations and anions, and a chem-
ical fixed composition is assumed for both sea-salt and dust.Sea-salt is separated
into Na+ and Cl– . The values for Na+ and Cl– used are 31% and 55% by mass,
respectively, as in Loon et al. (2005). Dust is separated into calcium (Ca2+), mag-
nesium (Mg+) and potassium (K+). For natural dust 5% Ca2+ and Mg+ are used as
for coarse dust, and 2% K+ from Krueger et al. (2004, 2005). For anthropogenic
dust 8.81% Ca2+, 1.05% Mg+ and 1.91% K+ from Loon et al. (2005) are used.



26 Chapter 3 Methodology

EQSAM calculates the new equilibrium system between SO2 –
4 , -NO–

3 , -NH+
4, -

Na+, -Cl– , -Ca2+, -Mg+, K+, -H2O, and -HCl. This model run is called E_fine and
contains the formation of coarse nitrate on sea-salt and dust, with the same values
as used in E_ss and E_d together with formation of fine nitrateon sea-salt and
dust and formation of ammonium nitrate.

HCl has been added to the EMEP model in this run. The production of HCl is
from the coarse nitrate formation on coarse and fine sea-salt. The same deposition
velocities as used in the EMEP model for HNO3 have been used for HCl. Both
HNO3 and HCl are thought to be perfectly absorbed by plant canopies due to their
reactivity and high water-solubility. Their canopy resistance Rc = 0. This hypo-
thesis has been supported by several measurements (Huebertand Robert, 1985;
Dollard et al., 1987; Meyers et al., 1989; Muller et al., 1993).

3.3 Measurement data

Measurements of aerosols have traditionally been sampled by filtration methods
and afterwards been analysed for the chemical composition.This is a straight-
forward method, but the volatility of ammonium nitrate and reactivity to nitric
acid makes this method sensitive to artefacts. Ammonium nitrate can evaporate
from the filter, which may lead to underestimation of ammonium nitrate in the
measurement. Nitric acid may adsorb to other aerosols at thefilters leading to
underestimation of HNO3. A method to stabilise the semi-volatile nitrate is to im-
pregnate the filters with a reagent or to use a reactive type offilter. In the standard
EMEP network filter methods are used to measure aerosols. Thestandard EMEP
network does not separate different sizes of aerosols. The Task Force on Meas-
urement and Modelling (TFMM) recommended to conduct coordinated intensive
measurements between the EMEP super sites to measure the gas-to-particle dis-
tribution. The first sampling periods were set to June 2006 and January 2007.

The measurement data used in this thesis are from the EMEP intensive meas-
urement campaigns in June 2006 and January 2007, together with measurements
from the standard EMEP network. The stations that took part in these campaigns
and their measured components are listed in Table 3.3. Hereafter the stations will
be referred to with their station ID (Table 3.3). The locations of the campaign
stations are visualized in Figure 3.2.
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Figure 3.2:Measurement stations from the campaigns in June 2006 and January
2007

The hourly PM1 data are measured by Aerodyne Mass Spectrometers (AMS).
This instrument does not determine the size fraction from cut-off of the intake.
It measures non-refractory aerosols that vaporize at 550◦ C, which essentially
translates into NH4NO3. The hourly data for size fractions other than PM1 use
on-line ion detectors in combination with wet denuders. Systematical biases in
the gas/aerosol partitioning in the hourly data (Fagerli and Aas (2008)) are highly
unlikely.

Only IT01 has data from daily measurements that are artefact-free. Measurements
of PM10 and aerosol are using a filter and denuder method and are artefact-free.
Other measurement sites apply either low/high volume samplers or filter-packs in
the daily measurements.

The model distinguishes only between PM2.5 and coarse nitrate. Both PM1 and
PM2.5 in the measurements have been compared to PM2.5 in the EMEP model.
In the hourly measurements that use AMS this is the same as finenitrate in the
EMEP model. Coarse nitrate in the EMEP model is compared to measured nitrate
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Station name (ID) PM1 PM2.5 PMcoarse PM10 aerosol HNO3 NH3
Bush (GB33) 06
Harwell (GB36) 06 06 06 06 06
Auchencorth Moss (GB48) 06,07 06,07 06,07 06,07
Payerne (CH02) 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) 06a 06a

Virolhti II (FI17) 06,07 06,07 06,07
Montelibretti (IT01) 06,07 07 06,07 07 07 07
Birkenes (NO01) 06 06,07 06,07 07
Illmitz (AT02) 06,07 06,07 06,07
Mace Head (IE31) 06

Table 3.3:EMEP stations used in the intensive measurement period in June 2006
and January 2007. PM and aerosol are measurements of particle nitrate.
a from the standard EMEP network.
’06’: the station measured this component in June 2006.
’07’: the station measured this component in January 2007, daily measurement in
bold letters, otherwise hourly measurement.

PMcoarseor to the difference between measured nitrate PM10 and PM1 or PM2.5.
At GB48 the measurement of nitrate PM2.5 is higher than for nitrate PM10 both
in June 2006 and in January 2007. Therefor measurements for nitrate PM10 and
PM2.5 from GB48 are not used, neither for 2006 nor 2007. At CH02 nitrate PM1

exceeds nitrate PM10 in the daily measurement. This can be caused by evaporation
of NH4NO3 on the filter. At this station there were only a few time steps where
nitrate PM1 exceeds nitrate PM10 and these were discarded in the evaluation. At
NL11 the differences between measurements of nitrate PM10 and PM1 are used
when comparing measurements to modelled values. PM1 is used instead of PM2.5

because there are few observations of PM2.5.

In the evaluation of the seasonal performance and the gas-to-particle distribu-
tion of nitrogen compounds in the EMEP model, measurements from the stand-
ard EMEP network are used. In these measurements of particulate nitrate, filter



3.3. Measurement data 29

packs are mainly used with no clearly defined cut-off, but generally around PM10.
NH4NO3 evaporated from the aerosol front filter can be absorbed by the impreg-
nated filter causing enhanced HNO3 and NH3 values (Fagerli and Aas (2008)).



Chapter 4

Results and evaluation

This chapter contains an evaluation of the standard EMEP model followed by
evaluations of the different parametrizations implemented in this thesis. Meas-
urements from the EMEP intensive campaigns in June 2006 and January 2007
together with measurements from the standard EMEP network will be used to
judge how well the EMEP model performs during summer and winter.

The performance of E_std will be evaluated with respect to nitrogen compounds,
sea-salt and dust. The gas/aerosol distribution of ammonia/ammonium and nitric
acid/nitrate aerosol will be discussed. The dependence between the different nitro-
gen compounds, described in chapter 2, makes it important totest how the model
manages to reproduce the gas/aerosol distribution. Formation of aerosol nitrate
depends among other things on 1) the production of HNO3, 2) the availability of
NH3/NH+

4, 3) the temperature, 4) the relative humidity and 5) the deposition velo-
cities of the nitrogen compounds. The distribution of fine and coarse nitrate and
the correlation of coarse nitrate are evaluated. The correlation between observa-
tions and modelled values of coarse nitrate gives an understanding of how well the
EMEP model reproduces the physics of the chemical reactions. The correlation of
coarse nitrate in the new parametrization depends on the correlations of both dust
and sea-salt, and also on the amount of dust and sea-salt. Therefor, the sea-salt
and dust performance of the EMEP model is evaluated in the final section of the
evaluation of E_std.

The evaluation of the implementations will focus on how the new model performs
compared to the standard model run in terms of nitrogen compounds. Both fine
and coarse nitrate in the new implementation are evaluated,and the results are

30
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compared to the results from E_std. The daily correlation isof particular interest
in this context, since this is where an improvement can be expected when the de-
pendence of coarse nitrate on dust and sea-salt is taken in account. Finally the
gas-to-particle distribution in the new parametrization will be evaluated together
with the spatial correlation of coarse nitrate. The spatialcorrelation is a measure
of how well the model reproduces the spatial distribution ofcoarse nitrate.

Temporal correlation, spatial correlation and bias are used in the evaluations of
the model runs. The temporal correlation (hereafter referred to as ’correlation’)
between measurements yi and modelled values xi of a species is calculated as

rxy =

∑n

i=1(xi − x̄)(yi − ȳ)

(n − 1)sxsy

(4.1)

wherex̄ andȳ are the means of x and y , sx and sy are the standard deviations of
xi and yi, and n is the number of measurements. In the calculation of correlations,
daily measurements are used unless stated otherwise.

The spatial correlations are calculated in the same way as the temporal correla-
tions, but here xi and yi are the means of measurement and modelled values at
station i, n is the number of stations andx̄ andȳ are the means of x and y over the
stations.

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

Bias =
100

n

∑n

i=1 xi − yi
∑n

i=1 yi

(4.2)

4.1 Evaluation of the standard Unified EMEP model

This section presents the evaluation of the standard EMEP model run (E_std),
which was necessary in order to provide a benchmark against which later 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 EMEP network are used.
This is done in order to get a broader picture of the gas/aerosol distribution as
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there are only few stations in the intensive measurement campaigns. Measure-
ments of total particulate nitrate in June 2006 and in January 2007 are compared
to the sum of coarse and fine nitrate in the EMEP model. When comparing model
results with measurements it should, however, be kept in mind that the average
height of the lowermost sigma layer in the EMEP model amountsto 90 meters.
The task of deriving the vertical gradient within this layeris not a straightforward
one, which will add to the uncertainty in the comparisons against ground meas-
urements.

NH3 is underestimated by E_std both in June and January at three Norwegian
stations (NO01, NO39, NO15), see Figures 4.1 and 4.2. However, two of the
Norwegian stations NO15 and NO39 are known to be situated in environments
which experience a strong influence from local ammonia sources (pers. comm.
Wenche Aas). This results in a poor spatial correlation in June (Table 4.1). Local
sources close to the station give higher values in measurements than the average
grid value. Apart from that, the modelled NH3 agrees with the observations within
a factor of 2 at most sites.

There are no systematic differences between the modelled and observed NH+4
neither in June nor in January. The stations are evenly spread around the 1:1
line. However the measurements here are from filter packs with a possible negat-
ive bias of NH+

4 (section 3.3).

Nitric acid is underestimated by E_std at some stations and overestimated at oth-
ers. There seems to be a geographical pattern, e.g. with all Slovakian sites being
overestimated and all German sites being underestimated. In general HNO3 is dif-
ficult to model, as is has a short lifetime in the lower troposphere and is involved in
a complex equilibrium with NH3, emissions of NOx and photochemistry. In these
measurements filter packs are used, which are subject to biases. The adsorption of
HNO3 on filters depends on the choice of filter, and the evaporationof ammonium
nitrate increases with temperature causing enhanced HNO3 values (Schaap et al.,
2004).

Modelled particulate nitrate is lower than measurements atalmost all stations in
June. This can be caused by several factors, for example insufficient production of
particulate nitrate in the model, too high evaporation of ammonium nitrate during
daytime, or too high dry deposition of the aerosols. In January almost all stations
are within a factor 2 when comparing model and measurements.
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Figure 4.1: Comparison of modelled NH3, NH+
4 , HNO3 and particulate nitrate

in E_std and measurements from the standard EMEP network in June 2006. For
numbers of the average measurements, modelled average overthe stations and
correlation see Table 4.1.
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Figure 4.2:Comparison of modelled NH3, NH+
4 , HNO3 and particulate nitrate in

E_std and measurements from the standard EMEP network in January 2007. For
numbers of the average measurements over the stations, biasand correlation 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
NH3 in air 1.21 16 -15 0.07 -17 0.07 -15 0.06
NH+

4 in air 0.62 23 -13 0.68 -7 0.68 -14 0.69
HNO3 in air 0.19 18 -18 0.54 7 0.52 7 0.52
Nitrate in air 0.32 28 -63 0.71 -75 0.70 -74 0.70

January 2007
NH3 in air 0.98 17 -22 0.93 -25 0.93 -22 0.93
NH+

4 in air 0.33 31 -1 0.62 16 0.64 -3 0.60
HNO3 in air 0.11 16 -55 -0.22 -23 -0.29 -27 -0.29
Nitrate in air 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 January 2007,
from the EMEP monitoring network. Ns is the number of stations where measure-
ments are available. Obs is the measured monthly average over Ns stations given
in µg(N) m−3. Corr is the spatial correlation between observations and model
for station monthly averages. See the introduction to Chapter 4 for a definition of
bias.

4.1.2 Amount of fine and coarse nitrate aerosols

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

Fine nitrate is somewhat underestimated by E_std, both in June and January (Table
4.2). At CH02 there are two parallel methods to measure NO–

3 PM1, one is based
on hourly data (AMS) and the other one on daily data (gravimetric). These two
methods give different results, especially in June. The daily data are much lower
than the corresponding AMS measurements. This is probably due to evaporation
of NH4NO3 on the filter in the daily data. The hourly measurements are probably
more correct due to artefact-free measurements by using theAMS method (sec-
tion 3.3). The only other stations with positive biases are IT01 (+84%) and ES17
(+9%) in January.

Coarse nitrate is somewhat underestimated at most stationsby E_std both in June
and in January, see Figure 4.3 and Table 4.3. At NL11 the EMEP model produces
more coarse nitrate than is observed in June (bias of 83% for hourly data). NL11
also measures NH3, HNO3 and fine nitrate. NH3 and 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 January 2007,
lower panel. The bullets are observations of coarse nitrateat the stations from the
intensive measurement campaigns. Both measured and modelled coarse nitrate is
shown inµg(N)m−3.
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Station Bias (%) Correlation
ID E_std E_d_ss E_fine E_std E_d_ss E_fine

June 2006
CH02 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
IT01 -100 -98 -98 -0.22 -0.23 -0.23
IT04 -34 -20 -20 0.54 0.53 0.53
NO01 -99 -86 -71 0.17 0.36 0.31
ES17 -33 0 0 0.71 0.66 0.69
CH02 -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
CH02 -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
IT01 84 200 211 0.04 0.17 0.17
NO01 -93 -70 377 -0.10 -0.10 0.23
ES17 9 43 35 -0.91 -0.88 -0.88
CH02 -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 runs E_std,
E_d_ss and E_fine for fine nitrate. Bold numbers are based on hourly data, others
on daily data. Either PM1 or PM2.5 from measurements are compared to PM2.5 in
the model depending on availability.
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Station Bias (%) Correlation
ID E_std E_ss E_d E_d_ss E_std E_ss E_d E_d_ss

June 2006
CH02 -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
IT01 -64 -97 -94 -91 0.17 -0.06 0.36 0.22
NO01 -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
CH02 -79 -97 -100 -98 0.39 0.52 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
IT01 -30 -87 -99 -85 0.06 0.22 0.00 0.21
NO01 16 -74 -95 -74 0.06 0.33 0.14 0.33
DE44 -50 -90 -100 -95 0.24 0.39 0.15 0.39

Table 4.3: Bias and correlation between measurements and model runs E_std,
E_d, E_ss and E_d_ss for coarse nitrate. At the stations marked with an aster-
isk have hourly measurements, here the daily averages are used to calculate the
correlations.

than what is observed, while HNO3 have higher values in E_std in June. Low val-
ues of NH3 cause less fine nitrate and hence excess HNO3 to form coarse nitrate.
Lower modelled NH3 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 to some extent coarse)
nitrate, compared to observations.

4.1.3 Day-to-day correlation of coarse nitrate

The measurements from the intensive campaigns in June 2006 and January 2007
are used here. The correlations are relatively low in both summer and winter. The
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highest correlation is 0.49 at NO01 in June (see Table 4.3 forcorrelation at the
other stations in June and January). In general, the model does not reproduce the
peaks of coarse nitrate. This is probably due to higher coarse nitrate formation
during dust events and days with high sea-salt emissions in reality, while in E_std
coarse nitrate formation depends only on HNO3 and RH.

4.1.4 Ca2+ in dust

To evaluate the Ca2+ content in dust, measurements of Ca2+ are compared to the
sum of 5% of the natural dust, 4.6% of coarse anthropogenic dust, and 8.8% of
fine anthropogenic dust in the EMEP model (Figure 4.4), as theparametrization
of coarse nitrate formation on dust assumes a fixed chemical composition (section
3.2.1). This is a considerably simplified assumption since the chemical compos-
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Figure 4.4:Monthly mean of assumed Ca2+ content in dust in the EMEP model
in June 2006 inµg m−3, 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 discussed in section 3.2.1. With
this assumption on the Ca2+ content in dust, Ca2+ is considerably underestimated
by E_std, as can be seen from comparisons at 24 stations in thestandard EMEP
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Figure 4.5:Scatterplot of the model performance on dust compared with meas-
urement of Ca2+. The total PM amount of Ca2+ in 2006 from the standard EMEP
network is compared to 5% of natural dust, 4.6% of coarse anthropogenic dust
and 8.8% of fine anthropogenic dust in the EMEP model.

network during the whole year of 2006 (see Figure 4.5). The bias and spatial
correlation over the 24 stations are -51% and 0.46 respectively. In the year 2006
these 24 stations have highest underestimation from April to August, a negative
bias is also seen in autumn. In June 2006 and January 2007 there is a negative
bias of -73% in both months at the 24 stations (not shown). Thelower values of
Ca2+ in the model compared to measurements can be caused by several factors,
for example the assumed Ca2+ content in natural and/or anthropogenic dust might
be too small. Anthropogenic dust emissions are also very uncertain. Few meas-
urements exist of total dust. In the intensive measurement periods there are two
stations that measure all the components in mineral dust. Evaluation of PM10 of
dust at ES17 and IT01 reveals an overestimation at ES17 in both months and an
overestimation in June at IT01 and underestimation in January (Tsyro and Aas,
2008). In general, total dust seems to be reproduced relatively well. For more
data of dust in the EMEP model see Tsyro and Aas (2008). As the Ca2+ content
is underestimated by the EMEP model, the assumption of 5% Ca2+ in natural dust
is probably too low.
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Measurements of Ca2+ in both PM10 and PM1 exist for 5 stations (IT01, ES17,
DE44, FI17 and NO01) in the intensive measurement periods. The difference
between measured PM10 and PM1 is compared to 5% of the coarse natural dust
and 4.6% of coarse anthropogenic dust in E_std. This comparison reveals a neg-
ative bias both in June and January (-92% and -95%, respectively). At IT01 and
ES17 total dust is overestimated in June, the assumption of 5% Ca2+ content in
natural dust is probably too low, at least at these stations.Negative biases of coarse
nitrate are therefor expected at these 5 stations.

4.1.5 Sea-salt

Measurements of Na+ concentration in air are compared to modelled Na+ (31% of
the sea-salt in E_std) to evaluate sea-salt (Figure 4.6), asa chemical fixed com-
position of sea-salt is assumed (section 3.2). Measurements from 22 stations in
the standard EMEP network are compared with E_std during thewhole year of
2006 (see Figure 4.7). This comparison shows that E_std overestimates Na+ con-
centrations by 25% on average. The average spatial correlation is 0.78. Seasonal
verification of Na+ gives a bias of 27% in winter, 14% in spring, -13% in summer,
and 18% in autumn (pers. comm. Svetlana Tsyro, EMEP status report 4/2009 to
be submitted).

In the intensive measurement periods there are measurements of Na+ in PM10

(Na_PM10) and in PM2.5 (Na_PM2.5). Modelled coarse Na+ is compared to the
difference between measured Na_PM10 and Na_PM2.5. In June there is a negative
bias of -75% and a spatial correlation of 0.49 at the 5 stations (FI17, NO01, IT01,
DE44 and CH02) with measurements. In January the bias is -52%and the mean
correlation is 0.77 at the same 5 stations as in June. A closerexamination of the
intensive measurements data shows that E_std underestimates both Na_PM10 and
Na_PM2.5. The differences between measurements from the monitoringnetwork
and the intensive measurement periods are probably not due to different artefacts,
as daily measurements are used. The differences are more likely due to the us-
age of a different set of stations in the intensive campaigns. This can explain the
different biases in the E_std compared to measurements. NO01 is the only sta-
tion that measures air concentration of Na+ in the EMEP monitoring network and
Na_PM10 and Na_PM2.5. This station has a negative bias of less than 30% for the
whole year of 2006 and less than 50% in June and January for both comparisons
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 in June
2006 inµg m−3, see text for details. The white dots mark the location of the13
stations from the intensive measurement campaigns.

In general Na+ is reproduced well over the whole year compared to measure-
ments of total Na+, and enough coarse nitrate formation could be expected on
sea-salt. However, at the stations used in the intensive measurement periods there
is a negative bias of coarse Na+ and 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 formation on dust is evaluated.
The results from E_d will be compared to measurements and to E_std. From
Figure 4.4 where the assumed Ca2+ content in dust in the EMEP model in June is
visualized it is clear that improvements can only be expected in the Mediterranean
area.
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Figure 4.7:Scatterplot comparing modelled Na+ with measurements of Na+ . The
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 improves the correlation
at some stations and worsens it at others, see Table 4.3. There is improvement
at the stations relatively close to the Mediterranean Sea (ES17, IT01 and CH02)
in June, while at stations further north (e.g. NO01, FI17, GB36 and DE44) the
correlation worsens. IT01 is one of the stations with improved correlation (from
0.17 to 0.36). At this station there are also measurements ofCa2+. In Figure 4.8
the measurements of Ca2+ are shown together with modelled Ca2+, measurements
of coarse nitrate and modelled coarse nitrate in E_std and E_d. A correlation
between observed Ca2+ and coarse nitrate can be seen, with a delay of one day
for coarse nitrate. Formation on dust is probably the main source of coarse nitrate
at IT01 in June 2006. The correlation of Ca2+ and modelled Ca2+ is 0.81, but
modelled Ca2+ is lower than the measurements. The correlation of coarse nitrate
at this station is probably affected by the small amount of Ca2+ in the first two
weeks of June.

The correlation at the stations that get affected by dust improves. At the sta-
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Figure 4.8:Black lines, left y-axis: Observations of Ca2+ at Montelibretti (IT01)
and model performance of 5% of natural dust, 4.6% of coarse anthropogenic
dust and 8.81% of fine anthropogenic dust (the assumed amountof Ca2+ in dust).
Colored lines, right y-axis: Observation and model performance of coarse nitrate
in June 2006. The correlation between observed Ca2+ and observed coarse nitrate
is 0.86, the correlation taking into account a time lag of 1 day is 0.89.

tions without or with small amounts of dust there is either noinfluence 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 someextent also coarse
nitrate. In E_d there is less coarse nitrate than in E_std andmore fine nitrate.
However, there are still, to some extent, smaller values in E_d than in measure-
ments of fine nitrate. The reason for more fine nitrate in E_d isprobably that there
is less formation of coarse nitrate and therefor more HNO3 available to react with
NH3 forming fine nitrate. There can be several reasons for the negative bias of
coarse nitrate in E_d. At IT01, ES17, DE44, FI17 and NO01 an underestimation
of coarse nitrate on dust is expected, as the evaluation of coarse Ca2+ content in
dust revealed too small modelled values at these stations. The parametrization
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depends on the aerosol surface, which is uncertain. The assumption of 5% Ca2+

content in natural dust might be too low. There is also a rangeof different uptake
coefficients of HNO3 on dust from measurements in laboratory studies. Some
of these uncertainties have been tested in the sensitivity test runs 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 parametrization, two additional
runs are performed, as described in section 3.2.1. In these two runs the effects of
the uptake coefficient of HNO3 and the content of Ca2+ in dust are tested, by using
the lowest and highest values found in the literature for Ca2+ content in dust and
for the HNO3 uptake coefficient.

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

The change of coarse nitrate from E_d to E_d_max and E_d_min is not linear,
which is caused by the non-linearity in the change of the reaction coefficient k.
In Figure 4.9 the percent change in coarse nitrate between E_d and E_d_max is
shown. As expected, the change in coarse nitrate is highest in the areas over the
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Mediterranean, which is the area with most dust and HNO3.

In Table 4.4 the differences between the sensitivity run andE_d are shown. At
IT01, the station near Rome, and at the Spanish coastal station ES17 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

CH02 -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
FI17 -99 -100 -99 -97 -0.30 -0.42 -0.26 0.18
IT01 -94 -100 -89 -81 0.36 0.39 0.37 0.39
NO01 -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 runs E_d,
E_d_min , E_d_max and E_d_ca60 for coarse nitrate in June 2006. The sta-
tions marked with an asterisk have hourly measurements, here the daily averages
are used to calculate the correlations.

The differences between monthly means of coarse nitrate in E_d_max and E_d_min
in June 2006, are a maximum in the Mediterranean Sea where thedifference
reaches 0.34µg(N) m−3. The influence of these sensitivity tests changes over
Europe as can be seen from Table 4.4. At IT01 the changes between the E_d_max
and E_d_min are 0.039µg(N) m−3, while the difference at NO01 is 0.001µg(N)
m−3. Measured values at IT01 and NO01 are 0.36µg(N) m−3 and 0.11µg(N)
m−3, respectively.

As the assumed Ca2+ content of 5% natural dust revealed a severe underestim-
ation in the EMEP model compared to measurements an additional test of the
dust parametrization was done. The results of E_d_ca60 showthat there is still
a negative bias at the stations where dust plays a significantrole. At IT01 coarse
nitrate in this model run is of the same magnitude as in the oldparametrization
during a dust event, where there should be enough Ca2+ to give more coarse ni-
trate (see Figure 4.11). This indicates that at some points it is not only the amount
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Figure 4.10:Observed coarse nitrate and modelled coarse nitrate at Montseny
(ES17 upper panel) and Montelibretti (IT01 lower panel) in June 2006. Both
sensitivity model runs E_d_min and E_d_max are shown together with the stand-
ard run E_std and E_d.
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Figure 4.11:Black lines, left y-axis: Observations of coarse Ca2+ at Montelibretti
(IT01) and model performance of 62.5% of total coarse dust inthe EMEP model.
Colored lines, right y-axis: Observation and model performance of coarse nitrate
in June 2006.

of available Ca2+, which affects coarse nitrate formation on dust. In this particular
time and place (Figure 4.11) there is probably not enough HNO3 available as the
peak in coarse nitrate in the old parametrization is the same. Over the Mediter-
ranean Sea there is up to 0.55µg(N) m−3 in E_d_ca60. In comparison the value
of E_d over the same area is 0.15µg(N) m−3.

4.2.4 Comparison to other work

Hodzic et al. (2006) implemented coarse nitrate formation on dust in the regional
chemistry-transport model CHIMERE. The same method has been used in this
thesis as in Hodzic et al. (2006). A fixed chemical composition of dust is assumed
both in this thesis and in Hodzic et al. (2006). Hodzic et al. (2006) assumed 17%
Ca2+ content in dust which is high compared to the assumption of 5%Ca2+ con-
tent in natural dust and 4.6% in anthropogenic dust as is usedin this thesis. More
coarse nitrate is expected in their results as their Ca2+ content in dust is higher.
In Hodzic et al. (2006) there is only formation on natural dust. The total dust in



4.2. Coarse nitrate on mineral dust 49

(a)Average coarse nitrate (µg m−3) in E_d in June 2006 plus January 2007

(b) 2001 yearly average of concentration in coarse nitrate (µg m−3)
from the study of Hodzic et al. (2006)

Figure 4.12:Coarse nitrate from this thesis in a) and figure 4a from Hodzicet al.
(2006) in b)
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the EMEP model and natural dust in Hodzic et al. (2006) are in the same range
in southern Europe, but in northern Europe there are smallervalues of dust in the
EMEP model. In Figure 4.12 modelled coarse nitrate from Hodzic et al. (2006)
is shown together with modelled coarse nitrate in E_d. In Hodzic et al. (2006)
they calculate the annual mean of coarse nitrate, whereas inthis thesis monthly
means are calculated for June 2006 and January 2007 for E_d. The average of
these two months is used for comparison with Hodzic et al. (2006). In E_d there
is less coarse nitrate than in the result of Hodzic et al. (2006). The higher Ca+ con-
tent assumed in Hodzic et al. (2006) can explain some of the differences. There
are also differences in the calculation of the aerosol surface between this work
and Hodzic et al. (2006). In CHIMERE the aerosol distribution is represented by
6 geometrically spaced size bins from 10 nm to 40µm diameter with internally
mixed aerosols in each size bin. In the EMEP model aerosols are represented in
two size bins, coarse and fine, and a log-normal size distribution is assumed here
to calculate the aerosol surface of the coarse aerosol.

In the sensitivity tests E_d_max has the same values as Hodzic et al. (2006)
between Spain and northern Africa, while in all other areas this model run has
lower values. E_d_ca60 gives higher values than Hodzic et al. (2006) between
Spain and northern Africa, but smaller values elsewhere. The parametrization
of coarse nitrate on dust in this thesis does not produce coarse nitrate over large
enough areas.

4.3 Coarse nitrate on sea-salt

This section contains an evaluation of the implementation of coarse nitrate form-
ation on sea-salt. The results from this implementation will be compared 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 stations, and in particular the
northern stations, as FI17 and NO01, as these stations are characterized by high
amounts of sea-salt (Figure 4.6). The correlation improvesat most of the stations
in the intensive measurement campaigns compared to E_std both in June 2006
and January 2007. NL11, IT01 and ES17 are not improving in June. At these sta-
tions the correlation improved in E_d compared to E_std. Measurements of Na+
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at IT01 are compared to 31% of sea-salt in E_ss and do not correlate well in June,
which can explain the lack of improvement in coarse nitrate correlation at this
station. Both ES17 and IT01 are stations that are affected bydust, see Figure 4.4.
As ES17 is close to the sea an improvement from this implementation of coarse
nitrate on sea-salt could be expected. In January 2007 the correlation improves at
all stations except NL11.

In the implementation of coarse nitrate formation on sea-salt the daily correlation
improves compared to the correlation in E_std. In particular there 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 compared to the intensive
measurements in June 2006 and January 2007. The biases rangefrom -100% to
-75% for coarse nitrate (see Table 4.3). It should be noted that at FI17, NO01,
IT01, DE44 and CH02 there are negative biases of modelled Na+ compared to
measurements. Fine nitrate is underestimated at all stations in June except ES17.
In January there are higher values in E_ss than in measurements at some stations
and smaller values at others. There is somewhat more fine nitrate in E_ss during
winter than in summer. For coarse nitrate there are no clear differences between
summer and winter. The formation of coarse nitrate on sea-salt gives more coarse
nitrate than the implementation of coarse nitrate on dust. The values of fine nitrate
in E_ss and E_d are comparable at the measurement stations both in June 2006
and in January 2007.

The distribution between fine and coarse nitrate reveals an underestimation of
both coarse and fine nitrate in E_ss compared to the intensivemeasurements. The
biases for coarse nitrate are higher than for fine nitrate. Coarse nitrate in E_ss
is, as expected, mainly formed in the coastal region. There is less coarse nitrate
in E_ss than in E_std but more than in E_d. The formation of coarse nitrate on
sea-salt is higher than the formation of coarse nitrate on dust.

4.3.3 Sensitivity tests

The choice of one single log-normal size distribution for sea-salt in the imple-
mentation of coarse nitrate formation on sea-salt is a simplified assumption. Two
sensitivity runs of the EMEP model are done where the size distribution of coarse
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sea-salt and hence the formation of coarse nitrate on sea-salt is changed, as dis-
cussed in section 3.2.1. The choice of mode 3 of the trimodal log-normal size
distribution for marine aerosol from Jaenicke (1988) givesan aerosol surface that
is 2.81 times larger than mode 2 from O’Dowd et al. (1997). Thereaction rate
also depends non-linearly on the radius, see equation 3.6. The choice of a smaller
radius will give an even higher reaction coefficient. The second sensitivity test is
to separate coarse sea-salt into 5 bins instead of choosing alog-normal size dis-
tribution, and to let coarse nitrate form in each bin. In thissection the results of
these sensitivity tests will be discussed.

June 2006
Station Bias (%) Correlation
ID E_ss E_ss_j E_ss_split E_ss E_ss_j E_ss_split
CH02 -99 -97 -99 -0.03 -0.08 -0.07
GB36* -96 -88 -95 0.39 0.43 0.42
NL11* -63 5 -56 -0.15 -0.19 -0.18
FI17 -89 -66 -87 0.78 0.81 0.80
IT01 -97 -91 -91 -0.06 -0.10 -0.08
NO01 -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 runs E_ss,
E_ss_j and E_ss_split for coarse nitrate in June 2006. The stations marked with
an asterisk have hourly measurements, here the daily averages are used to calcu-
late the correlations.

More coarse nitrate is found in E_ss_j than in E_ss which is expected. Also in this
simulation a negative bias is seen at all the measurement stations in June 2006
(Table 4.5), and there is less coarse nitrate in E_ss_j than in E_std. The different
result of E_ss, E_ss_j and E_ss_split at FI17 and NO01 are shown in Figure 4.13.
The monthly mean of coarse nitrate over the whole field in June2006 is for E_ss_j
0.08µg(N) m−3, while the monthly mean of coarse nitrate in E_ss is 0.03µg(N)
m−3.

E_ss_split does not give any large differences in coarse nitrate compared to E_ss
at the measurement stations. There is a tendence of more coarse nitrate at the
measurement stations in E_ss_split. This can be seen in Figure 4.14 where the
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Figure 4.13:Observed coarse nitrate and modelled coarse nitrate at FI17, upper
panel and at NO01, lower panel, in June 2006. Both sensitivity model runs E_ss_j
and E_ss_split are shown together with the standard run E_std and E_ss.
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Figure 4.14:The percent difference of coarse nitrate between E_ss_split and E_ss
in June 2006.

percent change between coarse nitrate in E_ss_split and E_ss in the whole EMEP
area is shown. The monthly mean of coarse nitrate in June 2006over the whole
field is 0.04µg(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 size distribution, there
will be a switch towards smaller sizes of sea-salt in the coarse fraction. Separat-
ing coarse sea-salt in 5 different size bins does not enhancecomputational time
significantly (5% increase in CPU time).

The sensitivity tests show that there are quite large differences in the amount of
coarse nitrate with the different approaches of determining the size of coarse sea-
salt. The effect on the correlation at the intensive measurement campaign stations
is relatively low. The amount of coarse nitrate in the areas most affected is up to
400% percent higher in E_ss_j than in E_ss. In E_ss_split it is up to 49% higher.

4.3.4 Comparison to other work

Myhre et al. (2006) studied coarse nitrate formation on sea-salt for the year 2000
in a global chemistry-transport model, the Oslo CTM2. In that study the coarse ni-
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trate formation on sea-salt follows a different approach, assuming an equilibrium
between HNO3 and NaCl and other ions. This method of assuming equilibriumof
coarse aerosols probably causes an overestimation of coarse nitrate (Myhre et al.,
2006). In Myhre et al. (2006) they calculate the annual mean of coarse nitrate,
whereas in this thesis monthly means are calculated for June2006 and January
2007 for E_ss. The average of these two months is used for comparison with
Myhre et al. (2006) (Figure 4.15). This comparison reveals less coarse nitrate in
E_ss than in the study of Myhre et al. (2006). It should also bekept in mind that
the Myhre et al. (2006) study is done for a different year thanthis thesis, and that
the annual mean is calculated in their study. The coarse modein the Myhre et al.
(2006) study starts at 1µm in diameter while in the EMEP model the coarse mode
starts from 2.5µm, which will give less nitrate in this thesis. In E_ss_j which uses
a size distribution for smaller aerosol there is still less coarse nitrate over land
than in the study of Myhre et al. (2006), but the amount of coarse nitrate over the
Mediterranean Sea is at some places up to 4µg(NO–

3 ) m−3.

4.4 Coarse nitrate on dust and sea-salt

In this section the model run accounting for coarse nitrate formation on both dust
and sea-salt is evaluated. In E_d_ss the same parameters forthe size distribution
and uptake coefficient of HNO3 on dust and sea-salt are used as in E_d and E_ss.
The parameters from E_ss_j have not been used here even if they give more coarse
nitrate than E_ss, as with this choice the aerosols are in a size range 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 than inE_std at all stations
but NL11 in both June 2006 and January 2007, see Table 4.3. In June the cor-
relation at most stations is mostly affected by the sea-saltimplementation, the
exceptions being ES17, CH02 and IT01, where dust also affects the correlation.
In January 2007 the sea-salt implementation has a stronger influence than the dust
implementation at all stations. At ES17, in June 2006, thereis one peak of coarse
nitrate that origins from the coarse nitrate formation on sea-salt, and one peak in
the second half of June that origins form coarse nitrate formation on dust, as can
be seen in Figure 4.16. The lack of continuous observations makes it uncertain if
E_d_ss has the maxima of coarse nitrate at the right times.
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(a)Average coarse nitrate in June plus January in
E_ss

(b) Annual mean of coarse nitrate in Myhre et al. (2006)

Figure 4.15:Coarse nitrate from this thesis in a) and figure 2 from Myhre etal.
(2006) in b), both inµg(NO–

3 ) m−3
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Figure 4.16:Coarse nitrate at ES17 in June 2006, from the intensive measurement
campaign. The difference between measured PM10 nitrate and PM2.5 nitrate is
compared to coarse nitrate in the EMEP model.

It is encouraging to see that the correlation improves in thenew parametrization
with formation of coarse nitrate on both dust and sea-salt compared to the ref-
erence run at all stations in June 2006 and January 2007 (except NL11 in June
2006).

4.4.2 Amount of fine and coarse nitrate

Coarse nitrate in E_d_ss is lower than in the measurements from the intensive
campaigns, both in June 2006 and in January 2007 (Table 4.3).Coarse nitrate
forms almost exclusively over the ocean in E_d_ss and there are very low con-
centrations over land. Figure 4.17 shows the spatial variation of coarse nitrate in
E_d_ss together with the observations of coarse nitrate. The amount of coarse
nitrate is in the same range as in E_ss at the intensive measurement campaign
stations. There are differences over the Mediterranean Seaand Northern Africa,
the areas where formation of coarse nitrate on dust contributes to coarse nitrate in
E_d_ss. There is less coarse nitrate in E_d_ss than in E_std as can be see from
Figures 4.3 and 4.17, which are plotted with the same color scale for coarse ni-
trate.
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Fine nitrate in E_d_ss is considerably lower than in the measurements from the
intensive campaigns in June 2006. There is more fine nitrate in E_d_ss than in
E_std both in June 2006 and in January 2007. This is probably caused by less
formation of coarse nitrate in E_d_ss, and hence more HNO3 to react with NH3 to
form fine nitrate. In January 2007 there is more fine nitrate inE_d_ss than in the
measurement at some stations and less at other stations.

There is, in general, not enough coarse nitrate in E_d_ss compared to the intens-
ive measurement stations, neither in June nor in January. InE_d_ss there is less
coarse nitrate than in E_std, whereas more fine nitrate is revealed in E_d_ss than
in E_std. Compared to measurements there is less fine nitratein E_d_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 differences between E_fine
and E_d_ss. This is done to see if the formation of fine nitrateon fine dust and
sea-salt has any effect on the partitioning of fine and coarsenitrate.

4.5.1 Day-to-day correlation

There are no significant changes in the correlation of fine nitrate by including
formation of fine nitrate on fine dust and sea-salt in June 2006. In January there
are changes in the correlation at some stations. The changesare highest at the
northern coastal stations FI17 and NO01. At these stations correlation improves
(see Table 4.2 for numbers and Figure 4.18 showing E_fine at FI17 in January
2007). FI17 and NO01 are stations where there is a lot of sea-salt, which probably
explains the changes in the correlation.

The correlation of coarse nitrate is the same in E_fine as in E_d_ss in June. In
January there are minor changes in the correlation of coarsenitrate between E_fine
and E_d_ss at all stations. At some stations the correlationworsens and at others
it improves. All the stations have a better correlation in E_fine than in E_std in
both June and January, except NL11.

The correlation of coarse nitrate does not change significantly in neither of the
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(a)

(b)

Figure 4.17:Monthly mean of coarse nitrate in the model run with coarse nitrate
formation on dust and sea-salt (E_d_ss) and observations ofcoarse nitrate at the
stations from the intensive measurement period in a) June 2006 and b) January
2007. The bullets depict observations with the same color scale as the modelled
field.
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Figure 4.18:Fine nitrate at FI17 in January 2007. E_fine is shown togetherwith
E_std and E_d_ss. E_fine improves the correlation at this station.

two months studied here. While the correlation of fine nitrate improves 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 the measurements with bi-
ases from -74% to -98% in both June and January. The result is similar to the
result in E_d_ss with slightly smaller values at some stations.

Fine nitrate has lower values in E_fine than in the measurements in June at almost
all stations. In January there is more fine nitrate in E_fine compared to measure-
ments at some stations and less at others, see Table 4.2 for numbers. Compared to
E_d_ss there is more fine nitrate in E_fine, especially at IE31in June and at NO01
in January. The difference at the Norwegian station can be explained by less NH3
in winter, and the inclusion of fine Na+ will form fine nitrate as long as HNO3 is
available.

Including the formation of fine nitrate on dust and sea-salt yields more fine nitrate,
especially in IE31 in June and NO01 in January. These two stations are stations
relatively close to the coastline. There are no significant changes 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 aerosol chemistry-transport
model for the year 1997. They considered coarse and fine nitrate formation on
both dust and sea-salt in a dynamical mass transfer calculation. In their study they
assumed sea-salt to be 100% NaCl and an average Ca2+ content of 4.2% in dust,
while in this thesis 5% Ca2+ content in dust is assumed. Their coarse mode nitrate
is comprised of aerosols with diameter larger than 1.25µm, which is lower than in
the EMEP model where the coarse fraction are aerosols with diameter larger than
2.5µm. In addition to coarse nitrate formation on calcite and dolomite in mineral
dust, Feng and Penner (2007) considered coarse nitrate formation on K+ and Na+

on mineral dust. Monthly means from June 2006 and January 2007 in E_fine
have lower amounts of coarse nitrate than in Feng and Penner (2007) (see Figure
4.19 to see the differences in January). One minor reason forthe lower amount of
coarse nitrate in E_fine is that smaller aerosols are included in the coarse fraction
in Feng and Penner (2007), and they account for more reactions on dust. The
differences might also come from different dust and sea-salt fields. In the fine
nitrate field E_fine has also smaller values than in Feng and Penner (2007), 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 monitoring network are used,
as in the evaluation of the gas-to-particle distribution inE_std. The periods eval-
uated are June 2006 and January 2007.

Modelled NH3 is within a factor two at most stations, see Figures 4.20 and 4.21
where the result of E_fine are shown. At the Norwegian stations the new im-
plementation underestimates NH3 as in E_std. These Norwegian stations are
probably affected by local sources as mentioned in the evaluation of NH3 in
E_std.There are hardly any changes in the model performanceof NH3 neither
in June nor January in the model runs with the new parametrization.
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(a) Monthly average of coarse nitrate in January
2007 in E_fine

(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) in
b). Both Figures shows coarse nitrate in pptv NO–

3 . Coarse nitrate in E_fine are
> 2.5 µm in diameter, while in Feng and Penner (2007), coarse nitrate are > 1.25
µm in diameter.
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Figure 4.20:Comparison of modelled NH3, NH+
4 , HNO3 and particulate nitrate in

E_std with measurements from the standard EMEP network in June 2006. Meas-
urement and model averages over the stations together with correlations are given
in Table 4.1.
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Figure 4.21:Comparison of modelled NH3, NH+
4 , HNO3 and particulate nitrate

in E_fine and measurements from the standard EMEP network in January 2007.
Numbers for the measurement average over the stations, biasand correlation are
given in Table 4.1.
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In general, small changes are seen in modelled values of NH+
4 at the stations.

In E_std the monthly modelled mean in June was 0.55µg(N) m−3, which has
changed to 0.58µg(N) m−3 and 0.54µg(N) m−3 in E_d_ss and E_fine, respect-
ively. In January there is a comparable change, except that one station in E_fine
disengages from the other model runs, with IE06 being severely underestimated
(see Figure 4.21).

There is more nitric acid in E_d_ss and E_fine than in E_std in both June and
January (Table 4.1). The smaller coarse nitrate formation in the new parametriza-
tion can probably explain the higher amount of HNO3 in these model runs.

In June there is a mean value of 0.08µg(N) m−3 particulate nitrate in E_d_ss
and E_fine, while in E_std the mean value was 0.12µg(N) m−3. In January the
modelled mean of particulate nitrate is 0.25, while in E_d_ss and E_std the values
are 0.23µg(N) m−3 and 0.20µg(N) m−3, respectively. When comparing particu-
late nitrate in Figure 4.2 and 4.21 the differences between E_std and E_fine seem
to be caused by more modelled nitrate at the Irish stations.

There are no significant changes between the different modelruns in the gas-
to-particle distribution. In the new parametrization there is more HNO3 probably
due to less coarse nitrate formation. In the evaluation of nitrate in this section
total nitrate aerosols are evaluated. This evaluation shows that the model has sim-
ilar results against measurements with the new parametrization as with the old
parametrization, even if the evaluation of coarse nitrate revealed a high underes-
timation of coarse nitrate against measurements. This shows how important it is
to evaluate model results against measurements of fine and coarse nitrate, in order
to see how the model performs in terms of nitrate.

4.7 Spatial correlation

Scatter plots of measured coarse nitrate and modelled coarse nitrate in E_d, E_ss,
E_d_ss and E_std in June 2006 and January 2007 are shown in Figure 4.22. In
June the spatial correlation is the same in E_d_ss and E_std (r=0.79); it is worse
in E_ss and E_d than in E_d_ss. The spatial correlations are higher in January
than in June in all model runs. In January the spatial correlation is slightly worse
in the new implementation than in the standard run. The implementation 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_ss, E_d and
E_d_ss in a) June 2006 and b) January 2007.

The spatial correlation does not change significantly with the new parametrization.
It is still relatively high even if the model forms too small amounts of coarse nitrate
in both June and January. The spatial correlations of E_d andE_ss are worse than
for E_std and E_d_ss, which is expected as only one of the formation pathways
of coarse nitrate is implemented here. The fact that the samevalues of spatial
correlation are found in E_std and E_d_ss shows that both parametrizations are
driven by HNO3, and high values of HNO3 give high values of coarse nitrate. That
the new parametrization does not give a better spatial correlation may imply that
the spatial correlation of dust and NaCl is not good enough togive an improvement
in the model. The day-to-day correlation, however, becomesbetter.
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Summary and conclusion

In this thesis a new parametrization of coarse nitrate on mineral dust and sea-salt is
implemented in the Unified EMEP model. The formation of coarse nitrate on dust
involves the reactions between HNO3 and calcite and dolomite, the most reactive
part of mineral dust towards HNO3. The formation of coarse nitrate on sea-salt
involves the reaction between HNO3 and NaCl. A full heterogeneous reaction in
the forward direction is assumed for both mineral dust and sea-salt. The imple-
mentations of coarse nitrate formation on dust and sea-saltare tested separately
and in combination to allow for an evaluation of their individual and total effects
on the model performance. Finally a model run including, in addition, the forma-
tion of fine nitrate on sea-salt and dust is performed. Several test runs are done to
assess the sensitivity of the implementations to various parameters.

The model results are compared to measurements of nitrate aerosols from the in-
tensive measurement campaigns in June 2006 and January 2007, as these are the
only sets of measurements that separate fine and coarse aerosols. The aim of this
thesis was to examine if the EMEP model gives a better reproduction of coarse
nitrate formation by explicitly including the uptake of HNO3 on coarse sea-salt
and dust.

The results from this thesis can be summarized as follows:

• The new parametrization of coarse nitrate on dust and sea-salt improves the
temporal correlation at all measurement stations from the intensive meas-
urement campaigns, except at the Dutch station NL11 in June 2006.

• Coarse nitrate in the new parametrization is severely underestimated at the

67
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measurement stations. However, it should be noted that the selection of
stations can affect the results of the evaluation. In June and January the
evaluation of coarse Ca2+ and Na+ reveals a severe underestimation, while
the yearly evaluation against measurements of total aerosol (i.e. including
all sizes) from the standard EMEP monitoring network shows less severe
disagreement (-51% for total Ca2+, and +25% for total Na+). This suggests
that either the months of June 2006 and January 2007 are not well modelled
or the selected stations are not sufficiently representative for the precursors
sea-salt and dust.

• There are only two months of intensive measurements and thusvery few ob-
servations separating coarse and fine nitrate. Indeed, at some stations there
are no continuous measurements even in the two months of the intensive
campaigns. This is not sufficient for a thorough evaluation.

• The sensitivity of the different parameters in the implementation of coarse
nitrate on dust and sea-salt was tested. The uptake coefficient of HNO3 on
dust was tested, together with the Ca2+ content in dust and the size dis-
tribution of sea-salt. Neither of these sensitivity studies could explain the
severe underestimation of coarse nitrate in the model results with the new
parametrization.

• The inclusion of fine nitrate formation on fine dust and sea-salt does not
change the model results of coarse nitrate significantly. There are some
changes in fine nitrate in the model, yielding more fine nitrate at some sta-
tions.

• The comparison with other model studies of coarse nitrate formation on
dust and sea-salt reveals a relatively small formation of coarse nitrate in this
study. Part of the differences is due to the different methods used in the other
studies. Another reason is the assumption of a higher Ca2+ content in dust,
and possibly more dust in the model. The model-measurement comparisons
found in the other studies focus on total nitrate only, whichdoes not give a
direct measure of how the coarse nitrate parametrization performs.

In the future an alternative method of implementing coarse nitrate on dust and
sea-salt could be tried in the EMEP Unified Model, as the present method yields
a severe underestimation. The equilibrium method is one possible approach, and
the EQSAM module could be used for this purpose. However, it should be taken
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into account that formation of coarse nitrate does not reachequilibrium within
the 20-minute chemical time step in the EMEP model. It is alsodesirable to get
more measurements of coarse and fine nitrate to allow for a more comprehensive
evaluation of nitrate in the EMEP model. If possible one should also attempt to
implement a chemical speciation of dust in the EMEP model, asthe Ca2+ content
in dust represents a major uncertainty in the implementation of coarse nitrate on
dust.

Given the rather high uncertainties regarding the formation of nitrate and its life
cycle in the Earth system, combined with the increasing relative importance of
nitrate aerosols to the ecosystem, human health, and climate, it is clear that im-
provements in the modeling of nitrate in particular and the nitrogen cycle in gen-
eral should be among the research priorities in the years to come.
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