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Abstract

Air pollution is a great danger to our health and nature. Asis the latest decades had a rapid
increase in population and industrialization, affectirag only Asia, but also other parts of the
world. The main focus in this thesis is air pollution in Asig evaluating the global EMEP
model performance in this area.

The global EMEP model performance over Asia has been validatith the use of obser-
vations from EANET (Acid Deposition Monitoring Network inalst Asia). The comparison
distinguished between urban, rural and remote sites. Aadjibbal EMEP model shows bet-
ter simulations in rural and remote sites. However, conpéoehe performance of European
model simulation from the regional EMEP model, the globalEMmodel show high underesti-
mations of S@ and NG concentrations over Asia. Model simulations of 0zone wemregally

in better agreement with measurements.

To better understand effects of the emissions on modeltseghke global EMEP model was
run with two different emission inventories over Asia. Bethission inventories were based on
ACESS (Ace-Asia and Trace-P Modelling and Emission Suppgstem) emissions. The main
differences between the emission inventories were thealtmn of emissions in source sectors.
The original emissions showed to be placed mainly in thecggector S1, for road traffic,
where the pollutants are emitted at the lowest layer of thrgphere. The new emissions how-
ever, showed more detailed source sector distributior @ritissions in the four source sectors,
S1; combustion in energy and transformation industries,n88-industrial combustion plants,
S3; combustion in manufacturing industry, and S7; roadsppart. The new emissions gave a
more realistic source distribution and therefore alsois@rtistribution of the emissions.
Comparing the two model results showed a substantial isergathe long-range transport of
SO, as much as 20 % and as far as North-America at 650 metersthdigts caused by re-
leasing the emissions at higher levels. Evaluating thewdiffces in model results for 3NO,
and Q at a level above the boundary layer, showed the model runneithsector distribution
to be more sensitive to long-range transport for all pofitgaanalysed. Temporal correlations
with observations were improved in the model run with newssions for all pollutants, with
increase in mean correlation of 0.017, 0.022 and 0.019 fgr 80, and G concentrations, re-
spectively. However, the new emissions did generally nprowement in the model simulations
of the surface air concentrations of sé&nd NG.

The global EMEP model performance in Asia was also analygeihst eight regional mod-
els included in a model study in the area, MICS-Il. The corigoar showed the global EMEP
model to be in the same range as the regional models includge imodel study for all pollu-
tants analysed.
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Chapter 1

| ntroduction

1.1 Background

Air pollution represent a health danger for people livingha affected areas. Air pollution from
industry, traffic, energy production and other sources dheeat to us and our nature.

The ecosystems are harmed by contamination of the soil hwdasio damage forests, lakes, rives,
wetlands etc. Air pollutants like sulphur and nitrogen connpds leads to acidification and al-
ters the balance between, and budgets of soil nutrients.

For long air pollution has been recognised to lead to varilinssses from just a cold to more
serious diseases like respiratory infections, mutatiorfetos deformation (Informasjonsgrup-
pen Mot Sur Nedbgr, 1987).

The different air pollutants affect our health in many wassme more damaging than others.
Sulfur dioxide (SQ) and nitrogen oxides (N seem to correlate with higher risk for diseases
in the respiratory passages. Increasing cases of cancé&recarfactor influenced by NCcon-
centration. Different studies have shown that people diim areas with high levels of NQ
especially from cars and other vehicles, may have their kanger risk increased by about a
third (Cancer Research UK, 2009). Carbon monoxide (CO) ffantahe heart and the central
nervous system by restraining oxygen delivery to the blowtithe body’s organs and tissues. At
extreme levels CO can be poisonous and cause death (En@mahnfrotection Agency, 2008).
Ozone (Q) can damage lungs and irritate the respiratory systemgcislyefor children, people
with lung diseases and people who perform outdoor activitie

The World Health Organisation, WHO, has warned that theamits in the major cities in the
Western Pacific Region, where the pollution is very high| sulffer dramatically unless urgent
measures are taken. According to the WHO there is more th&a hallion people that die in
Asia every year from diseases related to air pollution.

In the last few decades Asia has had a rapid population angoatdo growth and this has
led to a development in anthropogenic emissions of air poliu According to Pochanart et al.
(2004) is the continuing rapid industrialization expectednake East Asia the largest source
region for air pollution in the coming decades. About 60 patmf the worlds population of 6
billion people live in Asia. The development in populatiamglustry and centralization is asso-
ciated with growing use of energy, and this threatens tharugir quality. According to Ohara
etal. (2007), S@emissions in Asia between 1980 and 2000 have increased f8am42 Tg/yr.
NO, emissions have increased from 11 to 25 Tg/yr, CO from 207 ®T§yr, and NMVOC
(non-methane volatile organic compounds) from 22 to 40 iTgMpe increase in emissions are



CHAPTER 1. INTRODUCTION 2

significant, for NQ the percentage emission increase is 135 %.

The area is of special interest since the developmentssmrégion will deeply affect not only
Asia, but also rest of the world. Long-range transport camgoair pollutants like @, SO, and

its resultant aerosols from Asia and to other continentsdélistudies and observations show
that transport of Asian emissions influence the Northern idghere, reach over the Pacific to
North-America and also Europe (Pochanart et al., 2004;itodt al., 2000; Jonson et al., 2001;
Derwent et al., 2008). Europe is affected by the Asian eissifor instance, according to Au-
vray and Bey (2005), does Asian; ©ontribute with 7,7% to the annuak®udget over Europe.

In contrast with Asian pollution growth have the Europead Biorth-American anthropogenic

emissions of S@and also NQ, CO and NMVOC, all precursors of{Qall decreased in the last

decades. The realization of the impact of long-range tramgprned the vision towards other
continents, and especially Asia with the understandingnugsions and impacts of air quality

in North-America and Europe. Modelling air quality is a téot understanding the sources and
reactions of the pollution, and in this way suggesting thst ladternative to reduce pollution

levels and to investigate how the long-range transport ainpertain areas.

The Convention on Long-range Transboundary Air Pollut©@hRTAP, started in 1979 investi-
gating environmental problems in United Nations Econonaenission for Europe, UNECE,
region. In 2001 a Task Force was established concerningotigeringe transport issue; Task
Force in Hemispheric Transport of Air Pollutants, TFHTARETEMEP programme is a part of
CLRTAP and the global EMEP model evaluated in this thesis dea®loped as a result of the
Task Force in Hemispheric Transport of Air Pollutants. Tegional EMEP model has been
validated in Europe for several years, however the firstuaigdn of the global EMEP model,
(Jonson et al., 2007), showed poor model results over Adlauncertainties like emission data.

Knowledge about the emissions is an important part of utaeding and estimating air pol-
lution. The skills of a model depends on its input data, tfeeeethe emission input is of great
importance.

In Asia there is considerable uncertainties with some oéthession values. The reasons can be
lack of national statistics in some Asian countries, and adsufficient knowledge of the perfor-
mance of some of the emitters. According to Streets et ab3RCO emissions depend on the
efficiency of the combustion process, and how the equipmsad are operated and maintained.
These aspects are difficult to get an statistic view over.

The best known pollutant emitted in Asia is 80 he reason for this is associated with the threat
of acid rain becoming a concern in the early 1990s, and relseer in Japan started then studies
of SO, emissions. However estimates of pollutants like,NOO, CGQ (carbon dioxide), Ch
(methane) and NMVOC (non-methane volatile organic comgsyiare estimated with uncer-
tainties, (Streets et al., 2003). There are, especiallsdone areas of Asia, few estimates to
compare against and often from different time periods. Tkeritories often include or exclude
different sources, which makes the comparison difficult.

For valid analyses of the effects of long-range transpogiin emissions to North-America
and Europe, the Asian pollution must be understood. Thedhathe pollutants in the atmo-
sphere, and how the long-range transport will impact piolfutevels in other locations have
been a subject of interest. An intercomparison study of étertransport models in East Asia
was conducted by Carmichael et al. in 2001, MICS-I, and amamcted version in 2003, MICS-
II, (Carmichael et al., 2007). According to Carmichael ef{2007) the study was conducted to
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help develop a better common understanding of the perfazenand uncertainties of chemical
transport models in East Asia. The study included nine regjathree-dimensional Eulerian
models over four different periods, including three diffier seasons and two years; March, July
and December in 2001, and March in 2002. The models studigolsit®n of sulfur and nitro-
gen compounds, £and aerosols. The seasons where analysed and compare@itzatibss in
EANET, Aid Deposition Monitoring Network in East Asia, sitéh East Asia. Results showed
significant differences, but the tendencies are overptiediof SO, and underprediction of
NO, and G (Han et al., 2007). The comparison study is a benchmarkinghfemical transport
modelling in this area and gives a foundation of the analfgsishe global EMEP model evalu-
ated in this thesis.

The global EMEP model has recently been developed (2007}rasdhesis provides for the
first time a thorough evaluation of the model performancer d&a. The model results are
evaluated for the air pollutants SCNO, and Q. The reason for this focus is the rising concern
of acid rain in Asia from the early 1990s. EANET, was initéhi@ 1998 and started monitor-
ing activities in 2001. Air concentrations were measuradS6,, NO,, NO, O; ad PM. The
observations are a basis of comparison against the glob&MEodel results in Asia.

1.2 Purpose of thethesis

The purpose of this thesis is to get a better understandinigecdir quality in Asia. In particu-
lar to document the performance of the global EMEP model,targive recommendations for
improvements in the model results over Asia. The global EMdelel is run with different
emission inventories and the models performance influebgethanges in emission data are
evaluated.

This thesis is organized in 6 chapters. First the global ENidelel is introduced. In the

next chapter, chapter 3, a description of the observatises for model validation over Asia
is presented, providing an understanding of their locagioth classification. The emission input
used in this thesis is presented and discussed in chaptehd.efission data from ACESS,
Ace-Asia and Trace-P Modelling and Emission Support Systemanalysed with emphasis on
the source sector distribution. Chapter five evaluated libteat) EMEP models performance in
Asia, with validation of model results against observatiata from EANET and against other
model results in Asia, MICS-II. The two last chapters camtadiscussion, and conclusions with
recommendations for improvements of the global EMEP moddbpmance in Asia.
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Chapter 2

The EMEP Chemical Transport M odel

21 TheEMEP programme

EMEP stands for “Co-operative programme for monitoring amdluation of the long-range
transmission of air pollutants in Europe”, and is a sciesdlfy based and policy driven pro-
gramme under the Convention on Long-range TransboundaryPdliution for international
co-operation to solve transboundary air pollution protde(@MEP, 2009).

CLRTAP started in 1979 and has investigated some of the@mwiental problems of the UN-

ECE region. The Convention has now 51 Parties and the gohhighie Parties shall attempt
to limit and gradually reduce and prevent air pollution,liring long-range transboundary air
pollution. There are three main programmes under CRLTA® Mlorking Group on Effects,

EMEP and the Working Group on Strategies and Review, thésepalrt to the Executive Body

every year as well as the Convention’s Implementation Cdtemi (UNECE, United Nations

Economic Commission of Europe, 2009).

The EMEP programme provides the Convention with infornrratta atmospheric monitoring
and modelling, emission inventories and emission prajesti and integrated assessment mod-
elling. The main purpose of the EMEP programme is to providerimation on the origin of
long-range transboundary air pollution. The programmeaseld on international cooperation
in compiling emission data, observations and modellingis Bives a basis for evaluation and
qualification of the EMEP estimates.

The EMEP programme is organised in five different centersurofe; in Oslo, and under the
Norwegian Meteorological Institute is the MSC-W, Meteoigital Synthesizing Centre - West,
there are also a centre in the east, in Moscow, MSC-E, a Claé@anrdinating Centre (CCC)
hosted by NILU, a Centre for Integrated Assessment Modg(IiIAM) and a Centre on Emis-
sion Inventories and Projections (CEIP).

Within EMEP there are four Task Forces; the Task Force on Measents and Modelling
(TFMM), the Task Force on Emission Inventories and Projeti(TFEIP), the Task Force in
Integrated Assessment Modelling (TFIAM) and the Task Fardéemispheric Transport of Air
Pollutants (TFHTAP).

CCC provides recommendations of measurements, while M8&€-lidve the modelling respon-
sibility, for sulphur, nitrogen photooxidants pollutangarticles in the atmosphere. MSC-East
has the responsibility for development of modelling fonhemetals and POPs. In 1999 CIAM
and CEIP where included in the Convention. CIAM stands ftegrated assessment, building
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on past modelling work, especially on the RAINS model. CEbRects emissions and projec-
tions of acidifying air pollutants, heavy metals, partatel matter and photochemical oxidants,
(EMEP, 2009).

The Task Force HTAP was established by the Convention in 200k the assignment to de-
termine the extent and impacts of intercontinental trartsgioair pollution, and also focus on
improving trans-continental co-operation to reduce allution.

This was the reason for the extension of the Unified EMEP mib@é¢lwas originally validated in
Europe. MSC-West has in the last few years been developsmttified EMEP model that has
a flexible modelling system capable of bridging differerdlss, from local to regional, hemi-
spheric and global, (Jonson et al., 2007). The first stepridsvilne global model was a hemi-
spheric model, the first model results were presented inodoesal. (2006). In 2007, for the
first time the results from the global model were presentelbirson et al. (2007). These results
presented a preliminary evaluation of the global EMEP mpeéeformance in Asia. However
this thesis brings forward a more detailed evaluation ofibbal EMEP model in Asia.

2.2 Theglobal EMEP mode

The Unified EMEP model is a Eulerian atmospheric dispersiadehwith multiple vertical
layers. It is used primarily for simulating long-range spaort of air pollution. The global
EMEP model is an extension of the regional EMEP model. Thiajland regional model share
the same formulations, except for the grid projection amqulirdata, that is the meteorology,
the emissions and the description of land cover. The gridluéen in the global model ig ©

X 1° (~ 110 x 110 km), while the regional model has a finer resolution of 50 x 5¢ kifhe
projection for the global model is in longitude-latitudehie the regional model used a polar
stereographic projection. The input data is discussedbgesttion 2.2.2 in this chapter.

2.2.1 Model description

The EMEP model is a chemical transport model (CTM), a nuraknmdel that simulates atmo-
spheric transport and chemistry. The chemical transpodeainsolves the continuity equation
for the species, and the processes included in the equatoengissions, transport, chemical
transformation and removal of the species.

The Unified EMEP model is an Eulerian model. An Eulerian fraeference describe the fluid
motions by focusing on specific locations in space, wherdltie flows through. By contrast a
Lagrangian model is looking at fluid motion where the obsefollows the individual particles
as they move around in time and space.

A continuity equation is a differential equation that déses the conservative transport of some
kind of quantity. Since mass, energy, momentum, and otheralaguantities are conserved, a
vast variety of physics may be described with continuityagiguns.

The continuity equation used in the EMEP model, from EMERUSt&eport 1/2003, (Simpson
et al., 2003), is the equation given below. Here C is the ngixatio (kg/kg-air) of any pollutant:

Vi
m

2(CII’*) = -’V - (

J . d d p*
3 (Cpx)) — 6_0<UCP*) + 9% [Kga—U(Cp*)} + FS (2.1)

The model uses-coordinates in the vertical, see equation 2.2, where pt =pr. p, ps and
pr is the pressure at the leve| the surface and top of the atmosphere, respectively. Tdrere
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20 vertical levels, where the vertical numbering coordindt is inverted. This meansthatk =1
for the highest level, near 100 hPa, and k = 20 for the level theasurface.

_P—pT
o= () (2.2)

The two first terms on the right side of the continuity equat®l are the flux divergence for-
mulation of the advective transport. Advection is the tpams of a substance from one point to
another, applied mostly to horizontal motion, but also intgat in the vertical in some cases,
(Dunlop, 2001). The first term is the horizontal advectioheveV ; andV; are the horizontal
wind vector and del operator, respectivatyis the map factor on a long/lat map projection. The
second term is the vertical advection, where the verticlloity is given byo = ig—‘{ Advection

on the components in the model is numerically based on the (B889) numerical scheme,
(Simpson et al., 2003). The fourth order scheme is utilireithé horizontal directions. While a
second order version applicable to variable grid distasesl in the vertical directions.

The third term on the right hand side in equation 2.1 repitsstre vertical eddy diffusion,
here K, is the gravitiational acceleration, air density and veiteddy diffusion coefficient re-
spectively (ino-coordinates). Diffusion is the process where two gasesmsflbecome mixed
trough molecular motion, (Dunlop, 2001). Diffusion is paeterized in the vertial according to
K-theory and, only the vertical diffusion is considered.

The last term in the continuity equation includes chemicabther source and sink terms,

In this term the sources can be emissions or chemical priothsctand sinks can be chemical re-
actions or wet and dry deposition. EMEP chemical scheme;ORDNE, has been used in the
model, this scheme has been extensively peer-reviewedefdson-Skold and Simpson, 2001).
70 species and about 140 reactions are included in the Umfatel, (Simpson et al., 2003).
Particulate matter are divided into fine and coarse pastidiee; PM2.5 - particles with dry
aerosol diameter smaller than 2:, and coarse; PMcoarse with diameter between 2.5 and 10
um. The particulate components included in the simulatioessacondary inorganic aerosols,
like sulphate, nitrates and ammonium, and primary partic&tter, mainly anthropogenic el-
emental carbon, organic carbon and dust. Natural sourc€Mofrom biomass burning and
natural dust emission is not explicitly included in the cidtions.

Wet deposition is associated with precipitation, the gapasticles can be removed from the
atmosphere by uptake into a drop. It involves all procesdaesrevairborne species are trans-
ferred to the surface in aqueous form, e. g. rain, snow or Ywgt deposition will take place
unevenly in time and space. Dry deposition to the surfacetal place continuously, it de-
pends on metorological conditions and is a direct transfespecies. Here both gasous and
particulate species transfer to the surface and proceeldswtiprecipitation, (Seinfeld J.H. and
Pandis S.N., 1998). The dry deposition module used in the EgIBbal model is based on the
resistance analogy. The surface resistance is the mosi@onariable in the deposition model
and it depends on the characteristics of the surface andistngrof the species deposited. It is
parametrized for the different components as describedhip$n et al. (2003).

Dry deposition is parameterized following a resistancere@gh including stomatal and non-
stomatal resistances. Stomatal resistance is calculdtadh& multiplicative model of Ember-
son et al. (2000), and factors like maximum stomatal corathed, time of year (leaf phenology),
the minimum observed stomatal conductance, light (agtysibton flux density, PFD), leaf-
temperature (T), leaf-to-air vapour-pressure deficit (YRIhd soil-water potential (SWP). For
the non-stomatal perspective, the conductance for ozosiddrn extensively evaluated (Em-
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berson et al., 2000; Tuovinen et al., 2001, 2004).
Wet depositions parameterized according to scavegingsratid distinguishes between-cloud
and sub-cloud scaveging without explicit dependence ipkhef precipitation.

In the Unified model other processes like horizontal eddfusiibn and convection terms are
not included.

Emissions and boundary conditions in the EMEP model are gmtibn of observations and
predictions for future ozone levels based on ozone trenlysisadocumented in Simpson et al.
(2003).

2.2.2 Input data

The global EMEP model is an extension of the regional modad, the two model uses the
same formulations, except for grid projection and inpuagdateteorology, emission data and
land-use.

Emissions

Air concentrations of pollution are to a great extent detead by the emissions of its precursor
gases and particles. Therefore, accurate emission estiraed essential to model calculations
of air pollution. The emission data used by the Unified EMERIelds described in general
terms below. In chapter 4 a detailed analysis of the emissiout used in the global model is
presented.

The emission information necessary for the EMEP model iforitmation on emissions input
data consisting of gridded emissions of sulphur dioxidex)Saitrogen oxides (N@G=NO+NG,),
ammonia (NH), non-methane volatile organic compounds (NMVOC), canmamoxide (CO),
and particulates (PMs, PMyp). In Europe the information is in annual emission inteesiti
per country and sector files, where the temporal distributibthe emissions are according to
monthly, weekly and daily factors derived from data prodid®y the University of Stuttgart
(IER), (Simpson et al., 2003). Outside Europe the model usasthly emissions with daily
variations described below in this chapter. For biogenidC&nissions the global model uses
temperature dependent emissions from forests, followiagrtethodology of the regional EMEP
model.

The EMEP model distributes the emissions in 11 source secil specify sources of emis-
sions are relevant for better understanding the origin @&ih pollution, and in this way see the
effect of the different emission sources. The informat®highly useful for suggesting possible
regulation and restrictions in emission sources.

The 11 source sectors have different specifications in temh@md spatial distribution. The
classification of the sources are described in joint EMERROMAIR Atmospheric Emission In-
ventory Guidebook, (EMEP/CORINAIR, 2000). CORINAIR, Cdreentory of Air Emissions,
is a project by European Topic Centre of Air Emissions stainel995. The goal of this project
is to collect, maintain, manage and publish information mmissions into the air, by means of a
European air emission inventory and database system, (dMaks 2009).

The Guidebook has been prepared by the expert panels of tBHECENEMEP Task Force on
Emission Inventories (TFEI), and it is intended for geneedérence and for use by parties to
the Convention on Long Range Transboundary Air Polluti@EP/CORINAIR, 2000). The
first edition of the Guidebook was subsequently completeld®®6, and after that other editions
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have been released.

The emissions are divided into 11 sources or SNAP sector,SISalected Nomenclature for
sources of Air Pollution. The sectors were developed as taghdhe CORINAIR project and
they distinguish emission source sectors, sub-sectoraciwties. A description of the sectors
are given below and for more details see EMEP/CORINAIR (2000

SNAP SECTORS according to EMEP/CORINAIR (2000):

S1: Combustion in energy and transfor mation industries (stationary sources)

- Public power, District heating plants, Petroleum refinpignts, Solid fuel transformation plants and
Coal mining, oil/gas extraction, pipeline compressors

S2: Non-industrial combustion plants (stationary sour ces)

- Commercial and institutional plants, Residential plaarid Plants in agriculture, forestry and aquacul-
ture

S3: Combustion in manufacturing industry (stationary sources)

- Combustion in boilers, gas turbines and stationary ersgindustry), Processes with or without contact(Industry-
Iron and steel, Industry-Other, etc.)

S4: Production processes (stationary sour ces)

- Processes in petroleum industries, Processes in irontartlisdustries and collieries, Processes in
non-ferrous metal industries, Processes in inorganic eteimdustries, Processes in organic chemical
industries (bulk production), Processes in wood, papegy,gabd, drink and other industries and Produc-
tion of halocarbons and sulphur hexafluoride

S5: Extraction and distribution of fossil fuel and geothermal energy

- Extraction and 1st treatment of solid fossil fuels, Extiaz, 1st treatment and loading of liquid fossil
fuels, Extraction, 1st treat. and loading of gaseous fdasik, Liquid fuel distribution (except petrol
distribution), Petrol distribution, Gas distribution netrks and Geothermal energy extraction

S6: Solvent use and other product use

- Paint application, Degreasing, dry cleaning and eleatsprChemical products manufacturing or pro-
cessing and Other use of solvents and related activities

S7: Road transport

- Passenger cars, Light-duty vehicles < 3.5 t, Heavy-dultyokes > 3.5 t and Buses, Mopeds and Motor-
cycles < 50 cm3, Motorcycles > 50 cm3, Gasoline evaporatiom fvehicles, Automobile tyre and brake
wear and Automobile road abrasion

S8: Other mabile sources and machinery

- Military, Railways, Inland waterways, Maritime activa, Air traffic, Agriculture, Forestry, Industry,
Household and gardening and Other off-road

S9: Waste treatment and disposal

- Waste incineration, Solid waste disposal on land, Openibgrof agricultural wastes, Cremation and
Other waste treatment

S10: Agriculture

- Cultures with fertilisers (fertilised agricultural lajpdCultures without fertilisers, On-field burning of
stubble, straw,..., Enteric fermentation, Manure managemegarding Organic compounds, Use of pes-
ticides and Limestone, Manure management regarding Nitregmpounds and Fugitive PM sources
S11: Other sources and sinks

- Non-managed broadleaf forests, Non-managed coniferanests, Forest and other vegetation fires,
Natural grassland and other vegetation, Wetlands (marskesmps), Waters, Volcanoes, Gas seeps,
Lightning, etc.

The distribution of emission in source sector effects thightevariation and day/night varia-
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tion of the emission input. The sectors height distributised in the EMEP model is described
in Table 2.1. The level where the emissions are releasechdspm the sources, for instance is
pollution from an automobile emitted in lower altitudesritemission from an industry chim-
ney. Low level emissions compared to emissions in high&udés are influenced differently by
meteorology and chemical reactions. Like the effect of dygakition being more valid in lower
layers, and that emissions released at higher altitudas@re sensitive to long-range transport.
According to Table 2.1, the EMEP model assume that the higdl Eources are mainly in S1,
combustion in energy and transformation industries, S@iestion in manufacturing industry,
and S9, waste treatment.

The sector division in the model does also effect the amouetnission emitted during the day
and during night, see Table 2.2. The day is defined as 0700-t®al time, (Simpson et al.,
2003). The time factors with acknowledgement to GENEMISn&ation and Evaluation of
Emission, University of Stuttgart (IER) as for the regioBAMEP model. Table 2.2 indicated
emission from solvent use and other product use, S6, andrvachtraffic, S7, have 3/4 of the
emission output during daytime. These sectors are highpemigent of peoples activities and
it is reasonable that there is more traffic during the day. ®R:industrial combustion plants,
S3, combustion in manufacturing industry and S8, other laamurces and machinery, does
also have somewhat higher emission during day. The day/digtribution in emission input
is important for processes like chemical reactions wheneesgeactions are dependent of solar
radiation.

Sector 0-92m 92-184m| 184-324m| 324-522m| 522-781m| 781-1106m

k=20 k=19 k=18 k=17 k=16 k=15

1 Public Power stations - - 8% 46 % 29 % 17 %

2 Com./inst.combustior 50 % 50 % - - - -

3 Industrial combustion - 4% 19 % 41 % 30 % 6 %

4 Production processes 90 % 10 % - - - -

5 Extraction fossil fuel 90 % 10 % - - - -

6 Solvents lowest layer - - - - -

7 Road traffic lowest layer - - - - -

8 Other mobile lowest layer - - - - -

9 Waste 10% 15% 40 % 35 % - -

10 Agriculture lowest layer - - - - -

11 Nature lowest layer - - - - -

Table 2.1: The vertical distribution of anthropogenic esiga in each SNAP sector, (Simpson
et al., 2003)

Ideally the global model emission should provided the samel lof detail as the regional Euro-
pean model. However, this detailed information is not gaitailable. The factors influenced
by sector division is worked out for Europe and is not neadlgsilie same for the rest of the
world. The emission used in the global model are in some casesmore simplified than the
emission specified here, see chapter 4.
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Sector| 1 2 3 4 5 6 7 8 9 | 10
Day: {10(12|12]10|10|15|15|12]10|10
Night: | 1.0/ 08| 08| 1.0|10|05/05|08| 10|10

Table 2.2: Day and night factors for distribution of antfwgpnic emissions in SNAP sectors,
(Simpson et al., 2003). Notes: emissions from internatishigping assumed constant through-
out the day.

M eteor ology

The regional model uses meteorological data from PARLAM#?8 3-hourly resolution. PARLAM-
PS is a version of the HIRLAM, Hlgh Resolution Limited Area b, Numerical Weather
Prediction (NWP) model, with parallel architecture, (Ssuop et al., 2003). The global EMEP
model applies meteorological input data derived from ECMW&iiropean Center for Medium
range Weather Forecasting. The data is prepared by runkiBglhtegrated Forecast System
model, with a spectral resolution of T319, (Jonson et al0;720 The data from IFS is interpo-
lated to long.-lat. coordinates and to the vertical gridiiea EMEP model. The interpolation
routine contains a Poisson-based filter to secure the massm@ation of the wind fields, (Peter
wind, pers.comm.).

An evaluation of the meteorological driver, the IFS from E@M, was presented in Tarrasén
et al. (2008), with comparison against meteorological mesaments. According to Tarrason
et al. (2008), in general the use of ECMWF meteorologicaliinmproves the performance of
the EMEP model in Europe for some processes. This is modtyerkto the fact ECMWF
precipitation fields higher resemblance with observatibas PARLAM PS precipitation fields.
IFS showed in general reasonable agreement with obsenlaelsydor more detailed informa-
tion on the evaluation of ECMWF meteorology see Tarrasoh ¢2@08).

Table 2.3 presents the main meteorological parametersinsgbeé EMEP model. These are,
in 3D, wind velocity components - important for both vertiead horizontal advection, humid-

ity, potential temperature, cloud cover and precipitatiéior the two dimensional parameters
the pressure and temperature are of importance for airtgeand dry deposition and stability,

as well as surface fluxes and surface stress.

Land-use

Information about land cover is a necessary part in the madeinly due to the effect on dry
deposition modelling and for estimation of biogenic entuasi For each of grid square, the land-
use data contains information of the fractional coveraghfferent vegetation types. The dry de-
position module in the EMEP model calculates the resistanté different land-use types. The
types are documented in Simpson et al. (2003), and condistasses like "Temperate/boreal
coniferous forests" described with heights, albedo, gngugeason and LAl-parametes (leaf area
index).

In Europe the global EMEP model uses the same land-use asglmmal model. For the rest
of the world land-use data from MM5, the Fifth-Generation ARC(National Center for Atmo-
spheric reaserch)/Penn State Mesoscale Model, are applied

The land-use data from MM5 was interpolated to consistsefithland-use types applied in the
EMEP model.
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Parameter Unit Description Main Purpose
3D fields - for 200 levels
u,v m/s Wind velocity components Advection
q ka/kg Specific humidity Chemical reactions, dry deposit
o) s71 Vertical wind ino coordinated Vertical advection
0 K Potential temperature Chemical reactions, eddy diffus
CL % Cloud cover Wet removal, photolysis
PR mm Precipitation Wet and dry deposition
2D fields - for Surface
Ps hPa Surface pressure Surface air density
T, K Temperature at 2m height Dry deposition, stability
H Wm~—2  Surface flux of sensible heat Dry deposition, stability
T Mm 2 Surface stress Dry deposition, stability
LE W2 Surface flux of latent heat Dry deposition

Table 2.3: Archived Meteorological Data Used in EMEP Mod8impson et al., 2003).

Running the model

The Unified EMEP model is an open source modeb(v.emep.int /OpenSource/). The ver-
sion available on Internet is however only the regional nhaaled the global model used in this
thesis was made available from Meteorological Institutest.nmo Oslo, and EMEP. The model
version run is version rv3. Access to the supercomputer @amsi, Stallo, was allowed in di-
rections of met.no.

The model was run twice with two different emission inveigsrfor the year 2001, from
01.01.2001 to 01.01.2002. The model results have been cemhjia a yearly mean and for
the months March, July and December. Spin-up time was nhtded when running the model
for a whole year. The assumption that spin-up time is not e@en be justified by the short
lifetime of most of the gases, and the fact that the model hiéigliand boundary conditions
that make the spin-up process more reasonable. The lackmefigan effect a time period of
about a week in the beginning, but it is of minor importance iyearly perspective studied in
this thesis.



Chapter 3

Observational data

Observations of surface concentrations from EANET, are asebasis for the evaluation of the
global EMEP model results in Asia. The EANET network stanigdin March 1998 in Yoko-
hama in Japan. The network was established as a regionatrativp initiative to promote
efforts for environmental sustainability and protectidinoman health in the East Asian region.
The initiative for the monitoring network, was a recognitithat the rapid industrialization in
the area that could cause dangerous effects for the envéainamd in particular acid rain.
EANET’s monitoring activities became a reality on a regidasis from January 2001, with the
participation of 10 countries, nhamely China, IndonesigpadaMalaysia, Mongolia, Philippines,
Republic of Korea, Russia, Thailand, and Vietham. Later Qadiia, Laos PDR and Myanmar
joined EANET in 2001, 2002 and 2005, respectively. Therecareently 13 countries partici-
pating in EANET activities, (Acid Deposition and MonitogiiNetwork in East Asia, 2009).

The observations from EANET used in this thesis where maddadle trough NILU. The
data was compiled by NILU and CCC under work for the Task Forcelemispheric Transport
of Air Pollution.

3.1 TheEANET network

The EANET monitoring sites are classified in two categor{@$:an acid deposition monitoring
site, (2) an ecological survey site. Ecological surveyssites for soil and vegetation monitoring
and inland aguatic monitoring.

In this thesis the acid deposition monitoring sites are ugkatler this category the observation
is of wet deposition and dry deposition (started as air cotnagon). Wet and dry deposition
was monitored in order to observe concentrations and eeaflixes of acidic substances de-
posited to the land surface (Network Center for EANET, 2002)e components measured in
air concentration with instrumental measurements werg 80O,, NO, O; and PM. The impact
of acid deposition formed a threat to the ecosystems and dmitoning assessed important in-
formation of the state of acid deposition in Asia. Later tipact on health aspect also became
a subject of interest and different particle componentsrevh@onitored.

The acid deposition monitoring site are classified in thnele-categories; urban, rural or re-
mote sites. These sub-categories are identified accorditftetdistance from the site to large
pollution sources, as cities or local industrial plants.

An urban site is situated in urbanized and industrial areas, andialaceas immediately out-

13
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side urban areas. The data from this site can for instant && tasevaluate the effects of acid
deposition on buildings and historical monuments or huneaith.

A rural site must be more than 20 kilometers away from large polutources like cities,
power plants, or highways. The data can be used for evatuafiacid deposition on agricul-
tural crops, forests, etc.

Remote stations must be located more than 50 kilometers away froge lpollution sources
like cities, power plants, or highways. It has to be more th@d meters away from main roads,
which are defined as roads with more than 500 vehicles perTlagse data are often used to
evaluate long-range transport and deposition models.

3.1.1 Sitesinyear 2001

The observations used in this thesis are from 2001. In thas 48 acid deposition monitoring
sites where located in a large area in East Asia. The areanfsred betwee®1 ° North to6°
South.

In Figure 3.1 the EANET sites are placed on a simple map ovsr &sia. The map visualizes
EANET monitoring sites throughout East Asia in the year 20@&twork Center for EANET,
2002).
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Figure 3.1: Locations of EANET sites 2001, (Network Centar EANET, 2002). Note that
"Xian" includes three sites, while "Chongging", "Xiamemida"'Zhuhai" all includes two sites.

The 43 sites includes 15 urban, 12 rural and 16 remote sitesvik Center for EANET,
2002). Note that even though there are 43 sites, not all haseraation of for instance dry and
wet deposition of N@, SO, or Os.
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3.1.2 Sitesused for comparison in thisthesis

The sites used for comparison in this thesis for 2001 aedist Table 3.1. 16 sites are presented,
5 urban, 3 rural and 8 remote. Most of the sites are situatethfran, but there were also
information available for 3 sites in China and two in Thadan

Country | Number Name of site Area Lat. Long. Meters
over sea leve
China 2 Jinyunshan (Chongqing) Rural | 29°49'N | 106 °22'E 800m
4 Weishuiyuan (Xian) Rural | 34°22’'N | 108 °57’'E 360m
6 Hongwen (Xiamen) Urban | 24°28'N | 118°08'E 50m
8 Xiang-Zhou (Zhuhai) | Urban | 23°16’N | 113°31'E -
Japan 14 Rishiri Remote| 24°28'N | 118 °08’E 40m
15 Tappi Remote| 41°15'N | 141°21'E 105m
16 Ogasawara Remote| 27°05'N | 142°13'E 320m
17 Sado Remote| 38°14°'N | 138 °24’E 110m
18 Happo Remote| 36°41’'N | 137 °48'E 1850m
19 Oki Remote| 36°17'N | 133°11'E 90m
20 Yusuhara Remote| 33°22'N | 132°56’E -m
21 Hedo Remote| 26 °09°'N | 128 °03’'E 60m
22 ljira Rural | 35°34'N | 136°42'E 140m
23 Banryu Urban | 34°04'N | 131°42'E 60m
Thailand 37 Bangkok Urban | 13°46'N | 100°32'E 2m
38 Samutprakarn (Bangkok) Urban | 13°44'N | 100°34'E 2m

Table 3.1: Information on EANET sites used in this thesis.

Spatial representativeness

The sites are mostly allocated in Japan, and to a less ddwggedpresents areas in China and
Thailand. China is the country in Asia that covers the gitateea and contributes a great deal to
air pollution. The scarce selection of locations in Asia gae a poor basis of comparison. Itis
not optimal that there are so few stations for validatiorhia tnain continent, but unfortunately
no data was available for other sites for the year 2001.

In addition to the scarce observation data, another efesignificant when comparing model re-
sults and observations concerning the representativefi#ss data. The model results are given
in mean grid box values, with horizontal grid resolution1df x 1° used in the global EMEP
model. The grid box is an area of a substantial size and caaiodarge pollution sources and
also remote land areas. Therefore, by averaging each grxid\@r this coarse resolution it can
give concentrations not representative for the specifcaficomparison.

Temporal representativeness

The observations from EANET where made available troughWNIThe data from Japan and
Thailand were hourly concentrations, while the measurésnieam China were given in daily
concentrations. The observational data was processedrgaifortran program made available
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by EMEP, for accumulating the hourly data into daily avesgEor this thesis a modification
was included, here only considering daily data with more thia hours of observations.

Units

The observations were presented in parts per billion, pplbe EMEP model calculates the
results for S@ and NG in uSgi? and uNg/m?, respectively. The observational data was
converted to the same units for comparison. An assumptigressure of 1013 hPa and tem-
perature oR0 ° C was made for most of the sites. s@lues where multiplied with 1.330 and
NO, where multiplied with 0.582.

The exception was the mountain station Happo, situated 0 h&ters height. Here it is as-
sumed pressure of 800 hPa and temperatu@°ot, this calculated for the SOvalues to be
multiplied with 1.128 and N@multiplied with 0.493.

There was no conversion of;@inits.

Plotting

Timeseries where plotted by a program med available by melnrthe figures constructed daily
values are plotted. Some days and months had scarce daacime will appear.



Chapter 4

Emission data

Emission data is an essential part in any chemical transpodel. Knowledge about emissions
is important for the model results and understanding of@lupon. The first preliminary eval-
uation of the global EMEP model, (Jonson et al., 2007), sldive model to underestimate air
concentrations at ground level of $@d NG in Asia. The further recommendations were that
the emission data and measurement data over Asia shouldibede

This chapter contains an analysis of the emissions originzked in the global EMEP model.
Problems with the emission data are identified, in partiowitgh respect to sector data allocation
over Asia.

The original emission data in the global EMEP model is coragavith a different emission in-
ventory over Asia. The inventories differs for §XNO,, CO and NMVOC, where both are based
on emission data from ACESS. The two emission inventoriesaaluated with each other, and
against other estimates from scientific literature foregi#ht continents and in particular Asia.
The main difference between the emissions inventorieseissturce sector distribution. The
emission input originally in the global EMEP model, is cdl@riginal throughout the thesis,
and the new input data, is call€dCESS.

4.1 Oiriginal global emissionsin EMEP

The emission input used in the global EMEP originally wasraitation from different sources.

These are documented in Jonson et al. (2007): in the Souttenisphere and over North Amer-
ica, the global emissions was adapted from the OsloCTM2somisnput. In the EMEP area,

European emissions was used, to secure that the resultsHfeoghobal model over Europe was
as similar as possible to the results from the regional EMBBeah Over Asia, the OsloCTM2

emissions was replaced by a bottom up inventory develope&dst Asia for the year 2000

(Streets et al., 2003) available through ACESS.

The EMEP model uses emission input data of,SRO,, NH3, NMVOC, CO and PM. And
the understanding of the sources for the emission is higiéwant when analysing the emission
estimates. The main sources of the global emission are dieem different scientific litera-
ture and presented in section 4.1.3. The main sources oftissien in Asia in particular are
given in section 4.4.1. The pollutants discussed in thestoss are mainly SQ NO,, CO and
NMVOC, since these are the gases that differs in the two éonigsventories.

17
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41.1 Global emission totals

In order to review the validity of the emission estimateshe®riginal emission data set, the to-
tals from the input data in the global EMEP model have beenpewed with other independent
estimates of emission totals around 2001. The estimatggesented as follows.

The first estimates are from IPCC, Intergovernmental PaneClimate Change, and the re-
port IPCC Special Report on Emissions Scenarios, (Nakidgered al., 2000). The report has
estimates from multiple models and the numbers from the 28@0 are the baseline used for
different emission predictions.

The second estimates are from Cofala et al. (2007). Here lzagieersion of the Regional

Air Pollution Information and Simulation, RAINS model wasad to estimate anthropogenic
emissions for the period 1990-2030. The analysis did ndtidecemissions from international
shipping, aviation, open biomass burning and natural eamss

The third emission estimate are from EDGAR, Emission Daalfar Global Atmospheric Re-

search, National Institute of Public Health and the Envinent. The estimate is used for com-
parison in the article by Cofala et al. (2007). The EDGAR infation system stores global
emission inventories of greenhouse gases and air poldufamtn anthropogenic sources in-
cluding halocarbons and aerosols both on a per country ajionréasis as well as on a grid,
(EDGAR, 2005).

The forth estimates are from Earthtrends, WRI, World Resgaitnstitute. The numbers are re-
trieved via Internet (available attp : //earthtrends.wri.org/), and the sources are described
as "The Netherlands National Institute for Public Healtd #re Environment/The Netherlands
Environmental Assessment Agency (RIVM/MNP) and the Nd#mels Organization for Ap-
plied Scientific Research (TNO)", (World Resources Instit2007).

The fifth estimate are from Seinfeld J.H. and Pandis S.N.§L9%Bhe estimates of total global
emission are calculated for the decade before 1998. Théseatss are therefore from earlier
years, and the development in the emissions must be takear oadsideration when interpret-
ing the results.

Original EMEP IPCC Cofala EDGAR WRI Seinfeld and Pandis
(2001) (2000)  (2000) (2000) (2000) (Decade before)
SO, 97 (SQ)) 65-75 96 138 150 ~80
NO, 126 30-33 83 90 127 ~52
(6{0) 911 800-900 542 531 1077
NMVOC 121 130-150 186 ~142

Table 4.1: Different global emission estimates of,SN0O,, CO and NMVOC in years around
2001 [Tglyear].

Table 4.1 presents the global emission estimates iOitiginal EMEP emission data compared
with the different emission estimates described abovéotikl be noted that th@riginal global
EMEP emission estimates in this table are not the same aatitestgiven in EMEP Technical
Report 2/2007, (Jonson et al., 2007), because there thesvdbes not include the EMEP-area.
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The emission data in Table 4.1 includes the whole global doma

The estimates of S(ylobal emission are of different sizes, from 65 Tg/yr in IP@@round 150
Tglyr in the WRI estimate. EDGAR also has a high estimate 8fT§/yr, the high estimates in
EDGAR is according to Cofala et al. (2007) most likely causg@mission of emission control
measurements started after 1990 and also possibly thenréasi®CC high prediction of SO
emission.

Another estimate of global SCemission is found in Smith et al. (2004), which gave a global
estimate of ~60-70 Tg/yr SCemission in 2000. The global EME®Priginal emissions of S@
are within the range expected to be reasonable, considiératglifferent emission sources can
be included.

NO, estimates from th@®riginal EMEP and WRI are in excellent agreement. The other es-
timate are in a lower range. Not knowing the details in thewdations of the estimates makes
an suggestion that for IPCC and EDGAR, it is possible thatesofthe models for instance did
not include energy-related sources. The estimate froml&afd not include emissions from
international shipping and aviation reflecting the low esits total. Seinfeld and Pandis have
calculations of the global emission estimate from the dedsedore and is expected to be lower.
The Original EMEP emission totals for NQare assumed to be reasonable.

CO shows good agreement in the estimates with emissiors &rtalind 900 Tg/yr, except for the
low estimates found in Cofala and EDGAR, which are mostikkle to the exclusion of emis-
sions from international shipping and aviation. The emissiestimates of CO and NMVOC
have a great deal of uncertainties and especially for sogien®g, due to variety in emission
sources and dependency of factor difficult to measure. Eoniss NMVOC is to some extent
lower in the Original EMEP, however, multiple factors can be effective and themede are
assumed to be reasonable.

Concluding from the comparison of global emission estimateTable 4.1 that theriginal
EMEP is in good agreement with other global emission esémaifl he totals in th®riginal
emission inventory are therefore considered to be reatmnab

4.1.2 Emission distribution in continents

The yearly emission totals in th@riginal emission data is further analysed by investigating the
values of emissions in different continents of the world. i¥ision into six areas corresponding
to the different continents are visualized in Figure 4.1 arelgiven as followed:

Asia is extending from latitud#3 °S to60 °N, and longitudes3 °E to 157 °E.

Europe from latitude5 °N to 90 °N, and longitude20 °W to 53 °E.

Africa from latitude60 °S t035 °N, longitude20 °W to 53 °E.

Oceania from latitudé0 °S to13 °S, longitude53 °E to 180 °E.

North-America from latitudd 0 °N to 90 ° N, longitude20 °W to 160 ° W.

South-America latitudé0 °S to10 °N, longitude20 °W to 160 °W.

A term called RoW represent Rest of the World and is the ar¢@&oluded in the squared re-
gions visualized in the map. This area contains a small gdheototal emission estimate since
the area includes few high emission sources, and are natssisd in further analyses.

The estimates of th©riginal emissions in the continents are given in Table 4.2 for the fou
pollutants with units of Tg/yr. Asia is the main single emitbf SQ, emissions, with 41.64 Tg
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Figure 4.1: The division in continents used for analysisrofssion data.
Africa | Asia North- South- | Oceania| Europe| RoW | Total
America | America

SO, 488 | 41.64 | 16.77 5.96 1.66 2453 | 1.24 | 96.68
NO, 23.21 | 28.49 | 29.97 13.79 8.84 21.44 | 0.55 | 126.29
Cco 215.50| 242.55| 148.36 | 145.73 | 83.53 | 61.68 | 13.84| 911.19
NMVOC | 19.73 | 43.13 | 12.23 22.37 6.15 16.77 | 1.46 | 121.84

Table 4.2:0Original emission estimates of SONO,, CO and NMVOC distributed by continents
for 2001 [Tg/year].

pr year. Asian emissions in 2000 are almost twice as high agpgan emission the same year,
with 24.53 Tg pr year. In the introduction emission estimdta Asia from Ohara et al. (2007)
were presented, with estimates of S€lculated to 41.49 Tg/yr for 2000. This estimate is in
agreement with th@riginal emission input for the area.

In Figure 4.1 Europe is a small extension of the EMEP-areaciwhas been validated in the
regional model over several years and is assumed to be eddsormhe EMEP emissions are
provided by Parties of the CLRTAP Convention. The estimatéle Original inventory corre-
spond well with EDGAR emissions, which in 1995 estimated 8#/m, and therefore in agree-
ment with the known decrease in European emissions since H8wever it is not clear how
independent EDGAR and EMEP estimates are over Europe.

Africa, South-America and Oceania have significantly loeg&timates, at around 5 Tg/yr or less.
The industrialization of the three continents has not eéepeed the same rapid development and
high levels as Asia or North-America.

North-America, Asia, Europe and Africa have all high emisséestimates of N@Q and North-
America has the highest estimate. Automobiles are maintemmiof NO, emission, which
makes the high emission in North-America, Europe and Asiageable. An estimate of North-
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America emission of NQin 1995 show emission totals of 25 Tg/yr, with the value daglifrom
EDGAR Emission Database (Cooper and Parrish, 2004). Cemsgdthe possible increase in
emission from 1995 to 2000, the estimates for North-Amea reasonable in th@riginal
emission inventory.

The high contribution from Africa is further analysed. Cafat al. (2007) estimates N@mis-
sion in "Africa and Latin America" in 2000 to be 15 Tg/yr. Tlesstimates are lower then the
Original emission estimate, and includes Latin America as well. &loee an estimate from
WRI in the year 2000 for Africa and the Middle East is includedth value of NQ. emission of
22.5 Tglyr which are in good agreement with Beginal emission estimate for Africa consid-
ering parts of the Middle East are included in the region. @stanmates for th®riginal EMEP
are considered to be reasonable.

CO and NMVOC have both highest emission estimates from ABle estimates from Ohara
et al. (2007), had CO emissions of 305 Tg/yr and NMVOC emissaf 40 Tg/yr for 2000, while
the Original emission inventory show lower values for CO emission. A itedlacomparison of
the Asian emission estimates are given in section 4.3. Adiorerd earlier, are the estimates
of CO and NMVOC associated with high uncertainties and thieneges can include or exclude
different emission sources. Comparison with the otherinents emission estimates are not
conducted in particular since recent available literatsisrarce.

For further analysis of th®riginal emission inventory used in the global EMEP model, the
distribution in the source sectors are analysed.

4.1.3 Emission distribution by sectors

The EMEP model distributes the emission data into SNAP se@ocording to the emission
sources, see chapter 2.1 for description of the 11 sectting imodel. By dividing the emissions
into sectors the model shows a better validation of the &stuaces. Knowledge about the ac-
tivities responsible for the emissions, is relevant foremsthnding the model results and effects
in the atmosphere. The division into sectors gives a morlddtdistribution of the emissions
in a temporal and spatial sense.

The Original emission data is analysed here by quantifying the sectdrtgison for NO,,
SO, CO and NMVOC. Figure 4.2 visualizes the emission estimiatesach sectors, where the
emissions are given in Tg/yr and the continents cover thesaea as in the previous subsection.

The four pollutants analysed are emitted from various ssjrand to validate the sector dis-
tribution in the Original emission inventory, the main global emission sources ferdifferent
pollutants are presented below.

According to Cofala et al. (2007), is the power section, withre than 50%, the largest emitter
of global anthropogenic SCemissions in 2000, and about 1/3 comes from industry. Nate th
these estimations are for global anthropogenic emissindstas important to remember that
the percentage can vary in different places, and this id ¥atiall pollutants. Another global es-
timate is given by TEMIS, Tropospheric Emission Monitoriggrvice in the Netherlands. Here
SO, are considered to have coal burning as the single largestnmagie source, accounts for
about 50% of annual global emissions. The next largest eafr&0, emissions is oil burning
accounting for a further 25 to 30 percent, (Troposphericdsion Monitoring Internet Service
The Netherlands, 2009). Fossil fuel, coal, oil and gas peelectric power and energy. Fossil
fuel provide around 66 % of the world’s electrical power, &6 of the world’s total energy
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demands and here heating, transport, electricity generatid other uses are included, (ENER-
G UK, 2009). This indicates the importance of S1, combustibenergy and transformation
industries. S3, combustion in manufacturing industriesiso one of the main source activities
for SO,.

According to Jacob (1999), does combustion of fossil fuebaat for about half of the global
source of NQ. Fossil fuel are mainly coal, oil and gas, which are formexhfithe fossilised
remains of prehistoric plants and animals. The concentraif NO, in the exhaust gas is de-
cided by the combustion conditions, like temperature andodiuel ratio (Nakicenovic et al.,
2000). Especially road transport and ships emits high aurations of NQ with their internal
combustion engines. However fossil fuel are also used ivighrey electric power and energy.
S7, road transport, and S8, other mobile sources and maghane important sources of NO
as well as S1, combustion in energy and transformation trnidas

Sources like technological processes, combustion andsinaluprocesses and biomass burn-
ing are major sources for emission of CO according to Jac®®9)l This is in agreement with
Cofala et al. (2007) suggestion that about half of anthrepagCO emissions originates from
the residential/commercial sector, and one-third frondrvansport. Third and fourth largest
emission sources are industry and non-road vehicles,ibotitrg with 8% and 6% to CO emis-
sion, respectively. The main SNAP sectors are thereforen@&industrial combustion plants,
and S7, road transport. Contribution from S3, combustiomamufacturing industries, and S8,
other mobile sources and machinery, are also of importacoar@ding to Cofala et al. (2007).

VOC denotes the entire set of vapor-phase atmospheric ioggaxcluding CO and CQ and
NMVOC excludes also methane. According to Seinfeld J.H.Raxdis S.N. (1998) the highest
contribution of NMVVOC in 1987, measured by Southern CatifarAir Quality Study, were road
transport. Thereafter follows other fuel consumptions likood, solvent use and crop residues,
here including waste. For Asia, with detailed analysis ictise 4.4.1, Streets et al. (2003) cal-
culated that emissions were largest from the residentiabcstion of coal and biofuel, about
34%, and from transportation, 27%. In United States Sainféfl. and Pandis S.N. (1998), sug-
gested the contribution to be highest from motor vehicle$SNAP sectors the main sources are
thus S7 and S8, road transport, and other mobile sources achimary. Also S2, non-industrial
combustion plants, and S6, solvent use and other products@f some importance for CO
emission.

Figure 4.2 provides an overview of the four pollutants arelrthontinental distribution in sec-
tors. The RoW-term is excluded here.

As it can be seen from Figure 4.2, Asia has a similar sectdrillision for all pollutants, where
S7, road transport, has the highest contribution.

The main source activities of each gas was presented abiogte¢ha sector distribution in the
Original emission input is not in agreement with this descriptionagpears that th®riginal
emission data used in the global EMEP model for Asia has beuhed into only two source
groups; ’large point source’ and 'area sources’. These ®amis were placed in two EMEP
sectors when implemented in tiiiginal EMEP emission input; S1, combustion in energy and
transformation industries and S7, road transport. Thenagon was that 'large point source’
were distributed in S1, and "area sources’ in S7. This ingpdieparating only a high and a low
source, with S1 being emitted at higher altitudes than S¥wiliere emitted in the lowest layer.
Note that also the other pollutants in the emission inpua @iat the global EMEP model; NH
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and PM, show the same sector distribution in Asia in @rginal emission inventory as the
pollutants discussed here. T@iginal emission data for Asia is therefore an oversimplification
of the actual sector distribution of the emissions.

Figure 4.2 also indicates an error in the sector distriloutio other continents. A substantial

amount of emission is distributed in S10, agriculture, afhdl, ®ther sources and sinks, in other
continents than Asia and Europe. The implication of thisrewill not be discussed in this the-

sis since it is outside Asia. However the global EMEP emis&iput are recommended to be
investigated closer for applications outside Asia.

4.2 ACESS emissionsin Asia

The ACESSemission input is from an inventory developed for Asia byr@i@hang and David
G. Streets, from the Argonne National Laboratory. It wasdpoed for the INTEX-B (The
Intercontinental Chemical Transport Experiment - Phasea Byoject of the National Aero-
nautics and Space Administration (NASA), (Streets and gha008). The domain for the
emission input is shown in Figure 4.3. The emission dataadahle at the ACESS web-page
(http : | /www.cgrer.uiowa.edu/ EMISSION_DATA_new/index_16.html. The emission
files available includes SQNO,, CO, NMVOC, PM10, PM2.5, BC, and OC, and VOC. They
are four files for every sector; power, industry, resideéndiad transportation, and for VOC six
speciated sector files are provided.

The emission data for SONO,, CO, NMVOC was implemented in the global EMEP model
emission data for Asia and the new inventory is calld2ESS However it is important to note
that the source sector definition used by ACESS is differleaih the SNAP sector definitions
used in the EMEP model.

In the following will the implementation of the files be debead. Thereafter a comparison of
different estimates of emission totals in Asia. And furthgresentation of thACESSemission
data compared to th@riginal emission data is given for Asia, with special interest indbetor
distribution.

4.2.1 Implementation of ACESS emissionsin the global EMEP model
Sector distribution

The sector distribution in ACESS includes four sectors;ubidy, Transportation, Power and
Residental. The sector division in ACESS were not furth@taired. And for the SNAP sectors
used in the EMEP model there is broader classifications aidtieity sectors. However the four
sectors were compared with the 11 SNAP sectors used in thePENI&el, and the following
correspondence was established.

Power = S1 (Combustion in energy and transformation ingasstr

Industry = S3 (Combustion in manufacturing industries)

Residental = S2 (Non-industrial combustion plants)

Transportation = S7 (Road transport) + S8 (Other mobilecasuand machinery)

Transportation can be distributed in both S7, road tratspod S8, other mobile sources and
machinery. However an simplification was made and S7, rediiciris assumed to have a higher
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Figure 4.2: Estimates of th@riginal emissions of S@ NO,, CO and NMVOC for 2001 in
different continents [Tg/yr].

contribution. Therefore the emission from Transportatdistributed in S7. This simplifica-
tion gives no difference in height distribution, howeveerenis more emitted during day in S7,
road transport, than S8, other mobile sources and machinery

Emission year

The ACESS emission inventory are available with emissida fta the year 2006 at the ACESS
webpage. In this thesis the year for the emission input useddia were 2000, so the emission
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Figure 4.3: ACESS domain, (Streets and Zhang, 2008)

data had to be adjusted to an earlier year. At the ACESS wgé-paable summarizing the
changes from the ACESS (TRACE-P Modelign and Support Sgstg®00 emission to ACESS
(INTEX-B) 2006 emissions. The table on the web-page showsepéage change derived in the
different sectors for BC, OC, SONO,, CO and NMVOC. Of these pollutants, 3NO,,, CO
and NMVOC are used in the EMEP model input data, and the clsafugehese gases, from
2000 to 2006, are shown in Table 4.3.

It is important to note that the changes can be caused by hogomwth in emissions, but also
effects of replacing the TRACE-P inventory (2000) by localdantories in several countries,
and possible improvements made to the original TRACE-Pnitorg (2000) Streets and Zhang
(2008). However without knowledge about the percentageuataf these effects, the changes
are here taken as increase in emissions. The adjustmenitsface given for Asia as a total.

Power | Industry | Residental| Transport| Total
SO, 56,9% | 43,0% 7,6% -3,7% | 43,4%
NO, 90,7% | 72,8% 22,6% 40,3% | 61,8%
CoO N/A | 2042% | 17,2% 8,7% | 41,4%
NMVOC | 541,2%| 70,2% 18,0% 29,7% | 35,7%

Table 4.3: Percentage change of emissions in Asia from ACHEBS to ACESS 2006 in differ-
ent source sector, (Streets and Zhang, 2008). Note N/A =rhigtber.

Components

The EMEP model uses emission input data consisting of, 810,, NH3, NMVOC, CO, PM 5
and PM. The pollutants replaced in th@riginal emission inventory was SONO,, NMVOC
and CO, then called th@CESSemission inventory. Note that the two emission inventodiess
not differ for the emissions for the remaining pollutantsif\PM, 5 and PM. The reason for
not replacing these pollutants are related to the fact tbaherease were presented from the
ACESS 2000 to ACESS 2006 for NHind PM at the web-page.
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Temporal variation

The emission files provided by ACESS were given in yearly .damathis report there is not
implemented any seasonal variation in the emission inpte d@mission data were divided in
twelve equal emission totals and distributed in monthlysfile

Grid resolution

The global EMEP model has a grid resolution1ofx 1 © for the input data. While th&ACESS
inventory has &.5° x 0.5 © resolution. The values from ACESS were then extrapolatedlin
x 1° grid and became in the same manner as the global EMEP model.

Data processing

A new fortran program was developed for reading the files doaded from the ACESS web-
page. The program involved also grid size extrapolatioctosalivision, adjustment to year and
preparation of monthly input. The emissions of N@G,, CO and NMVOC were replaced in
the Original global EMEP emission input files, creating a new inventong ACESSemission
inventory. The emissions of NKIPM, 5 and PM were not replaced and are the same in both
emission inventories. NMVOC is called VOC on the web-pagmyédver after consulting with
Qiang Zhang in ACESS it became clear that VOC are NMVOC, withmethane.

4.3 Evaluation of emission totalsin Asia

In order to validate the emission totals, both in B8ginal and in theACESSemission input
data, a comparison with other estimates available in difiterature was carried out. The
comparison is summarized in Table 4.4. The different pedewed estimates are presented
here:

The first estimate is from Streets et al. (2003). This is aentery of gaseous and primary
aerosol emissions in Asia in the year 2000. The inventorydeaeloped to support atmospheric
modeling and analysis of observations taken during the TRA&Cexperiment funded by the
National Aeronautics and Space Administration (NASA) dmel ACE-Asia experiment funded
by he National Science Foundation (NSF) and the Nationabh@iceand Atmospheric Admin-
istration (NOAA). Emissions were estimated for all majottanpogenic sources, in 64 regions
of Asia.

This inventory is not independent of ACESS, and therefose #&heOriginal and theACESS
emissions inventory.

The second estimate is from Cofala et al. (2007). Here a bhdraion of the Regional Air
Pollution Information and Simulation (RAINS) model and @AINS extension to greenhouse
gases was used. There were prepared estimates of anthnapegessions for the period 1990-
2030 for 75 countries or country groups. The analysis didmdude emissions from interna-
tional shipping, aviation, open biomass burning and naemassions.

The third emission estimate are from EDGAR, Emission Datalfar Global Atmospheric Re-
search, National Institute of Public Health and the Envinent. The estimate is used for com-
parison in the article by Cofala et al. (2007). The EDGAR infation system stores global
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emission inventories of greenhouse gases and air poldufamtn anthropogenic sources in-
cluding halocarbons and aerosols both on a per country ajionréasis as well as on a grid,
(EDGAR, 2005).

The fourth estimate is from Ohara et al. (2007). They dewetogn emission inventory for
Asia, REgional Emission inventory in ASia (REAS), for thaipd 1980-2020. The inventory
included NQ, SO, CO, BC, OC, CQ, N,O, NH;, CH; and NMVOC from anthropogenic ac-
tivities. Open biomass burning were not included. The einissfrom international shipping
and international aviation are also excluded. Note thagetestimates are not independent of
Streets et al. (2003), for instance NMVOC emissions werainbtl from Streets et al. (2003),
and allocation factors for road networks and rural popotetiwere provided by Streets et al.
(2003).

The different estimates are given in Table 4.4, here the fgbdstimates are from global EMEP
inventories, theOriginal and the new implementedCESS inventory, respectively. The two
emission estimates in th@riginal and theACESSare in agreement. This is related to the ad-
justment of the emissions from ACESS 2006 to 2000 given orbésés of the emissions from
TRACE-P used in th®riginal emissions.

Original EMEP | ACESSEMEP | Streets etal| Cofalaetal.l] EDGAR | Ohara et al.
2000 2000 2000 2000 2000 2000
SO, 41.64 42.46 34.30 32.00 54.00 41.25
NO, 28.49 28.71 26.80 22.00 28.00 25.11
(6{0) 242.55 243.66 279.00 236.00 221.00| 305.42
NMVOC 43.13 43.43 52.20 40.24

Table 4.4: Different emission estimates in Asia for,$80,, CO and NMVOC [Tg/year].

Both the Original and theACESS emission input data for Asia are in good agreement with
the peer-reviewed other estimates. Note that the emissiimates from EMEP, th®riginal
and theACESS included the area for Asia shown in Figure 4.1, where Asixiending from
latitude 13 °S to 60 °N, and longitudeb3 °E to 157 °E. The areas from the other estimates are
not necessarily of the same size. For instance Streets(@0aB), used a domain that stretches
from Pakistan in the West to Japan in the East, and from Irslane the South to Mongolia in
the North. This areas consist of a smaller domain thanQhginal and theACESSemission
estimates. This must be considered when comparing theassm

Note that there are also differences in including inteoral shipping in the estimates. This is
not included in Cofala et al. (2007), however in Streets .gP8I03), Ohara et al. (2007) and both
the global EMEP emission estimates include internatiohglmsng lanes.

The estimate from EDGAR for SChave higher emissions than the other and even higher than
the value for 2006 from ACESS. Cofala et al. (2007) suggestedeason to be that EDGAR
omitted the account of emission control measures that was mperation in 1990. The other
estimates for S accounting for the differences in area included, does ififer gignificantly

from each other.

NO, is in good agreement for the different estimates, howewverirthlusion or exclusion of
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international shipping and aviation can contribute toetéhces. A comparison done by Ohara
et al. (2007), where estimates without the emissions frappsing and aviation showed that the
TRACE-P or Streets et al. (2003) values, were smaller theiNSAOhara et al., 2007), and
EDGAR had higher emission values. Considering that int@nal shipping and aviation are
included for Streets et al. (2003), and Beginal and theACESSemission inventories in Table
4.4, the conclusions made in Ohara et al. (2007) are reasortatwever the estimate from Co-
fala et al. (2007) is the lowest estimate, here shipping &iadian is excluded, but the values are
still to an extent lower than EDGAR and Ohara et al. (2007) €bmparison of NQemission
estimates in Table 4.4 can indicate a lower estimate in thiea EMEP estimates, Streets et al.
(2003) and Ohara et al. (2007), but the estimates are ndfis@nly different and theOriginal
and theACESSemission estimates are therefore assumed to be reasonable.

CO and NMVOC have variable estimates, which reflects thecdiffes and uncertainties in

the evaluation of the emission of these species. Ohara(@08l7) has estimates over 300 Tg/yr
for CO emission, significantly higher than the other estemgbr 2000. According to Ohara

et al. (2007) this difference is related to the applicatiohisigher emission factors for coal com-
bustion. For NMVOC the basis of comparison is less, howdwemnumber presented are of the
same magnitude, except for high estimates of NMVOC in Streeal. (2003).

The evaluation of the emission totals for Asia in Table 4didates that the totals in th@riginal
and theACESSemission data are reasonable. Further analysis of theiemssand their sector
distribution in the two emission inventories are conducted

44 Main differencesin emissionsin Asia

The main differences between thkiginal and theACESSemission input are described in this
section. The differences related to the sector distributice discussed first. Then the spatial
distribution of the two emission inventories are visualizand the intensities and high source
regions are identified. The differences in spatial distriuof the totals for the two emission
inputs, and the differences in spatial distribution in esectare presented. The emission totals
are visualized in percentage and emission differenceshéseéctors. Finally, an initial analysis
of how the differences in the emission inventories are ebqokto affect the model results are
presented.

4.4.1 Differencesby sector distribution in Asia

In this section the differences between ginal and theACESSemission input data in source
sector distribution are analysed. Figure 4.4 visualizesiifierences for the different pollutants.
The emissions are given in Tg/year and the area reviewee isghared Asia in Figure 4.1.

Figure 4.4 shows the main differences in sector distrilbutar all gases. As indicated earlier in
this chapter the new invento&CESShas a lower contribution in S7, road transport, then in the
Original emission input for all pollutants. The distribution in tBiginal emission data was an
oversimplification and provided too high values in S7, raad$port.

The new distribution made in th@CESSemission input involve more sectors: S1, combustion
in energy and transformation industry, S2, non-industra@ahbustion plants, S3, combustion in
manufacturing industry, and S7, road transport.
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Figure 4.4: TheDriginal vs theACESSemission sector distribution as used in the EMEP model
in Asia 2000

The four pollutants analysed are emitted from various ssjrand a validation of the sector
distribution in Asia in particular are presented. The maictsrs for the pollutants analysed are
described below.

According to Streets et al. (2003), $@& the pollutant best known of the emission contribu-
tors in Asia. The reason for this understanding was the canckthe high concentration of
this pollutant in cities and that the area was threaten by i@in. Japanese researchers studied
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emission if SQ for more than 10 years ago.

Streets et al. (2003) suggested that 45% of production ef3 accounted to the power gener-
ation sector, here mainly by the Chinese coal-fired powartplaSecondly the industrial sector
stands for 36 %. Ohara et al. (2007) has a distribution of 8@ission in Asia 2000 where
power plants are the largest source, 35 %. Also here is indtl# second largest emission
source, with 28%, after this comes domestic and transpartes. TheACESSsector distribu-
tion is in better agreement with the peer reviewed estimates

NO, has according to Streets et al. (2003), the largest sourtemsportation, 37%. After
the main source follows power generation, with a contrdoutbf 27% and industry, with 18 %.
The ACESSemissions has highest input in S7, road transport, theregft, combustion in en-
ergy and transformation industries, and S3, combustionanufacturing industries. According
to Ohara et al. (2007), the NGemission in Asia in 2000 have the highest contribution from
transport oil use, with 34 %. Second comes power plants, 28, and third industrial coal
use, with 14%. The percentage distribution is not identicathe two estimates, but the main
and second source are the same. This is also in agreemenhe®fCESSinventory, seen in
Figure 4.4.

Estimates of CO has a great deal of uncertainties, wherentimsi®on depend on the efficiency
in the combustion processes and how the equipment is magdtaind operated. Streets et al.
(2003) suggest an source distribution in Asia for 2000 wi3dfé comes from residental biofuel
combustion and 28% from transportation. There is also a 2é8tribution suggested to come
from open biomass burning. Ohara et al. (2007), has anldisioh in a similar matter with
the main source to be domestic(residental) biofuel use lsischtcounts for 48%. The second
largest source is assumed to be industrial burned coal Wi, followed by transport oil use
14% and domestic coal use 7%. As indicated in Figure 4.4, 82imain source in thACESS
emission input for CO. The second largest source is S7, maaggort, followed by S3, com-
bustion in manufacturing industry, as to tAEESSemission follows Streets et al. (2003) rather
than Ohara et al. (2007).

Ohara et al. (2007) has no estimates of NMVOC, but A@ESS emission distribution for
NMVOC follows Streets et al. (2003). As indicated in Figurd 4he main source sectors is
combustion of coal and biofuels, around 34%, and secondhsportation, with 27%.

The change of sector distributions from tl®iginal to the newACESS emission inventory
are visualized in Figure 4.4. The main change is that thesamriginally distributed in S7,
road transport, are in th@CESSinventory distributed in S1, combustion in energy and ti@amns
mation industries, S2, non-industrial combustion plaatg] S3, combustion in manufacturing
industries. These sectors, and especially S1 and S3 emifsothution at higher altitudes (see
Table 2.1 for the height distribution in different sourcetses in the EMEP model). The height
distribution can in particularly have an effect on longgariransport and dry deposition.

The replacement of emission input will also give a lower esiois output during day. As quan-
tified in Table 2.2, is the day/night distribution in the soeisectors. S6, solvent use and other
product use, and S7, road transport, emits 3/4 of the emiskidng day and 1/4 during night.
S1, combustion in energy and transformation industry, fevequal day/night emission. S2,
non-industrial combustion plants, and S3, combustion inufecturing industries, have an 1.2
factor during day and 0.8 during night. An effect of the siifsectors with theACESSemission
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inventory can for instance imply a reduction in @roduction, which is dependent of sunlight.

4.4.2 Spatial distribution of emission

The spatial distributions of the emission totals for the emaission inventories, th@riginal and
the ACESS in Asia are visualized in Figure 4.5.

In order to create these figures the emission files were ca/&étom ASCII-files to NetCDF-
files, by programming in fortran and using a program calleddté. The fortran program and
ferret-script for converting to NetCDF-files was made algi by met.no. Averages of the
twelve monthly files were created and Ferret is also usedigoalizing the spatial distribution
in the average of the emission input data.

As indicated in Figure 4.5, eastern China and parts of Nonthwelia are areas with large sources
of emission for all four pollutants. The locations with higimissions is a result of growing in-
dustrialization and the growth in population in these areBse two emission inventories are
quite similar and they have both captured the areas with éigissions. It is important to note
that the emission value scales in the figures are the sam&foMNED, and NMVOC, while CO
has a higher scale.

Per centage difference

The spatial differences between the two emission inveggaie presented in percentage of the
Original emission (‘CES‘%%’ « 100%). The percentage differences are visualized in Figure
4.6. The scales are identical for the different species hagercentage changes included are
50% in each direction. The reason for the limitation of in Hoale is the areas with high per-
centage difference are most likely areas with no or smalluartsoof emission in the emission
inventories. The difference in percentage can then easil¥d® without providing any mean-
ingful result.

The yellow and red areas are indicate higher emissions IA@ESSemission input, light green
represent no difference, and the darker green/blue ir@itigher emissions in th@riginal in-
ventory. The white areas does not contain data. The squeaggahrin the left corner is part of
the EMEP-area, this region has separate emission inpugfilgss therefore not included in the
files visualised.

Figure 4.6 shows that areas with tAEESSemissions are more centralized in East Asia and in
certain areas in for instance India. It is important to nbtg theACESSemissions are adjusted
from the year 2006 to 2000, where the adjustments are takartaal for the entire area. For
instance for Japan, the adjustment factor gives too lowsarmis, since the emissions here have
not increased as much a total of Asian emission. This is gdhteoreason for lower emissions
over Japan in thd\CESSemissions.

Spatial differences of sector data

The shift from theOriginal emission data to thACESSemission are mainly distributing emis-
sion from S7, road transport, to: S1, combustion in energyteansformation industries, S2,
non-industrial combustion plants and S3; combustion inufeturing industries. The sector
distribution affects the height the pollutants are emittednd also day/night distribution.

Ynttp : /| ferret.pmel.noaa.gov/Ferret /home
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Figure 4.5: Emission input in th@riginal and theACESSemission inventories of SONO,,
CO and NMVOC over Asia in 2000 [Gg/month]
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In addition, the spatial distribution in these four sectansl these spatial differences are pre-
sented individually for the four pollutants, in Figures 44.10. The difference in the following
figures and subsections are tQeginal emission data subtracted from tA€ESSemission, in
units of Gg/month. Note that SGnd NQ, have the same scale troughout the section, while CO
and NMVOC has their own scale. However the scale are keptatme $or all sectors.

Figure 4.7 presents the differences in intensities betwleegearly totals for th®©riginal emis-
sion input and theACESSemission input for S1,combustion in energy and transfaonan-
dustries. The differences are higher in eastern Chinaatidig higher energy use in tleCESS
emission input., which is according to Ohara et al. (200ThWwigh emission in Power Plants for
China. The height distribution in this sector distributedstty in between 300 to 1000 meters,
this implies that by releasing more emissions at highetudki the pollution is more sensitive
to long-range transport. The day/night distribution shthieg the emissions are emitted evenly
for day and nighttime, and this affects chemical reactioh&kare dependent of solar radiation.

Figure 4.8 presents the spatial difference betweerOttiginal and theACESSemission in S2,
non-industrial combustion plants. The figure show greatéfrences for CO and NMVOC,
especially east China, south in India, Indonesia, and a harttl in India and over Nepal. The
differences have positive values, which means thatfie SSemission input has a higher dis-
tribution in this sector. The emissions from S2 are releasedly in the two lowest layers, from
surface to 180 meters. The effect of the shift in emissioomfE7 to S2 are therefor not that
large when considering long-range transport.

For S3, combustion in manufacturing industry, the diffeesin the spatial distribution be-
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Figure 4.6: Differences in emission input between @rginal and ACESSemission input of
SOy, NO,, CO and NMVOC in 2000, in percentage of tBgiginal emissions.
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tween theOriginal and theACESSare presented in Figure 4.9. The figure visualizes higher
emissions in theACESSemission data, especially around Beijing; along the coadtfarther
inwards it the country. For the pollutant NMVOC, Japan anchegarts of Indonesia are areas
of large differences. SOhas differences in an area in the west of Pakistan, an aramadso

be the most populated area in Pakistan and where industnyinggortant source of air pollution.

Figure 4.10 visualizes the spatial differences in the S toaffic. The emissions in the figure
are mostly negative, which indicates larger emission impthe Original data, as expected.

S7, road transport, contains low level emission sourceg,tlam effect of the distribution in
higher altitudes in the three sectors described before eamportant. The locations are spe-
cially sensitive in east China and in the north of India.

Expected effects on model results

As already indicated, there are significant differencesiéngector distribution in the two emis-
sion inventories th®riginal and theACESSover Asia. This implies differences in the height
of the emissions of the pollutants, and also in their diudistribution. TheACESSemissions
over Asia are in general emitted at higher levels, which redke pollution more sensitive to
long-range transport. The temporal effect is a lower emisduring day in theA\CESSemission
then theOriginal which can effect chemical reactions dependent of solaatiad, like O; pro-
duction, and effect the deposition that depends on thelisyahithe atmosphere. Differences in
allocation of the emission are also expected to affect theen@sults at the individual stations
affected by these sources.
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Figure 4.7: Differences in emission input for S1; combustio energy and transformation
industries ACESS- Original emission data) [Gg/month]
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Figure 4.8: Differences in emission input for S2; non-irtdas combustion plantsACESS -
Original emission data) [Gg/month]
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Figure 4.10: Differences in emission

[Gg/month]
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Chapter 5

Results

This chapter presents the performance of the global EMERehfod SO, NO, and G over
Asia. These pollutants are of major concern in Asia, withmd-aevelopment in industrializa-
tion and an increase in population, and are a danger to r@gi@alth and to the ecosystem.
The performance of the global EMEP model has been estalilisheomparison with observa-
tions from the EANET network over Asia for the year 2001. Imi&idn, the model has been
compared with other model results. The global EMEP modeldess run with two different
emission inventories, to better understand the effectsym$stions in model results. The two
emission inventories are described in the previous chagsrshown in the last chapter, the
main differences between the two emission inventorieshaesource sector distribution, which
effects the vertical distribution of the emitted pollunin general, the ne’dCESSinventory
emits pollution at higher levels than ti@riginal EMEP global emission inventory.

This chapter presents first the results from the global EME#@ehruns. And analyses the
differences in S@ NO, and Q air concentrations due to the choice of different emissiqui.
Then, the performance of the global EMEP model against EANI&Tions are presented, with
special attention to distinguish the performance of urlvaral and remote sites. Finally, the
results from the global EMEP model are compared with redidts eight regional model from
the MICS-II study, (Carmichael et al., 2007). The MICS-lidy over Asia provides a bench-
mark for the performance of other chemical transport moutetbe area. So, the last section
in this chapter contains on evaluation of global EMEP mo@gfqggmance compared with the
models participation in MICS-II.

5.1 Mode resultsof the global EMEP modél in Asia

5.1.1 Spatial distribution

The global EMEP model has been run with two different emisgiwentories. For convenience
the run with theOriginal emission data is called th@riginal run, and the run with théd\CESS
emission data is called th®CESS run throughout the thesis.

The spatial distribution of modelled air concentrations highly affected by input data and
especially emission data. The spatial distribution of the ¢mission inventories in Asia were
shown in Figure 4.5. Here, the spatial distribution at steflayer of the two simulations are
presented in the figures for the pollutants,3®Figure 5.1, NQ in Figure 5.2 and @in Figure
5.3.

37
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Figure 5.1: Concentrations of $@t surface layer in th®riginal runand ACESS runin Asia
2001 [uSghn?].
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Figure 5.2: Concentrations of NGt surface layer in th®riginal runand ACESS runin Asia
2001 [uNg/m3].

The spatial distribution of the global EMEP model results$®, and NG air concentrations
correspond well with the spatial distribution of $@&nd NG emissions. The higher levels over
China and more moderate levels over Japan reflects the heghigsion intensities in the areas
in China. SQ and NG are primary pollutant, and it is expected that their conegioins show
clear resemblance to the emission input data. Note thaalzstion of the model runs present
surface concentration, while the input data is a total ofssions in all heights.

The Original runhas higher concentrations and covers larger areas thahGESS runat sur-
face layer. This is in spite the impression of higher intgnsi the ACESS emission input in
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some areas. This is related to the vertical distributionhefACESS emission data in higher
levels which makes the emission more sensitive to longedransport. The emissions in the
Original runare emitted at lower levels, thus the surface simulatior@fand NG in Figure
5.1 and 5.2 are also higher in tiaiginal run

The spatial distribution of ©is more complex then for primary pollutants.; @ a secondary
pollutant and is not emitted directly in the atmosphere éndAme way as Sand NO, but it is
produced by photochemical reactions involving primaniygahts and affected by meteorolog-
ical conditions, (Commission on Geosciences, 1999)c&h be formed by reactions involving
volatile organic compounds, VOCs and carbon monoxide inpilesence of nitrogen oxides
(NO,=NO+NG,) and sunlight, for instance see equation 5.1.

NO, + hv % NO + O; (5.1)

It is important to note that ©production can take place in different forms. And also, ,NO
is a relevant precursor, however areas with high,Ni@ensity can also have a weakening ef-
fect of O3 concentrations through NO-titration. NO-titoat occurs when emitted NO reacts
rapidly with O; to produce NQ@ (Sillman, 1999). The equation for this removal is shown in
equation 5.2. NO-titration can weaken @roduction especially during night, wintertime and
where there are large power plants - large Ngbnission. NQ concentrations in power plant
plumes are according to Sillmann (2004) often high enougtréeent any @ production near
the plume source and to cause significant losspfiough NQ. titration. Also in urban areas,
under heavy traffic emissions NQ@itration is an effective loss mechanism fog.O

NO + O3 — NO, + O, (5.2)

03 03

(a) Original run (b) ACESS run

Figure 5.3: Concentrations of;Gat surface layer in th®riginal runand ACESS runin Asia
2001 [ppb]
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Figure 5.3 presents the spatial distribution of & ground level as calculated by the global
EMEP model over Asia, using two different precursor emissiata sets. The emission input, in
Figure 4.5, is relevant for £¥ormation, especially of NQ CO and NMVOC. The model results
captures the higher levels of;@ver Tibet caused by the high level area effected by longean
transport. Areas with high concentrations are found overyillow Sea and Sea of Japan, east
of the high emission sources in eastern China. The tranppttern east of the high emission
sources is due to the continental outflow. The lifetime gigaround 20 days, (Stevenson et al.,
2006) and @ is sensitive to long-range transport. The high concewinatover the oceans, espe-
cially close to high emission sources, are related to thg-lange transport of £and the lower
deposition of Q over ocean. The dry deposition module used in the global ElE&el is de-
scribed in Simpson et al. (2003), where the base-valuesooingk-surface resistance fog @re
different according to land use types. Water has resistah2600 s/m, while for instance land
use with crops are 200 s/m, urban are 400 s/m and wetland®@arg'@. With lower resistance
over land the deposition is higher and concentrations stmmer values over land. NO-titration
occurring near large emission sources can also be a reastmwfr concentrations over land,
but this is mostly in relations to high emission sources.

5.1.2 Theeffect of emission input on surface values

The spatial differences for Nand SQ between th&riginal runand theACESS runat ground
level are presented in Figure 5.4. The concentrations ilOtggnal runare subtracted from the
ACESS runand the units are inSghn® and uNg/m?, respectively. Differences in the model
results are to a large extent affected by the differencesnisston input data. For comparison
the spatial differences in the emission inputs is includethis section, theriginal emission
subtracted from thdCESSemission data, for SOand NG, shown in Figure 5.5. Note that
the spatial differences in model runs shows the differeirtesncentrations at the surface level,
while the differences in emission input are totals and irtelent of height.

90 110°€ 130 150°E 170°€ J I 90 110°€ 130

502 NO2

Figure 5.4: Differences in concentrations in surface ldgerSO, and NQ. : ACESS run-
Original run[uSghn3][ uNghmn?3].

In general, for the primary pollutants the differences ia édmission input follow the same pat-
tern as the differences in model results. However, the fgyundicate higher concentrations in
the Original run for most areas, like northern parts of India and the majaftyfEast-China.
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This is because the vertical distribution of the emissiolay p role in the final modelled air
concentrations of SPand NGQ. The Original input emissions are distributed mostly in S7,
road transport, emitted at the lowest layer in the modelhénewACESSinventory the emis-
sions are distributed in four sectors; S1, combustion inggnand transformation industries,
S2, non-industrial combustion plants, S3, combustion inufecturing industries, and S7, road
transport. For the vertical differences, especially S1 88drelease the emissions at higher
vertical levels. The spatial differences for the emissiontghe four source sectors; S1, S2, S3,
and S7, were visualized in chapter 4. By comparing the earisdifferences in each sector, the
emission released at the lowest layer show to be of signtffoanthe modelled surface concen-
trations for the primary pollutants S@nd NG.

Figure 5.6 presents the percentage differences at grouabldetween theACESS runand the
Original runfor NO, and SQ, with the difference taken in percentage of thdginal run Note
that the scales are ranging from -50 % to 50%, and in this waitph percentage changes are

58 EE BB

§ 8§ 8 8 8 8 8 &8 8 8B 8 8 ¢ 8

E 8 g8 888

Figure 5.5: Differences in emission input for 8&nd NQ, : ACESS- Original emission input
[Tg/month].
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Figure 5.6: The percentage differences in air concentratat surface level betweehCESS
run and Original runfor SO, and NG.



CHAPTERS5. RESULTS 42

gathered and can be taken under common consideration. Miggspercentage differences are
in general linked to low concentrations and perhaps zercaraodel run, which makes the
percentage difference up to 100% less meaningful.

As indicated in Figure 5.6, thACESS runhas higher percent of SQoncentration in ocean
areas as a result of more long-range transport, B a residence time long enough to be
transported over larger areas. The higher percent oAESS runover oceans is assumed to
be reasonable, since more $SI© emitted at higher altitudes and is more sensitive to lange
transport. The source sector distribution clearly has atebn the model runs and over some
ocean areas the long-range transport has increased by @\t ZT'he land areas are mostly
affected by the higher emissions at the lowest layer in@higinal emission and show a higher
percentage concentration in tliginal run However, some land regions presents higher per-
centage concentrations in t&&CESS run This is reflecting either more emission in tAEESS
emission inventory, or areas with low emission sources lwhi®e affected by transport in the
ACESS run In general, along the coastal areas, larger emissions ofri5lBe newACESSin-
ventory which is emitted at higher levels, justify the higls®, percentage concentrations over
the oceans in thACESS run

NO, shows higher concentrations over ocean areas i@tiginal run To understand the differ-
ences in the performance of N@nd SQ, it is important to remember that the two pollutants
have different lifetimes in the atmosphere. The resideime bf NO, in the lower troposphere
is well known to be short (a few hours), while the lifetime afghur dioxide molecules in the
troposphere is a few days. Since the lifetime for N®short, it is most likely that thdCESS
emission, distributed in higher levels, does not have tioneet transported with the continental
flow over the oceans and down to surface levels. In addition M®nostly emitted at lower
levels, as it originates from traffic, so the differenceshia height of emissions due to the cor-
rection of sector allocation in the inventory are smallerN®, than SQ.

In Japan the&Original emission has higher emissions, which explain the transganegative
percent, theDriginal run for SO, and NG over the sea close to Japan.

In general, the effects of sector distribution in the cadted air concentrations for SGnd
NO, imply differences of 20% or higher over source areas. Thessignificant differences for
SO, and NG in air concentrations.

The concentration of ©@depends on the location and intensity of NOIMVOC and CO pre-
cursors emissions and the meteorological conditions.rEigw presents the spatial differences
between theACESS runand theOriginal runin concentrations and percent fog.OThe units
are given in ppb, while the percentage visualization ismgivepercentage of th®riginal run

Over land areas, for £)the air concentrations vary generally below 15 % and showetdaliffer-
ences then for SOand NG. Over most of China, Indonesia/Malaysia and regions inarigi
concentrations are clearly higher in both concentratiah@arcentage difference in thleCESS
run. While in the ocean areas, parts of India, Bangladesh ardighpihes, Q concentrations are
higher in theOriginal run The spatial differences in NGemission input shown in Figure 5.5,
drive the differences in ©distribution to a large extent.

The area in eastern China has large emission input in botks@niinventories, however, parts
of the ACESSemission is distributed at higher levels then ginal emission data. ©con-
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(a) Difference in concentration (ppb) (b) Difference in percent

Figure 5.7: Differences in concentrations and percent imehouns for Q: ACESS run-
Original run

centrations are known to by controlled by the factors ofgpamt, net photochemical production
and the removal of @ where dry deposition is the major process (Li et al., 20@Yer land
areas with high emission sources, especially in east Chana higher @ concentrations in the
ACESS runThis reflects the vertical distribution of emission of Nehd NMVOC. In theOrig-
inal runthe emissions are emitted mostly at lowest layer and are expresed to dry depaosition.
By distributing the emission more in the vertical the NQatiton is also weakened, which again
confirms the higher concentration ACESS run The day/night distribution in the source sectors
are also a possible reason for higher A&RESS runconcentrations of @ The ACESSemits
more emission during night, see day/night distributioraioi¢ 2.2, when the atmosphere is more
stable and there is less dry deposition. However, by emittiore emission during day, as in the
Original emission inventory, the £production can be higher caused by available solar radiatio

As indicated, the figures from this section shows that theepabf O; concentrations follows to
a large extent the NQemission differences.

5.1.3 Theeffect of emission input at different vertical layers

As mentioned before, the main differences between the twsséon inventories are the vertical
distribution of the emissions, as a result if the sectorcallion. To investigate the effects of
the sector distribution, the spatial differences in défg@rheights in the atmosphere are shown
in percentage in Figure 5.8. The global EMEP model uses 2fcaktevels, where the first
layer, k=1, is the highest layer and k=20 is the layer nearesground. In table 2.1 the six
lowest layers are presented with the percentage emissidtedrn the layers of the different
sources sectors. Emission from sector S1, combustion igg@ad transformation industries,
and S3, combustion in manufacturing industry, are assumegspectively emit 46% and 41%
of the emission in layer k=17, at around 420 meters. And 29 &38% in layer k=16, at about
650 meters. The two layers show great similarity in spatitiéinces of the two model runs,
therefore the percentage differences between the modehrerpresented only in layer k=16 for
SO, NO, and G in Figure 5.8. This layer is situated within the boundaryelagnd is expected
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to be well mixed. An even higher layer, k=10, at around 289@ense is also presented here to
illustrate the differences above the boundary layer antderfriee troposphere.

The ACESS runshows clearly higher concentrations of S&hd NG over land areas at layer
k=16 (650m), reflecting the vertical emission distributinthe ACESSemission inventory. Fig-
ure 5.8 shows that SQs transported further with the westerly winds in th€ESS runand, at
this level the differences in air concentrations of aboWnZ@aches as far as to North-America.
For NG, the residence time in the troposphere is lower and the efféohg-range transport has
not the same extent as for $Percentage differences in,©@oncentrations at k=16 (650m) are
similar to those in the surface layer, reflecting the mixinghie boundary layer. At level k=10
(2890m), over the boundary layer, the difference in emisgiputs are shown to greatly impact
the transport of pollution over the Pacific Ocean. In thigldghe stronger westerly winds car-
ries the pollution emitted at higher levels in the troposphierther. The effect is strongest for
SO, where the largest shift in sector distribution. A substmart of the S@ emissions were
released at higher levels in tH&CESSinventory, as well as the lifetime for SOs longer than
for NO,. For O;, changes are driven by NQ@lifferences and since it is a secondary pollutant
the emission input affects the air concentrations by ab0tt3% at k=16 (650m), and at k=10
(2890m) the affects are less significant.

To summarize the spatial difference between the two modgelteas effects of emission:

» The main difference in the two emission inventories, ig tha pollutants in theACESS
are emitted at higher vertical levels.

 For primary pollutants, the difference in model result m@stly driven by the differences
in emission input, and can account to 20% of surface values.

» The ACESS runshow an increase in long-range transport, especially for, 8@d above
the boundary layer all pollutants show larger amount of lcampge transport.

» The effect of emission sector distribution is largest f@, Sbecause SQemissions in the
ACESSinventory are released mostly at high levels.

* NO, is primarily emitted from low traffic sources and has a shesidence time in the
atmosphere. Therefore, the changes in sector distribaffent NG, less than S@ except
at higher levels in the atmosphere, where the effect of asad emissions from the power
sector results in Noconcentrations.

» O3 concentrations follows to a large extent NO

5.2 Comparison with observations

The observational data used for comparison and evaluatitreanodel results are those avail-
able from the EANET network in 2001. 15 sites were selectecdonparison in this section,
where 9 are located in Japan, 4 in China and 2 in Thailand. thatehere are fewer measure-
ments for Q, with only 10 sites, where 9 are situated in Japan and 1, Saakarn, in Thailand
(see Figure 3.1 for location of the sites in Asia). The evadumaof the global EMEP model has
been made on the basis of the analysis of yearly mean coatiens, correlation, bias and time
series evaluated in urban, rural and remote sites. Theidocaf the measurements can affect
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Figure 5.8: Percentage differences in concentrationsdeiwnodel resultACESS run- Orig-

inal run taken in percentage @riginal runin different vertical layers. The top panel shows
SO, concentration, and the middle and lower panel show, M@d G, respectively. The left
side is at level k=16(~ 650 height), while the right side itesiel k=10(~ 2890 height)
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the correlation with the model results and before compatiegnodel results with observations,
urban, rural and remote sites are described, and the exipacigel performance, especially for
primary pollutants, is discussed.

The global EMEP model has a grid resolution1gfx1 ©, which is approximately a horizon-
tal resolution of 110 x 110 ki The area can include emission sources of different irtiessi
The model assumes an average value for the whole grid a#heplacement of the measure-
ment site inside the grid area has an effect on the compangbrmodel results. For instance,
the comparison with the modelled grid averaged and the measunt site, will not be the same
whether the site is near a large power plant or if it is a rersiiéefar from sources.

The EANET network distinguishes 3 types of sites; urbarglrand remote.

An urban site is located in an industrial area and situatesecto emission source, most likely
cities. The model average of the entire grid area can inchadk high emission sources and
more remote areas. The model simulations are most likelaloletto capture the concentration
peak measured in urban sites. The model is therefore expartmderestimate the pollutants
concentration observed in urban sites.

Secondly, a rural site is, according to EANET, a site that tnnesmore than 20 kilometers

away from large pollution sources. The concentration inralrsite depends on meteorology
and the components chemical characteristics in the atreospihe direction of the wind, the

lifetime of the component, and chemical reactions afféwtsair concentration in the grid area.
The model averages over an area of about 110 x 114) Vmich is large compared the distance
of 20 kilometer between the measurement and high pollutiamces. It is therefore expected
that it will be possible errors in the model simulations whemparing with observations in

these sited, caused by the coarse grid mesh.

Remote sites in EANET must be located more than 50 kilometessy from large pollution
sources, and also more than 500 meters from main roads. Mweaesites are, according to
EANET's classification and in spatial sense, the site leffesti@d by emission sources. At what
extent the emission sources in the vicinity impact the sigethd, like for rural sites, on mete-
orology and chemical processes in the atmosphere. Theseasié the most adequate sites to
compare with in a model with grid resolutions of 50-100 km.

In this thesis, the performance of the global EMEP model leenltompared with observations
from all these types of sites, recognizing the limitatioh&. @omparison of a coarse resolution
model with urban/local stations.

5.2.1 Yearly mean for urban, rural and remote stations
SO,

Table 5.1 gives the comparison of $@early mean values of surface concentration and the
correlation of modelled versus observed air concentratfonthe different sites in Asia 2001.
The observations shows a general gradient in concentsafiiorthe urban/rural sites with higher
mean values than remote sites. The exceptions are the uitkaBanryu and rural site ljira,
both situated in Japan. This reflects the emission integsiti Japan compared to China and
Thailand, since air concentrations in Japan are genewdlgrithan in China. China clearly has
the highest emission sources of S@nd the three sites; Jinyunshan, Hongwen and Xiang-Zhou,
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Site Observation| Original run| Corr. | ACESS run| Corr.

Urban 6: Hongwen (China) 11.38 0.96 0.20 0.84 0.27
8: Xiang-Zhou (China) 13.30 2.06 0.30 1.27 0.30

23: Banryu (Japan) 1.33 0.55 0.05 0.49 0.07

37: Bangkok (Thailand) 3.84 0.84 0.06 0.65 0.18

38: Samutprakarn (Thailand) 6.24 0.88 -0.22 0.66 -0.28

Rural 2: Jinyunshan (China) 13.24 6.73 0.20 491 0.25
4: Weishuiyuan (China) 6.80 9.90 0.02 3.36 0.08

22: ljira (Japan) 1.22 0.62 0.16 0.23 0.08

Remote 14: Rishiri (Japan) 0.26 0.06 0.23 0.07 0.25
15: Tappi (Japan) 0.58 0.11 0.26 0.09 0.26

17: Sado (Japan) 0.83 0.13 0.32 0.10 0.20

18: Happo (Japan) 0.97 0.58 0.04 0.25 0.02

19: Oki (Japan) 0.84 0.30 0.17 0.26 0.18

20: Yusuhara (Japan) 1.50 0.95 0.02 0.74 0.06

21: Hedo (Japan) 0.40 0.29 0.04 0.11 0.17

Table 5.1: Observations of S@oncentrations at different sites in Asia compared with ehod
results gShn3].

have SQ concentrations over 10gS® as annual mean.

Table 5.1 presents mean modelled values and temporal attored with observations for the
Original runand theACESS run In general S@ concentrations are underestimated in both
model runs, as is expected since the stations, especidlnuand rural, are close to emission
sources and the model grid is coarse. The exception is Wisiiuwith an overestimation in
the Original run which reflects the highePriginal emission input in this region. Th@riginal
run has in general higher SGnean concentrations in the selected sites. Figure 4.6 iees
percentage spatial difference between @rginal input and theACESSinput data. The areas
with higher Original emission input of S@reflects higher concentrations in ti&iginal run
and the same for thaCESSemission data and th&CESS run Figure 4.6 implies higher input
of Original emissions over large parts of Japan, which is assumed telvedkon for the higher
concentration in th®riginal runfor most of the sites located here.

In general, the global EMEP model performs better for th@lrand remote sites compared
with observations. Table 5.4 presents an overview of the tadculated for all pollutants anal-
ysed and the two model runs in the different sites. The measibicalculated for the different
site categories and totalgguiodel resuli=mean observation . 1)),

Table 5.4 shows generally a negative bias forn, ®0Oncentrations. This is expected because
of the coarse resolution and the poor representativenesgsefvations. S9Ohas a mean bias
of -50% in theOriginal run and -66% in theACESS run The regional EMEP model simula-
tions over Europe had mean bias that varied from 18% to 60%tbhedast ten years (Simpson
et al., 2006; Fagerli and Aas, 2008; Jonson et al., 2006)s 3hdws the results over Asia to
be highly underestimated, while it is overestimated in perol he overestimation over Europe
is related to the high representativeness of remote sitesS&) emissions mainly emitted by
point sources, reflecting the overestimation in mean bias Burope.

The remote sites are expected to be most adequate for campdrétween model results and
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observations in such coarse resolution model as the gldd&FREmModel. However, the global
EMEP model show substantial underestimation also in remsit#s. This can be a result of the
fact that all the remote sites are situated in Japan, whidkemtine spatial basis of comparison
scarce and biases the results. This can be related to lovsiemigput over Japan. For the
ACESSemission data, the adjustment from 2006 to 2000 (describetiapter 4) probably re-
sulted in too low emissions in tr@CESSemission over Japan. This can cause underestimation
of SO, concentrations in the remote sites in Japan inABESS run

The site with the better agreement between the model remudtshe measured S@ean con-
centration is Hedo, in Japan. This remote site is locatechdsland in the East China Sea. The
grid box in the model includes no other high sources then ties éocated on the island, which
can be the reason why the model results are in good agreenthrihesmeasurements.

The temporal correlations of modelled and observed valtegenerally low, which is expected
since there is no seasonal variation included in the enms@ta, and considering the models
coarse grid resolution.

However, theACESS rurhas a higher correlation in most sites. The differencesraggl sbut it
indicates that the global EMEP model performs better withtewACESSemission data. The
sector distribution, with pollutants emitted at higherdisy has an effect on the model results.
Here the remote sites shows the best correlation, whichpisa®d considering the models res-
olution. The mean temporal correlation for tBeiginal runwas calculated to 0.123 and for the
ACESS runthe mean correlation was 0.139, and for only the remote gigesean correlation
was 0.154 and 0.163, for th@riginal runand theACESS runrespectively.

Mean spatial correlations for the regional EMEP model owaoie show higher values of cor-
relation, vary from 0.43 to 0.78 the last ten year (Simpsoal.eR006; Fagerli and Aas, 2008).
The lower correlations over Asia, is caused by several readdke that the values over Europe
are spatial correlations, compared to the temporal caivakcalculated over Asia, and the spa-
tial correlations are expected to be higher. As well as ttagsaresolution in the global EMEP
model, compared to the finer grid in the regional EMEP mod@lX%0 kn?). No seasonal
variation is included in Asian emission input, and the lopresentativeness of observations in
Asia, are also reasons that must be considered when compheircorrelation over Europe and
Asia.

NO,

Table 5.2 presents the values for the observation and thelladdesults of mean NOcon-
centrations, as well as temporal correlations in the sediesttes over Asia for 2001. Urban
and rural sites show high concentrations of \l@specially Bangkok, Samutprakarn and Xiang-
Zhou. These sites are situated close to cities like Bangkdkomg-Kong, near high emissions
sources. The model runs have not manage to reproduced thedmgentrations in the sites,
which is reasonable considering the models coarse gridutésn

The model results generally underestimate the observeg dé@centrations. However, at the
rural sites Jinyunshan, in China, and ljira, in Japan, antbte sites Happo, Yusuhara and Hedo,
in Japan, N@ concentrations are overestimated in gginal run The ACESS runoveresti-
mate the NQ concentration in urban site Weishuiyuan in China, reflectime spatial differences
in the emission input data.

Table 5.4 shows negative bias for M©@oncentration in most sites. This is expected because
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Site Observation| Original run| Corr. | ACESS run| Corr.

Urban 6: Hongwen (China) 6.61 0.99 0.10 1.22 0.15
8: Xiang-Zhou (China) 10.87 2.47 0.19 2.83 0.20

23: Banryu (Japan) 2.33 0.82 0.06 0.88 0.07

37: Bangkok (Thailand) 14.70 1.10 0.25 1.30 0.29

38: Samutprakarn (Thailand) 11.49 1.12 0.39 1.31 0.43

Rural 2: Jinyunshan (China) 1.60 2.00 0.15 1.11 0.14
4: Weishuiyuan (China) 2.69 2.51 -0.07 4.16 -0.07

23: ljira (Japan) 1.81 2.48 0.42 1.15 0.40

Remote 14: Rishiri (Japan) 0.40 0.09 -0.06 0.09 0.00
15: Tappi (Japan) 0.67 0.18 0.18 0.15 0.20

17: Sado (Japan) 0.63 0.21 0.23 0.17 0.22

18: Happo (Japan) 0.86 1.77 0.34 0.96 0.31

19: Oki (Japan) 0.77 0.45 0.10 0.41 0.08

20: Yusuhara (Japan) 0.93 1.70 0.12 1.53 0.27

21: Hedo (Japan) 0.44 0.52 0.04 0.35 0.08

Table 5.2: Observations of N@oncentrations at different sites in Asia compared with ehod
results igN/md].

of the coarse resolution and the poor representativenegbsefvations. However, there is a
difference between urban, rural and remote sites.

NO, has a mean bias of -86%, 15% and 5% for urban, rural and reritess & theOriginal
run, with a mean bias for all sites of -68%. TH&ESS runhad mean bias calculated to -84%,
5% and -9% for urban, rural and remote, respectively, and svibtal mean bias of -69%. The
mean bias over Europe for the last ten years, varied from é8%8%, (Simpson et al., 2006;
Fagerli and Aas, 2008; Jonson et al., 2006). The global EMB&ehshow poorer performance
over Asia than the regional model over Europe. Howevergetigea clear difference in the bias
according to the site classification, where the global EMER@&hshow better skills in rural and
remote sites, as expected.

The ACESS runcalculates better the Nzoncentrations at urban sites and at the rural site ljira
in Japan. While th®riginal runhas better results for remote sites and the remaining ritieal s
The reason why thACESS runshows lower NQ concentrations in remote sites, are related to
the lower emission input over Japan in tA€ESSemission input.

The ACESS runshows generally higher values of temporal correlationd\NiOs than theOrig-
inal run The more detailed source sector distribution in A@ESSemission contributes to a
better performance of the global EMEP model. The mean aiioel in theACESS ruris 0.185
and for theOriginal run 0.163. Comparing with calculations from the regional EM&Bdel
over Europe, is the modelled correlation over Asia signifiljalower. From the last ten years
the mean spatial correlation in the Europe varies from (4580 (Simpson et al., 2006; Fagerli
and Aas, 2008; Jonson et al., 2006). It must be noted that tedges are spatial correlations
and are usually higher than temporal correlations. Théostin Europe are all remote sites
and well distributed, in contrast to the scarce observatata available over Asia. This, as well
as no seasonal variation in emission data and coarser gotuten, are why it is, as expected,
a better performance of the EMEP model in Europe than in Asia.
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O3

Table 5.3 presents a comparison of the mean yearly valueSsfan ppb for the observation
and model runs, and the temporal correlation for the selesites in Asia 2001. Note that there
are fewer measurement sites fog,With observation data presented from 10 sites, where 9 are
located in Japan, only Samutprakarn is located in Thailand.

Site Observation| Original run | Corr. | ACESS run| Corr.

Urban 23: Banryu (Japan) 36.11 42.70 0.30 41.99 0.30
38: Samutprakarn (Thailand) 4.52 21.80 0.10 22.92 0.13

Rural 22: ljira (Japan) 29.65 32.51 0.13 31.71 0.17
Remote 14: Rishiri (Japan) 38.13 33.10 0.56 32.49 0.58
15: Tappi (Japan) 46.56 37.61 0.64 36.80 0.67

17: Sado (Japan) 41.02 43.64 0.52 42.73 0.56

18: Happo (Japan) 53.29 35.96 0.25 34.8 0.31

19: Oki (Japan) 44.62 45.14 0.52 44.64 0.49

20: Yusuhara (Japan) 28.91 33.76 0.29 32.63 0.30

21: Hedo (Japan) 42.89 34.53 0.67 33.92 0.68

Table 5.3: Observations of Qroncentrations at different sites in Asia compared with ehod
results [ppb].

The measured Oconcentrations does not differ for urban, rural and remothe same way as
for the primary pollutant S@and NG. The model results are in somewhat better agreement
with observations. The highest concentrations are medsaithe remote sites. These sites are
affected by long-range transport of @oncentrations, as well as the effect of NO-titration being
not that significant for areas outside of large emissioncsir

The urban site Samutprakarn has a mean yearly observattbBZappb, which is very low. It is
not clear if there are some errors in the measurements attBeakarn.

O3 concentrations have less observational data than ferd®@NG. The mean bias calculated
for the sites in Table 5.4, except for Samutprakarn, sineetldibility of the site observation is
guestionable, gave mean bias in tBdginal runof -6%. And in theACESS runa mean bias of
-8%. Compared to simulations of 3@nd NG concentrations, the global EMEP model show
best skills in calculating the £concentration for both model runs.

Table 5.3 shows the temporal correlation to be improved Hosit@s in theACESS run The
mean correlation in thé\CESS runwas calculated to be 0.419, and for t@iginal runthe
mean correlation was found to be 0.398. Table 5.3 also itelicaigher correlation in remote
sites, with a mean correlation in these sites of 0.493 antl30tér the Original runand the
ACESS run respectively. The higher correlation fo @oncentrations are related to the fact
that G; is a secondary pollutant. It is not primarily effected by émission input and it is sensi-
tive to long-range transport. The mean correlation inABESS ruris slightly better, indicating
that the emissions are better distributed in A&ESSemission input. The more detailed the
source sectors distribution show to improve the model perdmce. The higher correlations in
remote sites are in agreement with what is expected. Howewmparing to European values,
where the correlation often exceeding 0.8 (Fagerli et 81032, the values found for Asia are
clearly lower. Still, factors like poor representativesiés observations over Asia and coarser
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Site SO, NO, O3
Original run  ACESS run| Original run  ACESS run| Originalrun  ACESS run
Hongwen -92% -93% -85% -82%
Xiang-Zhou -85% -90% -77% -74%
Banryu -59% -63% -65% -62% 18% 16%
Bangkok -78% -83% -93% -91%
Samutprakarn -86% -89% -90% -89% 382% 407%
Jinyunshan -49% -63% 25% -32%
Weishuiyuan 46% -51% -7% 55%
ljira -49% -81% 37% -36% 10% 7%
Rishiri -77% -73% -78% -78% -13% -15%
Tappi -81% -84% -73% -78% -19% 21 %
Sado -84% -88% -67% -73% 6% 2%
Happo -40% -74% 106% 12% -33% -35%
Oki -64% -69% -42% -47% 1% 0%
Yusuhara -37% -51% 83% 65% 8% 6%
Hedo -28% -73% 18% -20% -19% -21%

Table 5.4: Bias in th®riginal runand ACESS runin different sites in Asia 2001.

grid resolution, are some of the reasons for the substatitiatence in correlation.

5.2.2 Timeseriesvariationsfor urban, rural and remote sites

Time series of daily concentrations of SO, and Q in certain urban, rural and remote sites
are presented in this section for the year 2001. This shoevgetmporal performance of the
model.

In all the figures presented in this section, the black lin@esents the observations, the blue
line corresponds to the model result from aginal run[Original], and the red line shows the
results from theACESS runffACESS)]. Figures with periods without black line, indicatack of
representative observation data.

The meteorology pattern in Asia is highly relevant for thasmmal variations in the measure-
ments and simulations the sites. During wintertime the apheric transport with emissions
from China over Japan is more important. In the winter a higisgure center is situated over
the inland of Asia, called the Siberian high. This high poesssystem is creating an anticy-
clonic circulations, which transports air out over the ataeeas. In the summer, a low pressure
is situated over Central Asia, then the East Asian monsomg®brclean air from the Pacific
Ocean, (Pochanart et al., 2004). Another relevant facttrésold climate during the winter-
time in mainland China, which gives rise to the need for Imggéind energy production. This is
important for understanding the higher emission o $0ring the cold periods.

Urban sites

This section analyses the time series variations at thenwsit@s; Banryu, in Japan, and Samut-
prakarn, near Bangkok in Thailand, as shown in Figure 5.9r@g[Banr], 34 °04’' N, 131 °42),

is located on the west coast in the south of Japan. The siteaitalie and 60 meters above sea
level. Samutprakarn [Samul3°44’ N, 100 °34’ E), is by a small province only 2 meters over
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sea level, between Bangkok and the sea to the south.

The variations of S@and NG air measurements at Banryu presents higher concentrations
winter than in summer. The meteorological pattern and sedsariations described earlier, are
valid for interpreting the observations from this site thlabws the effect of long-range transport
from China during winter. Although the model results cagtthre main variation with higher
concentrations during winter, the temporal correlatiolovg because of the poor daily covari-
ance.

The seasonal variations in the model results gfc@ncentrations at Banryu are in good agree-
ment with the observed variations.

The same seasonal variation as in Banryu is not seen fgrc8@rentrations in Samutprakarn,
where high concentrations are observed during summeraihsié winter. It is possible that
the location of the site makes it vulnerable to pollutiomfralaysia and Indonesia when the
summer monsoon transports air from the south. The comeakafior both model runs in Samut-
prakarn is negative and is related to the models calcukatainower concentrations during
summer. The model does not capture the plumes in the obs@van June, July and August.
The lack of a convection scheme in the EMEP model can be anrtenidactor here. However,
for NO, the seasonal correlations in the model runs are high, cemsgino seasonal variation
in emission input, with a value of 0.43 in tWeCESS run

The O concentration at Samutprakarn is very low with a mean of 482, and the model
results highly overestimates the concentrations. The ¢eahwariations in Figure 5.9 shows
the low measurements to be under 10 ppb for the whole year.utpaskarn has a very high
NO, concentration and the effect of NO-titration, where emlitO reacts rapidly with @to
produce NQ, can weaken the Ovalues drastically. However, thes@oncentrations are very
low and it is possible the observations contains errors.

The model simulations at Samutprakarn shows a seasonatigarivith lower Q concentra-
tions during summer. It it possible that the summer monsaeates a lot of cloudiness. The
solar radiation in the EMEP model is calculated at every itep for the deposition calcu-
lations, and for photolysis rates. These calculations as¢h upon variables like the models
cloud cover, (Simpson et al., 2003). By decreasing the saliiation when clouds are present,
the O production is also reduced, which can account for the lowerd@dcentrations during the
summer.

Rural sites

The observations from EANET included three rural sitegjulishan (Chongging) and Weishuiyuan
(Xian) in China, and ljira in Japan. The 2001 times seriesNeishuiyuan and ljira are plotted

in Figure 5.10.

Weishuiyuan [Weis], 34 °22’'N, 108 °57’E), is located 360 metes above sea level in the Xian
area and is the capital of the Shaanxi province in the Chjima.[ljir], ( 35 °34’'N, of 136 °42’E),

is situated at a lake in the island Honshu in Japan, 140 migiggns

The ACESS runoverestimates N@concentrations in Weishuiyuan, and underestimates the con
centrations of S@ While theOriginal runpresents the opposite scenario, with underestimation
of NO, and overestimation of S{concentrations. Differences in emission input (Figuré 5.5
reflect the model results and show highernS@ission over Weishuiyuan in tt@riginal input.

And higher NQ emission over Weishuiyuan in tt@CESSinput. The emission input data is
clearly affecting the model results. This is as expectenhfaocoarse model in a rural site.
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Weishuiyuan has a high peak in the observations in March dtn blO, and SQ concentra-
tions. The peak reaches to 5®ghn® and 20uNg/m?3, and is most likely caused by a plume in
the area at that time. The site Jinyunshan, further southexhMiyuan has observed the same
peak. Here the concentrations are as high as overS3fin® for SO, and 20uNg/m? for NO,.
The meteorology is an important factor, and from other erpents it seems that different sites
in China had several peaks during this month, (Wang et ab5R0Early spring is a transition
period in between the summer and winter monsoons and thmertéfere can be a period where
the Siberian high and the Pacific low comes and goes (Bey,&(fl1). As mentioned before,
during winter the meteorology is dominated by the high pressver Siberia and the Aleutian
low over the Pacific ocean. Over eastern China early sprirtpasacterized by frequent pas-
sages of strong cold fronts. These fronts are moving towsodsh over northern China and
Korea. When it comes to March the high-pressure in the Pasifiailding up and the Siberian
high get weaker. Now a warmer and more tropical air from théts@s more frequent. At this
time the convergence becomes more apparent, and this hapartant impact on the export of
pollution from the Asian continent (Bey et al., 2001).

The temporal correlations at Weishuiyuan in Figure 5.10@aefor both model results, and for
NO, the correlations are even negative. Seasonal variatioobsgfrvations in the Weishuiyuan
show higher values during summer, especially in June. Theehresults shows a variation de-
scribed earlier with lower emission during summer causinggative correlation.

ljira shows model results in better agreement with the olagiem of NG, concentrations, and
also the correlation is better when compared to the othes.sithere is however an overestima-
tion of the NG concentrations in th®riginal run this reflects the emission input.
Observations of S@at ljira show frequent peaks in the concentrations from lAprugust. The
summer monsoon creates a transport of marine air from théd?ahe peaks in the SQOcon-
centrations at ljira can have related to these winds fronstheth, where the Chukyo Industrial
area is located near the city Nagoya, Sase, Ohizumi, NakayBeng, and Ueda (Sase et al.).
To a high extent these plumes are not captured by the modelations, and the correlation for
both model runs are low. This is most likely related to tramsprocesses not reproduced by
the model. The global EMEP model does not include a convestiheme. This limitation can
effect both horizontal and vertical transport, and can beaaan for the models low correlation.
The global EMEP model show good performance in simulatieg@hconcentrations at ljira.

Remote sites

In this subsection the time series for model and obsenaiiothe remote sites Hedo and moun-
tain site Happo, both situated in Japan, are shown in Figuré. SHedo [Hedo], 26 °09'N,
128 °03'E), is located on an island south of the mainland of Japatihé East China Sea, 60
meters above sea level. Happo [Happh {41'N, 137 °48'E), is a high level site, 1850 meters
above sea level, situated on the west coast of Japan. Natetlea converting the units in the
observations for most sites an assumption of a temperafl@@“oC and pressure of 1013 hPa
was made. While Happo was assumed to have a temperatOre aggrees C and pressure of
800 hPa, to account for the high altitude of the station.

The model simulations at Hedo are in good agreement with gemmalues for the three pollu-
tants. Except for théd\CESS runcalculation of SQ concentrations, which probably is related
to lower ACESSemission at the island. As mentioned earlier, is the islastdsarrounded by

other high emission sources in the vicinity, and the comatiohs are mainly affected by the
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emission input and long-range transport. Thedginal runhas calculated higher concentration,
reflecting the effect of higher emission input, and AESSemission released at higher levels
being more sensitive to long-range transport.

The correlations are low for both S@nd NG concentrations at Hedo. The site is situated at
an small island, and with such grid resolution the model lifiswdties capturing the variations.
Hedo has a large period with no observations of,NOncentrations, from May to November,
which makes the basis of comparison poorer. However, Figure shows the model results to
be in good agreement with observational values for the gevith measurements.

Happo shows some of the same peaks in observations pE&®@entrations as seen in the rural
site ljira (Figure 5.9). They are both situated on the islafwhshu in Japan, and the southerly
winds in this period can have the same effect, as describdiréo The industrial area south of
the site is assumed to be the reason for the high &Dcentration peaks. The model does not
reproduce these peaks in the St@ncentration.

The Oy concentration in Hedo and Happo are considerably higher fiblathe urban and ru-

ral sites, especially Happo with a yearly mean value of 5p28. The sites are sensitive to
long-range transport, and the NO-titration is not as ingoarfar from large emission sources.
Happo is situated at high altitudes and is affected by wirassporting @, and also influenced

by higher Q levels in the free troposphere.

The temporal correlation of Oconcentrations at Hedo is good. Happo has not reproduced
the seasonal variations ofs@oncentrations in either of the model results, the highéwesa

in spring is not captured making correlation low. The gloBMEP model has no convection
scheme, which can effect the @roduction, since precursors like N@nd NMVOC are emitted
mostly at the surface.

To summarize the global EMEP model performance with twoediiit emission inventories
in Asia when comparing with observations;

» The ACESS runshows better temporal correlations with observations ligp@lutants;

SO, NO, and Q.

» Both model results show in general an underestimation @@ and NG mean con-
centrations over Asia.

» The global EMEP model shows better skills in the calculai®@; concentrations.

» The global EMEP model shows better skills in modelling tbaaentrations in rural and
remote sites, as expected with such coarse grid resolution.

» The temporal correlations with observations are lower éaa than over Europe, reflect-
ing the coarser resolution, no seasonal variation in eorissind the scarce observational
data in Asia.

» The ACESS rurhas generally not improved the simulation of mean conctotis, which
can be related to the representativeness of remote sitgsitudted in Japan.
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Figure 5.9: Time series of observations and model calanatdf SQ, NO, and Q in urban
sites in 2001. The top panel show time series for Banryu,emtiddle the site Samutprakarn is
shown. And in the lower panel{oncentrations for the two sites are presented.
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Figure 5.10: Time series of observations and model caloniatof SQ, NO, and G in rural
sites in 2001. The top panel show time series for Weishuiyirathe middle the site ljira is
shown. And in the lower panel{oncentrations for ljira are presented.
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Figure 5.11: Time series of observations and model caloniatof SQ, NO, and G in rural
sites in 2001. The top panel show time series for Hedo, in tidelle the site Happo is shown.
And in the lower panel @concentrations for the two sites are presented.
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5.3 Comparison with other model results (M1SC-I1)

An intercomparison study of chemical transport models ist Baia was conducted by Carmichael
et al. (2002), MICS-I, and an expanded version in 2003, MIC 8 armichael et al., 2007). The
study included nine regional models, and simulations weadaover four different periods, in-
cluding three different seasons over two years; March, doty December in 2001, and March
in 2002. Eight models were compared in studies of depositfiGulfur and nitrogen compounds
and G (Han et al., 2007). The performance of these models is hanpamed with the perfor-
mance of the global EMEP model.

The regional models in MICS-II have different grid-sizegrfr 36 km to0, 5 °, while the global
EMEP model uses a coarser grid resolutior 6fx 1 °. For anthropogenic emissions the MICS
models used TRACE-P inventory (Streets et al., 2003). Imptenad the emission totals from
TRACE-P (Streets et al., 2003) were compared with@miginal and theACESSemission to-
tals used in the global EMEP model, without finding largeatiéhces. For the MICS-II study,
the emissions were modified to reflect the four periods studiehis has not been done in the
emission inventory in the global EMEP model. For more infation about details of the models
included in the MICS model study, see Han et al. (2007). THeréint models were separated
by numbers; from M1 to M8.

This section presents the comparison of the performanceeoéight MICS models compared
with the performance of the global EMEP model for March, Jahyl December 2001. Note
that MICS-II includes comparison in more stations than dtigated in this thesis, namely
Malaysia(24, 25), Mongolia(26, 27), Philippines(28, 2R)ssia(33-36) and Vietnam(42, 43).
These sites are not discussed here. The sites includedsmébael in chapter 3.

Monthly variation in EANET sites
SO, and NO,

The comparison of the model calculations and the observetthtyomean values for SOand
NO, concentrations done in the MICS-II study, and for the gldBsIEP model, are presented
in Figure 5.12. An approximation of the EMS (Ensemble MeaatiStics) from MICS-II is
also included. Note that the EMS MICS-II line is reproducedha approximation and does not
contain the actual numbers. The line is included to provid@reage of how the global EMEP
model performs compared to the mean of the MICS model restaddition, it is important
to investigate the variability of the regional model resdtiom EMS in the different sites and
months, as indicated in Figure 5.12.

The MICS-II study presented the calculations and measurenad mean concentrations in ppb,
with a logarithmic scale. The same presentation was addpteithe observations and global
EMEP model results from two model runs conducted in thisighé&he label with the different
models presented in figure 5.12 is also valid for the comparisr Os.

According to Carmichael et al. (2007), the models in the MKQBly generally showed good
skills in simulating the spatial variability, reflectingetiocation and intensity of the emissions,
for instance the higher levels over China, and more modégaéds in Japan. This is also well
simulated by the global EMEP model.

According to Han et al. (2007), the models in MICS-II genlgralerpredict the concentrations
of SO, especially in the Chinese rural sites 2 (Jinyunshan) amdelshuiyuan), the urban site
22 (ljira), in Japan, and the urban sites in Thailand. Canagt et al. (2007) suggested the
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overprediction in 4 (Weishuiyuan) and 22 (ljira) to be rethto the coarse resolution of the
regional models and their inability to distinguish the gead for rural sites possibly located
near grid cells with large sulfur sources. The global EMERIeloinderestimates the concentra-
tions in these sites as well, most likely caused by the cagrideresolution. The global EMEP
model underestimates in general Sfoncentration, especially in July. However since the dloba
EMEP model has an even coarser resolution than the model$GSM, with grid size ofl ° x

1°, and no seasonal variations in the emission inventoriesytiderestimation was as expected.

NO, concentrations are generally underestimated in the giBbvEEP model, especially in the
urban sites in China and Thailand; 6 (Hongwen), 37 (Banglkuoij 38 (Samutprakarn), and
the remote sites in Japan; 14 (Rishiri), 15 (Tappi) and 1d¢saThe underprediction in the
urban sites is also seen in the MICS models. The models in MIG8ve somewhat similar
underestimation, especially in 14 (Rishiri) in March andcBraber. The better MICS model
results in July, can be a consequence of the emissions nubttifieeflect the time periods in
the MICS-II study. The remote site Happo in higher altitugegenerally overestimated in the
MICS-II study, while the global EMEP model, and especiafiythe ACESS run shows good
skills in reproducing the N®@concentrations.

In general, the global EMEP model simulates,SDd NG concentrations in good agreement
with the regional models included in the MICS-II model studgompared to some models,
especially M4, that generally underestimates, and M2, githeral overestimation, the global
EMEP model shows better skills in simulating the monthly neeaf SQ concentrations, de-
spite its coarser resolution.

Note that comparing the model results by using logarithmaldes which makes the real over-
estimation or underestimation unclear. According to Cahael et al. (2007), the ensemble
means in the MICS-II study are reasonably consistent wittothservations. The global EMEP
model does not show significant differences from the EMS ii€BHIl, and in some sites the
global EMEP model show even better skills than most of the eteogarticipating in MICS-
Il. However, it is still an important challenge to improve dweb simulations of S@and NG
concentrations over Asia.

O3

Figure 5.13 presents the observed and simulated monthip oweentration of @from eight
models participating in MICS-II, and the observations canegd with simulations of the global
EMEP model. The figures of the EMEP model calculations alstude an approximation of
the EMS from MICS-II. Q show less deviations of the model results from the measuresme
indicating a better general performance of the models far The scales are here given in a
linear scale.

The global EMEP model is in good agreement with the EMS of tHES4Il model study,
and also shows good skills in predicting the seasonal vamianh the sites. For instance, like
most models in MICS-II, the global EMEP model reproducesloeer values in 21 (Hedo) in
July and higher concentration during winter/spring whenwlinter monsoon brings continental
pollution. However, the high concentration in the hightatle site Happo is generally under-
estimated in the MICS-II study, as well as in the global EME®&del. The reason suggested
by Carmichael et al. (2007), is associated with the modetsced resolution and mixing of ©
from the upper troposphere. That can also apply to the gleb#P model.

Different models in the MICS-II study show underestimatibke M2 and M4, or overestima-
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tion, M1 and M5, of the @ concentrations in certain months. The global EMEP mode$ do¢
show any general overestimation or underestimation okihg, and the model simulations are
in good agreement with the observations gf O

To summarize the global EMEP model performance comparddatliter model results, MICS-
I, in Asia:

» The performance of the global EMEP model is in the same rasglee ensemble of the
MICS models for all components analysed; ,S@0, and Q. This despite the coarser
resolution.

» The challenges to improve the performance of the global EMiodel in Asia as derived
from the comparison with observations in this section, stebe common challenges for
regional models that participated in the MICS-II model stud
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Figure 5.12: Comparison of monthly average concentrationSO, and NG, in MICS-Il and
the global EMEP model in March, July and December. , $Oncentrations are given in the
first six figures and N@concentrations in the six following plots. The figures to thght are
values from this thesis and the figures to the left are takan WICS-Il study, Carmichael et al.

(2007).
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Chapter 6
Discussion

The performance of the global EMEP model has in this thesighiofirst time been evaluated
in detail over Asia. The model results have been analyse8@r NO, and Q;, by comparison
with observations in urban, rural and remote sites at the ERNetwork, for the year 2001. In
addition, the global EMEP model results have been compayaithst other modelling results in
Asia from the MICS-II study. In order to better understand #ifects of emissions on model
results, the model was run twice for the year 2001 with défferemission inventories. The
model results show a great deal of uncertainties over Asidtlae discussion in this chapter is
on the model performance and possible improvements.

6.1 Analysisof model performance

The global EMEP model shows in general an underestimatigheodir concentrations of SO
and NO when compared with observations in Asia. However, thereciear difference in the
model performance for urban, rural and remote sites. Theehregults show better agreement
with observations for rural and remote sites, for both, @@d NG concentrations. Compared
to the performance of European model simulation, from tiggoreal EMEP model, the global
EMEP model show high underestimation of S&hd NG concentrations in Asia.

The model results were also compared with other regionaletoetformances from the model
study MICS-II, (Carmichael et al., 2007), in Asia, and fouadbe the same range for SNO,

and Q concentrations. However the presentations of the comparisade against observation
in the model study for S@and NG were given in logarithmic scale. This presentation gives
a indication that the models performs better then if preskin linear scale. The comparison
shows that the challenges to improve the global EMEP modei Asia are also valid for other
regional models in the area.

The global model was run with two different emission inveige for Asia, to better understand
effects of emissions on model results. Differences in thesgion inventories were especially
related to the allocation of the emissions in source secidrs Original emission contained er-
rors since the emissions were mainly distributed in S7, toaftic. The newACESSemissions
showed a more detailed distribution in source sectors, mithe emission released at higher
altitudes. The change in emissions implied in general naorgment in the simulations of the
surface air concentrations of 3@nd NG. This was possibly related to the representativeness
of remote sites over Japan, where the adjustment of the AGE8Ssions from 2006 to 2000
resulted in too low emissions in Japan. However, the cdioelaf the model results with ob-
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servations showed an improvement in tREESS run with a more adequate emission sector
distribution. SQ had an increase in the mean temporal correlation by 0.0t®/@ the value
was calculated to 0.021, and fog@n increase of 0.019.

Analysing the differences between the two model runs atdrigkrtical levels showed signifi-
cant larger effect on long-range transport in the modellt®sthere the pollutants were emitted
at higher levels. Especially for SQwhere differences in the model results could account for up
to 20% reaching as far as North-America. Over the boundger|dhe effect of more substantial
long-range transport in thACESS runwas seen for all pollutants analysed. These effects are
related to the vertical distribution of emissions, and dadiés the distribution in source sectors
to be highly relevant for understanding the impact of Asiatiytion on other continents.

For both model experiments the performance of the global EMibdel in Asia is generally
poorer than over Europe.

6.2 Representativeness of observations

The observations used for evaluation of model results gth@sis are from the EANET network,
which started their monitoring activities in 2001. Obsé¢imas from sites in Japan, China and
Thailand are used for comparison with model results.

Spatial representativeness of observations

The spatial distribution of the available observationahdeas highly biased in Japan, while the
rest of Asia had a scarce selection of sites, with only fotassin the largest country, China,
and two in Thailand. The lack of spatial representativehesspers the conclusions drawn from
the comparison with observations. Areas highly pollutethim northeast of China, especially
around Beijing, where also large differences between théeinns occurred, were unfortu-
nately not well represented with observations.

In the model study MICS-II, (Carmichael et al., 2007), thedsloresults were also compared
with observations from EANET for the year 2001. However,riiedel study included observa-
tions from Malaysia, Mongolia, Philippines, Russia andtién. Unfortunately these observa-
tions were not available for this thesis.

Further evaluation of model performance over Asia shoubdlite, if possible, a larger num-
ber of observation stations.

Errorsin measurements

The EANET network started their monitoring activities in0d0and it is possible that, especially
in this initial phase, errors with the measurements couttlocFor instance, the Omeasure-
ments at Samutprakarn, with concentrations under 10 pplghiout the year, are questionable.
The observations can contain errors and this must be takegansideration.

Comparison with observationsin urban, rural and remote sites

The global EMEP model has a grid resolution1df x 1°, and the concentrations simulated
in the model are averages of the area included in the grid babaut 110 x 110 krh This

grid area can include emission sources; and urban, ruralamnadte areas, all in one grid. When
comparing the models simulation with observations, the ggsolution and locations of the sites
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must be considered. The sites are classified in urban, mdaleamote, according to the distance
from large emission sources.

The model is most likely not able to capture the high conegioins in an urban site, situated

close to high emission sources. The locations of the sitesharefore an important factor to

consider when interpreting model performance. The exfiengto the model performance

regarding urban, rural and remote sites were discussed imdegails in the previous chapter.

The global EMEP model clearly show better skills in simulgticoncentrations at rural and

remote sites. It was expected that the global EMEP modebpeeince showed even better
agreement at remote sites. However, all the remote sitésolviervations available, was situated
in Japan. And this made a poor basis of comparison for theaglobdel performance in remote

sites in general.

6.3 Grid resolution

The coarse grid resolution in the global EMEP modé€lx 1 °, are highly relevant when evalu-
ating the model results.

Input data

The input data in the model; meteorology, land-use and éonistata are all given in the same
resolution. Inside a grid box df° x 1° there are many differences, in emission sources, their
size and location, land cover, and also the meteorologmadiitions. The model calculates an
average of the processes and variables in the grid, so tfaieas inside the grid are not well
reproduced.

Grid resolution affecting O3 and NO, model results

The sensitivity of the model grid resolution fo @esults has been a subject of interest in dif-
ferent articles. Caarey Jang et al. (1995)have investigat difference in using grid resolution
of 20, 40 and 80 kilometers. The conclusions made in Caaney 8aal. (1995) were that
the coarser model tends to underpredigtr@axima in the city downwind areas, in which the
emissions of @ precursors were diluted, thereby producing legs @nd tends to overpredict
O3 minima in intense N@ emissions areas, because the NO titration effectpfivere under-
predicted. Other model studies (Lin, 1988; Sillman et 89 showed generally the same
conclusions; in a coarser-grid model with an equal size ofcarea, it can be produced more
O3 than in a finer-grid model.

These conclusions justify also the performance of the ¢IBEBMEP model. Overprediction of
O3 can take place in a area with intense Nébnission. In the model runs, the sites close to large
emission sources often had highey @ncentration then the observations. This is presented in
Table 5.3, where the urban and rural sites overestimate fltwxentration. Table 5.2 presents
an underestimation of NOconcentrations in the same sites, especially in the urlias. sThe
underestimation of NQconcentrations in the global simulation seems to be relatetderes-
timation of the NO titration effect of  as indicated by Caarey Jang et al. (1995).

The global EMEP model performance over Asia is most likelstow better skills by run-
ning the model with a finer grid resolution. However, the oegil models in the MICS-II model
study (Carmichael et al., 2007) with resolution of eitherkB®, 40.5 km, 45 km 060.5°, also
seem to have the same difficulties as the global EMEP modesia. A
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6.4 Uncertaintiesin the global EMEP model formulation in Asia

The global EMEP model is a chemical transport model basedercontinuity equation. In

general any CTM is a simplification of the real world, and th@a@sphere is to complex to be
able to recreate all the details of the different processes.

The global EMEP model is an extension of the regional EMEP ehaoahd except for grid

projecting and input data; meteorology, emissions andrgismn of land cover, the models are
the same. The regional EMEP model performs well over Eurbpesever it is possible that
the extension to a global scale needs more adjustmentstaircaspects, specially over Asia.
Following is a discussion in order to understand why thegrerince of the model over Asia is
poorer than over Europe.

Land-use and deposition in Asia

Land cover data, in the area outside Europe, is in the glot=Emodel from MM5, the Fifth-
Generation NCAR/Penn State Mesoscale Model. The landatsddm MM5 was interpolated
to the 16 land-use types applied in the EMEP model. Thispelation is a simplification, con-
sidering that Asia has other land-use types than in Euramtttee values need to be verified.
The EMEP land-use over Europe has been extensively validate=urope, but not in other ar-
eas of the world. The land-use effects the deposition ofitanits, especially for SCand NG.
The deposition model has been calculated for vegetatiogstgpross Europe (Emberson et al.,
2000; Tuovinen et al., 2001, 2004), and variables like théasa resistance are likely to differ
in Asia.

Therefore it is recommended to validate the land-use typAsiia and other continents in further
development of the global EMEP model.

Chemistry on dust particles

The global EMEP model uses the EMEP photochemistry, witlmgléied treatment of partic-
ulate matter. There is a version of chemical scheme inapderosol dynamics and different
natural particulate matter sources, like biomass burnimyreatural dust, but this version is not
used here.

The fact that there is no natural dust or reactions on natlust included in the global EMEP
model, can be significant for the model results. For instateGobi desert situated in Mongo-
lia and China, impacts the level of particles in the sites &@A Dust storms, especially during
spring in northern China, are frequently seen to producege lamount of mineral dust. This
can affect for instance biochemical processes over Chinar(@et al., 2009). A study of ground
observations of dust aerosols in Beijing was conducted angtet al. (2009), show that mass
elements of particles increased in the times of dust stondsrainly had an origin in Gobi and
deserts in regions of Mongolia ans northern China. Esggdia elements Mg (magnesium),
Si (silicon), Fe(iron), Al(aluminium) or Ti(titanium) an@dicators of transport of dust, Cl can
be a product of mixing with particles and anthropogenic sioiss.

Wu and Okada (1994) claims that airborne crustal materadtsewith HNQ (nitric acid). In
this way the balance between Hh@nd NH; is altered. This can again impacts the concen-
trations of SQ (sulfate), since HN@and SQ both react with NH, see balances described in
Simpson et al. (2003). Even if the order of the reactions txhear, it is likely that the concen-
tration of NH; will be affected. This again affects the dry deposition of,S€nce resistance
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variables for dry depositions of SQary with the amount of NkI(Simpson et al., 2003).

In addition, Li and Shao (2008) has results indicating thatemal particles in brown haze
episodes were involved in atmospheric heterogeneousioraatith two or more acidic gases
(e.g. NG, SO, HCl and HNQ). This indicates that natural dust and reactions linkedh fat
instance dust from the Gobi desert can affect the concarigadf SQ and NG.

For future applications over Asia it is recommended to imq@at aerosol dynamics and nat-
ural dust in the global model.

Convective scheme

As mentioned in chapter 2, does the EMEP model not includiedwtal eddy diffusion and con-
vection terms. This can be a limitation for both horizontad ertical transport. The convective
transport is treated as a part of the vertical exchangenautith effective vertical diffusion
coefficients (Jonson et al., 2007). This was sufficient ferrégional model. But the a global
model include areas like the equatorial regions, which aseeraffected by convective events.
Convection mainly caused by solar heating and is an efiegiiocess for vertical exchange
of heat, mass and momentum in the atmosphere. The air neauttfaee, especially at lower
latitudes, is warmed up by the sunlight, this makes the aisitheto decrease and creating con-
vective instability. The process turns in to a motion of upvair, and there will be a vertical
mixing. Convective processes are therefore importantréorsiporting near-surface gases into
the free troposphere, and it is done more rapidly than lazgke snotion. This can have an effect
on for instance @ production, since precursors like N@nd NMVOC often are released by
the surface. If transported into the free troposphere, R& a higher @ production rate per
molecule than at the surface (Jonson et al., 2007).

However, the importance of convection has been taken intoust, and the EMEP models
convection parametrization is initiated and currently iogress.
This can justify the global EMEP model performance over Agiaome extent.

6.5 Emissionsover Asia

The global EMEP model performance over Asia, when comparttsurface observations, was
only slightly improved with the nevACESSemission inventory. There still seems to be room
for improvement on the Asian emissions. The emissions wejtesged from ACESS 2006 to
ACESS 2000 by percentage differences given on ACESS webf@tgeets and Zhang, 2008).
However, these adjustments are not merely growth in enmsshut could also include improve-
ments and corrections made to the original TRACE-P invgrtmm 2000, and also effects of
replacing the TRACE-P inventory by local inventories savepuntries. The adjustments gave
therefore emissions totals in the same range as i@tiggnal emission inventory.

In addition, the adjustment factors used were based on fferafice between ACESS 2000
to ACESS 2006 for the entire area, and without differencing spatial sense. For Japan these
adjustments made the emissions in &EESSinventory too low, since the increase of emis-
sions in Japan, from 2000 to 2006, are much lower than fordbieaf Asia, and then especially
China. This can be a reason for some of the lower values indheentrations of SQand NG

in Japan in theACESS run

It is therefore recommended to further improve the emisdata over Asia. The adjustment for
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the ACESS 2006 emission inventory should include only iasegn emissions and should differ
in a spatial sense as well. It is also recommended to usersdasuiations in the emission data,
and to improve the source sector distribution for all paliis; NH and PM as well.



Chapter 7

Conclusions and recommendations

In this thesis the global EMEP model has been evaluated osier far the first time in detail.
The model results of SONO, and Q concentrations were analysed by comparison with obser-
vations and other model results. The validation of the mpéelormance against observations
distinguished especially between urban, rural and reni@s. S'he global model was run twice
for the year 2001 with two emission inventories, to bettatarstand the effects of emission data
on model results.

The model results were compared with each other and withreditsens from the EANET net-
work. The model results showed both a general underestimafiSQ and NG concentrations
in Asia, while for Gy concentrations the model results were more consistentmgtdisurements.
However, there were a difference in the model performanoeban, rural and remote sites. The
global EMEP model shows better simulations in rural and tensdes. However, compared
to the performance of European model simulation from théore EMEP model, the global
EMEP model show high underestimations of,Sdd NG concentrations in Asia. However all
the remote sites with available observations were situatddpan, which gave a poor basis of
comparison.

The two different emission inventories used in the globalEEVmodel, theOriginal and the
ACESSemissions, were evaluated over Asia. The emission totalseofour main pollutants;
SO, NO,, CO and NMVOC, were validated with other emission estimé&teshe region, and
found to be of same order of magnitude as emissions in stiteliteerature (Cofala et al., 2007;
Ohara et al., 2007; Streets et al., 2003). The main diffaehetween the emission inventories
were the allocation of emissions in source sectors. @higinal emissions showed to be placed
mainly in S7, road traffic, where the pollutants are emittetti@ lowest layer of the atmosphere.
The newACESS emissions showed more detailed source sector distributigth emissions
in the four sectors, S1; combustion in energy and transfoomandustries, S2; non-industrial
combustion plants, S3; combustion in manufacturing inguahd S7; road transport. The sector
distribution in theACESSemissions gave a higher vertical distribution of the erpissithan in
the Original emission inventory, since especially S1 and S3 emits tHatpals at higher levels.

When comparing the two model results with observations,ctireelations for all pollutants
analysed were slightly increased in tAEESS run SO, in the Original runsimulated a mean
temporal correlation of 0.123 and for tA&CESS runthe temporal correlation was 0.139. The
mean correlations for NOwere calculated to 0.163 and 0.185 for tBeiginal run and the
ACESS runrespectively. Also for @the correlation increased from 0.429 in t@eiginal run

69



CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 70

to 0.448 in theACESS run The correlation show a slight improvement by distributing emis-
sions in different source sectors.

The ACESS runwith pollutants distributed more in higher levels, showesigmificant increase
in long-range transport. Especially for §Qvith air concentrations reaching as far as North-
America, accounting for up to 20%, at ~680 meters heighto Alssurface level was the long-
range transport of SQOobvious, with over 20% increase. Over the boundary layet;2890
height, the effect of more long-range transport in A&&ESS runwas seen for all three pollu-
tants analysed.

However, theACESS rundid generally not improvement in the model simulations efshrface
air concentrations of SOand NGQ. Which can be related to the representativeness of remote
sites over Japan, and the adjustment ofAll =S Semissions from 2006 to 2000 resulting in too
low emissions in Japan.

This thesis included a validation of the model results inglodal EMEP model over Asia with
other model results in this region. The MICS-1I model studg|uding eight regional models,
were conducted in the area (Carmichael et al., 2007). Theshsbddy provided a benchmark
for other chemical transport models performance in the. &rba comparison with the regional
models implied the model results from the global EMEP moeelagally to be in the same range
as the regional models participating.

However the underestimation in the model results are sutist@nd recommendations for fur-
ther improvements are included.

The grid resolution of the global EMEP model is coarse, andiging a finer resolution it is
expected to improve the performance of the model in the areaAsia. Therefore, the use of
the global model in a resolution 6f5° x 0.5 ° are recommended in further studies, especially
as the ACESS emission are already available in this resaluti

The emission data over Asia is also recommended to be furti@oved. The adjustment fac-
tors from 2006 to 2000 should include only growth in emissiower the period, and the spatial
distribution should be considered. It is also recommendeapply a seasonal variation in the
emissions. These recommendations can improve the glok@dgleonulations over Japan espe-
cially.

In future applications the global EMEP model it is recomnehtb run the model with aerosol
modes and includes sources of particulate matter, esfyelsiaimass burning and natural dust.
The initiated work to develop the convection parametraratn the EMEP model will also con-
tribute to improve the performance of the model resultscisiig for Os.

Land-use types applied in the global EMEP model are evalufmteEurope but not for Asia,
and can affect processes like dry deposition significaftherefore the last recommendation is
that the land-use types used in Asia and other continenth@areughly validated for further use
in the global EMEP model.
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